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RÉSUMÉ 

 

Les systèmes de communication sans fil, ayant de nombreux avantages pour les zones 

rurales, peuvent aider la population à bien s'y établir au lieu de déménager vers les centres urbains, 

accentuant ainsi les probl¯mes dôembouteillage, de pollution et dôhabitation. Pour une planification et 

un déploiement efficace de ces systèmes, l'atténuation du signal radio et la réussite des liens dôacc¯s 

doivent être envisagées.  

 

Ce travail sôint®resse à la provision dôacc¯s Internet sans fil dans le contexte rural canadien 

caractérisé par sa végétation dense et ses variations climatiques extrêmes vu que les solutions 

existantes sont plus concentrées sur les zones urbaines. Pour cela, nous étudions plusieurs cas 

dôenvironnements difficiles affectant les performances des systèmes de communication. Ensuite, 

nous comparons les systèmes de communication sans fil les plus connus. Le réseau sans fil fixe 

utilisant le Wi-Fi ayant lôoption de longue portée est choisi pour fournir les communications aux zones 

rurales. De plus, nous évaluons l'atténuation du signal radio, car les modèles existants sont conçus, 

en majorité, pour les technologies mobiles en zones urbaines. Puis, nous concevons un nouveau 

modèle empirique pour les pertes de propagation. Des approches utilisant lôapprentissage 

automatique sont ensuite proposées, afin de prédire le succès des liens sans fil, dôoptimiser le choix 

des points d'accès et dôétablir les limites de validité des paramètres des liens sans fil fiables.  

 

Les solutions proposées font preuve de précision (jusquô¨ 94 % et 8 dB RMSE) et de 

simplicité, tout en considérant une multitude de paramètres difficiles à prendre en compte tous 

ensemble avec les solutions classiques existantes. Les approches proposées requièrent des 

données fiables qui sont généralement difficiles à acquérir. Dans notre cas, les données de 

DIGICOM, un fournisseur Internet sans fil en zone rurale canadien, sont utilisées. 



ABSTRACT 

 

Wireless communication systems have many advantages for rural areas, as they can help 

people settle comfortably and conveniently in these regions instead of relocating to urban centers 

causing various overcrowding, habitation, and pollution problems. For effective planning and 

deployment of these technologies, the attenuation of the radio signal and the success of radio links 

must be precisely predicted. 

 

This work examines the provision of wireless internet access in the Canadian rural context, 

characterized by its dense vegetation and its extreme climatic variations, since existing solutions are 

more focused on urban areas. Hence, we study several cases of difficult environments affecting the 

performances of communication systems. Then, we compare the best-known wireless 

communication systems. The fixed wireless network using Wi-Fi, having the long-range option, is 

chosen to provide wireless access to rural areas. Moreover, we evaluate the attenuation of the radio 

signal, since the existing path loss models are generally designed for mobile technologies in urban 

areas. Then, we design a new path loss empirical model. Several approaches are then proposed by 

using machine learning to predict the success of wireless links, optimize the choice of access points 

and establish the validity limits for the pertinent parameters of reliable wireless connections. 

 

The proposed solutions are characterized by their accuracy (up to 94% and 8 dB RMSE) and 

simplicity while considering a wide range of parameters that are difficult to consider all together with 

conventional solutions. These approaches require reliable data, which is generally difficult to acquire. 

In our case, the dataset from DIGICOM, a rural Canadian wireless internet service provider, is used. 
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INTRODUCTION  

Au cours des dernières années, les systèmes de communication sont devenus la pierre angulaire 

de la société moderne à tel point qu'ils sont devenus indispensables pour évaluer le progrès d'un 

pays. Ils sont omniprésents pour faciliter lôaccès aux services, ¨ lôinformation et aux produits à tout 

moment et contexte. Ainsi, ils assurent la base sur laquelle l'informatique a pu se développer, en 

permettant la communication entre les différentes entités sur des milliers de kilomètres en une 

fraction de seconde, et cela, pour transformer le monde en un village.  

 

La procuration des moyens de communication résilients dans les zones rurales aide la population 

locale à participer activement à la vie économique, sociale et politique de leur pays. Ainsi, ces moyens 

de communication facilitent l'accès de cette population à l'information, à l'enseignement à distance 

et aux services gouvernementaux. Ces moyens aident la population des zones rurales à bien s'y 

établir au lieu de se concentrer dans de grands centres urbains. Puisque ces régions sont importantes 

pour plusieurs activités, tel que les productions agricoles et minérales, le développement d'un pays 

ne peut °tre atteint par lôindiff®rence ¨ leur ®gard.  

 

En plus de réduire les restrictions des liens filaires, les avantages des réseaux sans fil dans les 

zones rurales incluent le déploiement dynamique et facile ainsi que le coût faible. Pour cela, ils 

connaissent un développement remarquable et forment un espace important pour la créativité et la 

recherche. La diversité de besoins des utilisateurs, impose de fortes contraintes aux systèmes de 

communication sans fil en matière des spécifications et des technologies qui les satisfont. 

Conséquemment, une qualité de service (en anglais Quality of Service ou QoS) élevée est requise 

pour maintenir une communication stable lorsque l'environnement ou le climat change. Ainsi, 

l'atténuation du signal radio est difficile à estimer avec précision. Cela sôexplique par la nature 

aléatoire de la densité de végétation et de sa variation lorsque les feuilles poussent ou tombent [1], 

[2].  
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Dans le cadre de cette thèse, nous nous intéressons aux défis de déploiement des 

communications sans fil dans les environnements ruraux difficiles afin dôam®liorer leurs QoS. Il est 

important de souligner que le climat et lôenvironnement de propagation dans ces régions canadiennes 

sont assez complexes. Par conséquent, nous faisons une revue de plusieurs cas des environnements 

difficiles que les systèmes de communication peuvent subir. Ensuite, nous étudions les technologies 

sans fil les plus connues ainsi quôun modèle de réseau pour fournir lôacc¯s internet dans des zones 

rurales. Nous évaluons aussi les pertes de propagation (en anglais Path Loss ou PL) en tenant 

compte des effets environnementaux complexes, afin de concevoir un nouveau modèle empirique. 

Plusieurs approches sont ensuite proposées en utilisant lôapprentissage automatique (en anglais 

Machine Learning ou ML) pour prédire le succès des liens sans fil, optimiser le choix des points 

d'accès (en anglais Access Point ou AP) et établir les limites précises entre les liens fortement 

perturbés à débrancher et les liens fiables à maintenir, et cela, tout en considérant ces effets 

environnementaux difficiles et variés. 

 

Ce manuscrit est composé de sept chapitres. Chacun, ¨ lôexception des chapitres I et II, est un 

article publié ou soumis à un journal ou à une conférence. 

 

Le premier chapitre explique les motivations de la thèse. Les problématiques et les objectifs sont 

introduits, les méthodologies et les outils utilisés pour aborder les objectifs spécifiques sont 

présentés. À la fin, les contributions et les accomplissements sont mentionnés. 

 

Le deuxième chapitre pr®sente lô®tat de lôart des solutions existantes pour les systèmes de 

communication dans les environnements difficiles. Les technologies sans fil les plus connues sont 

revues en détaillant les caractéristiques de la technologie Wi-Fi utilisée lors de notre recherche. 

Ensuite, nous introduisons les modèles empiriques de PL les plus connus, puis les techniques de ML 

pour lôUA et la sélection dôAP. 
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Dans le troisième chapitre, le comportement de plusieurs systèmes de communication est étudié 

pendant des environnements difficiles pour faire des recommandations qui améliorent leur fiabilité. 

Lôimportance et les pannes de ces systèmes ainsi que lôeffet de leur d®faillance sur les activit®s 

humaines sont considérés.   

 

Dans le quatrième chapitre, nous présentons un modèle du réseau sans fil pour les zones rurales 

qui sert à concevoir et à tester notre modèle de PL de même que les algorithmes dôUA et de s®lection 

dôAP. Les caractéristiques du Wi-Fi sont illustrées; puis la PL des modèles existants est estimée 

selon un simple scénario pour étudier la faisabilité de nos propositions. 

 

Le cinquième chapitre présente lô®tat de lôart du modèle de propagation Log-distance et ces 

modifications. Ce modèle est comparé aux autres modèles, puis des modifications sont proposées 

et testées pour améliorer ses performances. 

 

Dans le sixième chapitre, nous faisons une ®tude approfondie de lô®tat de lôart des mod¯les 

empiriques de PL avant de proposer un nouveau modèle adapté aux zones rurales. Ce modèle est 

optimisé et validé en fonction de nos données et des données libres de lôAngleterre. 

 

Dans le septième chapitre nous investiguons la prédiction dôUA et le choix dôAP selon une QoS 

cible. Les paramètres pertinents sont présentés et traités pour une meilleure convergence. Les 

algorithmes dôUA sont conçus en se basant sur lôANN et le plus proche voisin. La sélection dôAP est 

basée sur lôapprentissage par imitation profonde.  

 

Enfin, la conclusion présente une synthèse des idées principales de notre recherche. Nous 

rappelons les points essentiels, les objectifs, les buts atteints, les résultats acquis et la recherche 

future. 



 

CHAPITRE I. Problématique s, obj ectif s et méthodologie  

I.1. Motivations  

Les travaux de recherche en systèmes de communication sont concentrés sur le 

déploiement en zones urbaines où la majorité de la population est installée. Cependant, ces 

systèmes sont aussi indispensables pour les zones rurales dans plusieurs domaines. En effet, 

on estime que la population urbaine va doubler d'ici 2050 [3], ce qui posera des problèmes de 

surpeuplement, d'habitation et dôembouteillage. L'accès à l'information améliore les activités 

déjà établies en zones rurales comme l'agriculture, et diversifie lô®conomie en d®veloppant de 

nouvelles opportunités telles que le travail à distance et le tourisme [4]. Ceci aide la population 

rurale à bien s'y établir et à éviter le déménagement vers les zones urbaines.  

 

Les systèmes de communication jouent aussi un rôle important dans les soins de santé de 

haute qualité en zones rurales. Les signes vitaux des patients sont alors surveillés à distance 

depuis leurs domiciles ou pendant leurs activités de routine en temps réel [5]. En conséquence, 

la surcharge des hôpitaux peut être réduite et la nécessité de nouvelles infrastructures est 

allégée. Les erreurs médicales peuvent être facilement évitées et les situations médicales 

complexes peuvent être traitées par téléconsultation auprès de spécialistes qualifiés.  

 

De même, les zones rurales sont exposées aux catastrophes naturelles telles que les 

inondations, les glissements de terre et les incendies des forêts. Les systèmes de 

communication sont alors essentiels pour gérer efficacement les activités fondamentales de 

secours et de rétablissement en assurant la communication entre les blessés, les sauveteurs 

et les organisations de secours pendant toutes les étapes des crises, depuis lôalarme jusquô¨ 

lôévaluation des pertes, ainsi que la coordination des secours [6].  

I.2. Problématique s  

Les enjeux liés au surpeuplement des centres urbains présentent un grand défi, vu que la 

population urbaine doublera d'ici 2050 [3]. Ces enjeux peuvent être allégés par lôapport des 
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moyens de communication fiables et de haute qualité aux zones rurales. Malheureusement, la 

faible rentabilité économique décourage les grands investissements dans ces zones au profit 

des zones urbaines où la majorité de la population y est installée. De m°me, lôenvironnement 

rural canadien est caractérisé par rapport à lôenvironnement rural ordinaire par plusieurs 

difficultés comme sa végétation dense, la variation de son climat entre la grande chaleur 

pendant lô®t® et le grand froid lôhiver, sa quantité considérable de précipitation, sa surface 

étendue, sa faible densité de population et sa grande exigence en termes de fiabilité et de 

bande passante. Pour ces raisons socio-économiques et environnementales, ce travail de 

recherche traite les défis influençant le déploiement et la QoS des communications sans fil 

dans les environnements difficiles des zones rurales. 

 

Lô®tude des systèmes de communication dans les environnements difficiles permet de faire 

face à la diminution de leurs performances et d'illustrer les actions et recommandations pour 

renforcer leur résilience. Alors, si un système de communication fonctionne correctement dans 

des environnements difficiles, il fonctionnerait encore mieux dans les conditions normales. 

Donc, nous étudions plusieurs cas dôenvironnements difficiles. Plusieurs critères sont alors 

considérés selon le type d'évènement, la pénétration technologique, les zones géographiques 

et la distribution temporelle. Ensuite, nous extrayons les caractéristiques des systèmes de 

communication procurant une performance résiliente et stable.  

 

Malgré le progrès technologique, il nôexiste pas de systèmes de communication qui 

répondent parfaitement aux exigences diversifiées sans faire face à un compromis. Ce dernier 

peut être établi par une compréhension approfondie des besoins requis et des caractéristiques 

des systèmes de communication pour en choisir un ou l'adapter convenablement. En effet, les 

communications sans fil sont les plus adaptées au contexte rural, vu leur couverture, leur coût, 

leur facilité du déploiement, etc. Des solutions distinctes peuvent alors être suggérées. Par 

exemple, les réseaux étendus à faible consommation d'énergie (en anglais Low-Power Wide-

Area Network ou LPWAN) ont un très faible débit de transmission, mais elles sont très 
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avantageuses pour lôinternet des objets (en anglais Internet of Things ou IoT) [7]. Les 

technologies mobiles souffrent dôune consommation d'énergie élevée et dôun débit insuffisant 

pour les tendances actuelles des espaces intelligents [8]. Ainsi, les standards de la 5ème 

génération (5G) sont développés pour combler ces besoins [8]. La technologie Wi-Fi (sa 

version de longue couverture) présente un bon compromis entre le faible coût, la faible 

consommation d'énergie et la large couverture [1]. Par conséquent, nous nous concentrons 

sur cette technologie pour fournir lôacc¯s internet en zones rurales avec des réseaux sans fil 

fixes (en anglais Fixed Wireless Networks ou FWNs). 

 

Pour un déploiement efficace des systèmes de communication, il est important de 

considérer toutes les conditions environnementales afin d'éviter la dégradation ou la perte de 

performance. Par exemple, pendant l'hiver, la végétation est moins abondante, le signal sans 

fil est alors moins atténué et le lien sans fil est stable. À l'arrivée de l'été, les feuilles poussent 

et la PL (Path Loss) augmente au-delà de la limite acceptée. Ainsi, la déconnexion du service 

est de plus en plus fréquente. Souvent, l'utilisateur finit par se désabonner et les 

investissements déployés pour son service sont perdus. En effet, si la PL avait été 

convenablement prédit, des technologies mieux adaptées auraient pu être choisies, ou bien 

lôutilisateur ne se serait pas souscrit inutilement. Lôestimation de la PL se fait par de la 

modélisation ou par des mesures de propagation coûteuses et complexes. Les modèles 

empiriques offrent un bon compromis entre la précision, le coût et la complexité. Ces modèles 

sont traditionnellement conçus pour des fréquences inférieures à 2 GHz et pour les réseaux 

mobiles en zones urbaines [9]. En effet, une minorité considère les fréquences jusquô¨ 6 GHz 

pour les environnements ruraux [10]. Généralement, la couverture de Wi-Fi ne dépasse pas 

1 km car cette technologie est traditionnellement envisagée pour de courtes distances. Il est 

alors difficile de trouver des recherches sur les FWNs utilisant le Wi-Fi de longue portée en 

zones rurales. Il est aussi difficile de parvenir à un accord de la communauté scientifique sur 

le meilleur modèle de PL à utiliser pour un contexte donné vu que chaque modèle est 

généralement conçu pour un environnement spécifique et selon des caractéristiques précises 
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de fréquence, de couverture, etc. [11]. En outre, la propagation dans ces zones est souvent 

considérée comme moins difficile, car la ligne de visibilité est moins obstruée. Pourtant, cette 

observation est faussée par la forte densité de végétation et la différence des conditions 

climatiques entre les saisons. Par conséquent, notre travail de recherche explore les modèles 

empiriques de PL pour les FWNs en zones rurales utilisant le Wi-Fi de longue portée, et 

propose par la suite un modèle adapté à ce contexte. 

 

Outre la PL, de nombreux autres paramètres sont impliqués dans la planification et le 

déploiement des r®seaux dôacc¯s sans fil dont les performances sont incertaines, dans certains 

cas, et la décision dôabonnement est difficile à prendre [12]. Alors, les avis des usagers doivent 

être considérés, en plus de plusieurs autres paramètres, vu quôils sont les meilleurs à juger la 

qualité de leurs services. De même, après l'installation, l'environnement peut changer, 

dégradant ainsi la performance et la QoS offerte. Une méthode de prédiction de succès de 

l'accès au FWN (dit association dôutilisateur (en anglais User Association ou UA))  et de 

sélection dôAP, selon une QoS cible, est alors nécessaire. Ces techniques sont principalement 

étudiées dans les réseaux mobiles, les réseaux locaux et les réseaux à multiples technologies 

d'accès radio (en anglais Multiple Radio Access Technology ou multi-RAT) [13]. À notre 

connaissance, les approches existantes sont complexes. Elles ne prennent pas en compte 

toutes les contraintes de la vie courante, leur convergence est difficile et elles utilisent rarement 

des implémentations réelles [14]. L'apprentissage automatique est un outil essentiel en 

réseaux sans fil, pour la gestion des ressources, de la mobilité et de lôUA [15]. En effet, il est 

une bonne alternative pour une prédiction précise de lôassociation des utilisateurs et de la 

sélection dôAP [14].  

I.3. Objectifs  

Lôobjectif général de cette thèse est dô®tudier et prédire le comportement ainsi que les 

performances des systèmes de communication sans fil dans un environnement rural difficile 

pour améliorer leur QoS en plus de la fiabilité de leur déploiement.  
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Pour atteindre cet objectif général, nous nous sommes fixé les quatre objectifs 

spécifiques suivants: 

1- Étudier les effets des environnements difficiles sur les systèmes de communication; 

2- Étudier la pertinence des réseaux FWN à base de Wi-Fi pour le contexte rural et tester 

leurs performances selon un simple scénario de connexion point-à-point; 

3- Concevoir et évaluer un modèle empirique pour la perte de propagation en zones 

rurales; 

4- Proposer et évaluer des algorithmes de pr®diction dôassociation des utilisateurs et de 

choix des APs des réseaux FWN en zones rurales. 

I.4. Méthodologie  

Notre méthodologie de recherche part du plus général vers le plus précis en passant par 

la compréhension du problème vers la connaissance des solutions existantes, puis 

lôadaptation, la conception, et lô®valuation de la solution proposée, tout en tirant les conclusions 

convenables [16]. En effet, chaque objectif spécifique de notre recherche est traité selon une 

méthodologie bien définie. Les effets des environnements difficiles sur les systèmes de 

communication sont mis en évidence par une revue de littérature et par plusieurs études de 

cas r®els dôenvironnements difficiles [17].  La pertinence des réseaux FWN à base de Wi-Fi 

pour le contexte rural est justifiée par une étude de littérature et par la conception dôun arbre 

de décision incluant les technologies de communication les plus connues, cette technologie 

est test®e par la mise en place dôun simple sc®nario de lien radio point à point [18]. La 

modélisation de la perte de propagation en zones rurales est faite par la proposition de 

plusieurs extensions du modèle Log-distance caractérisé par sa simplicité [19], et par la 

conception dôun nouveau mod¯le empirique prenant en compte les param¯tres les plus 

pertinents en zones rurales [20]. Lôassociation des utilisateurs est traitée par apprentissage 

automatique en utilisant les algorithmes le plus proche voisin et le réseau de neurones alors 

que et le choix dôAP est fait par apprentissage profond par imitation [21]. 
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I.4.1) Données  

Les données utilisées sont celles dôun fournisseur dôInternet sans fil par réseau FWN dans 

deux régions rurales du Québec : le Saguenay Lac-Saint-Jean (SLSJ) et lôOutaouais (OUT). 

Les figures 1 et 2 du chapitre 6 présentent la distribution des liens radio dans ces deux régions. 

Les données sont extraites de la base de données et des mesures des signaux de plusieurs 

milliers de liens Wi-Fi de larges couvertures et basés sur la norme 802.11. La ligne de vue 

contient des collines, des plaines et des lacs et est en grande partie couvert d'arbres. Les 

conditions de propagation varient entre deux conditions : (i) un temps extrêmement froid et 

neigeux avec des conifères pendant l'hiver, et (ii) un temps chaud et pluvieux avec des feuilles 

caduques pendant l'été.  

 

Les mesures sont prises tout au long de l'année pour prendre en compte la variation 

saisonnière à long terme de la PL, tandis que la précipitation de la pluie et de la neige ainsi 

que le vent ne sont pas prises en compte ils sont limités dans le temps. Les mesures 

comprennent des données pertinentes pour la caractérisation de la QoS, telles que la 

puissance des signaux transmis et reçus, le débit de données, le rapport signal/bruit, etc. Les 

fréquences de fonctionnement correspondent aux bandes ISM : 915 MHz, 2.4 et 5.8 GHz ainsi 

que la bande sous licence 3.65 GHz. Elles sont diversifiées pour offrir diverses capacités de 

pénétration. Les largeurs de bande passante varient entre 5 et 80 MHz pour des options de 

débit diversifiées. Des antennes de différents types et gains sont utilisées. Diverses puissances 

émises sont utilisées pour diverses configurations de liaison radio. D'autres informations 

pertinentes sont collectées, telles que les hauteurs et les gains d'antenne, les coordonnées 

GPS, les distances, les élévations, les saisons et les niveaux d'obstruction. Les CPEs sont 

principalement installés sur les toits des maisons, tandis que les points d'accès sont installés 

sur les tours de communication, les clochers des églises ou les toits des maisons. Une 

description d®taill®e de ces donn®es, des liens radio et de lôenvironnement de propagation est 

fourni dans nos articles [19], [20] et [21]. Selon les mesures, la perte de propagation varie entre 

70 et 150 dB, et elle est déduite par la formule de FRIIS [22].  
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Lôutilisation des donn®es brutes sans prétraitement peut entrainer le manque de certaines 

informations ou induire des informations erronées, en raison de la manipulation humaine et de 

l'environnement industriel en constante évolution. Pour cela, les données sont prétraitées et 

équilibrées (voir chapitres 6 et 7) afin de garantir la fiabilité des résultats obtenus. En effet, 

lôintervalle de validité des données est vérifié. À titre dôexemple, si la hauteur dôune antenne 

installée sur un toit dépasse 50 pieds, lô®chantillon est supposé erroné et donc éliminé. 

Dôautres informations sont aussi inférées, comme la saison de prise du signal à partir de la 

date. Alors que dôautres informations sont ajoutées, comme les coordonnées GPS qui nô®taient 

pas collectées, lôoutil de géolocalisation de Google est alors utilisé pour les extraire à partir des 

adresses civiques. Il arrive aussi, dans certains cas, que les liens radio soient établis sur un 

rayonnement secondaire dôune antenne directive, alors seuls les liens des lobes principaux 

sont retenus. 

I.4.2) Logiciels et librairies ut ilisés  

 Le milieu technique est constitué entre autres du réseau FWN et du logiciel Openrefine 

de Google pour visualiser, traiter, nettoyer et transformer les données massives [23]. Ce 

logiciel a lôavantage de supporter les codes Python, permettant ainsi la réconciliation et la 

visualisation dôune fa­on intuitive des données, en plus des services Web pour télécharger des 

données manquantes. Le langage de programmation Python est utilisé sur Jupyter Notebook 

pour concevoir et tester les modèles et les algorithmes. Ce langage est très répandu et 

plusieurs librairies sont utilisées pour diverses opérations, dont Numpy, Panadas et Math pour 

le traitement des données, Seaborn et Matplotlib pour la visualisation, Scipy, Scikit learn, keras 

et TensorFlow pour la r®gression, lôoptimisation, la prédiction et la classification. 

I.4.3) Validation  

Les algorithmes basés sur la ML sont entrainés en fonction de 80 % des données et validés 

sur les 20 % restants. Le modèle de perte de propagation est conçu en fonction de la région 

SLSJ, puis test® s®par®ment sur les mesures de la r®gion dôOUT afin de v®rifier ses capacités 
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de généralisation. Ensuite, ce modèle est comparé aux modèles existants les plus connus 

selon des données ouvertes en Angleterre [24]. Il reste efficace malgré les différences 

technologiques, climatiques, topographiques et la configuration entre les données de 

conception et de test.  

I.5. Contributions  

Ce travail contribue à avancer les connaissances sur lôutilisation des systèmes de 

communication sans fil en zones rurales. Plusieurs contributions qui sont déjà publiées (ou en 

cours de publication) peuvent être soulignées : 

1. Nous identifions les approches et les recommandations pour faire face aux échecs des 

systèmes de communication dans plusieurs environnements difficiles. En effet, nous 

analysons l'impact des catastrophes, comme les tremblements de terre, les tsunamis, les 

attaques terroristes, etc. Dans le but dôextraire les approches existantes, les limitations 

ainsi que les principales caractéristiques des systèmes de communication [17]. 

2. Nous caractérisons la couverture extérieure dôun r®seau FWN à base du Wi-Fi. Selon notre 

revue de littérature, ce sont les communications sans fil qui sont les plus utilisées dans 

plusieurs types dôenvironnements difficiles. Notre revue de litt®rature montre lôavantage du 

Wi-Fi par rapport aux autres technologies sans fil. Nous présentons alors un modèle de 

réseau FWN à base Wi-Fi tout en mesurant sa couverture par une simple liaison externe 

point-à-point pour valider la faisabilité de ce concept [18]. 

3. Nous proposons et appliquons des modifications pour améliorer la précision du modèle 

Log-distance de perte de propagation. De nouveaux paramètres sont alors ajoutés et les 

variations climatiques saisonnières sont prises en compte [19].  

4. Nous concevons et testons un nouveau modèle empirique de perte de propagation pour 

les réseaux FWN à base de Wi-Fi de large couverture en zones rurales. Tout en prenant 

en compte les effets environnementaux (saison, végétation, etc.) pour mieux déployer les 

communications sans fil et prévoir leurs performances. Les modèles empiriques de PL les 

plus connus sont étudiés. Par la suite, notre modèle est proposé et testé en fonction des 

donn®es dôun fournisseur dôInternet sans fil canadien et il est aussi évalué en fonction des 

données venant de lôAngleterre [20]. 

5. Nous concevons et évaluons deux algorithmes pour lôassociation des utilisateurs et une 

technique de s®lection dôAP par apprentissage automatique en tenant compte de statut 

d'abonnement et des informations pertinentes des utilisateurs, du service et du réseau. 

Ceci est pour prédire si un utilisateur peut être satisfait selon une QoS cible, afin de 
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lôassocier au FWN via un AP convenable. Les algorithmes sont conçus et testés en fonction 

des données du fournisseur dôInternet sans fil évoqué précédemment [21]. 

6. Nous déduisons les limites de validité des liens sans fil à conserver et les liens fortement 

perturbés à débrancher en fonction des divers paramètres. Ces limites sont précisées 

dôhabitude selon le protocole de communication en fonction dôun seul param¯tre. 

Cependant, lors des déploiements réels, plusieurs paramètres interagissent et ces limites 

doivent être mises à jour [21].  

 



 

CHAPITRE II. £tat de lôart 

Dans ce chapitre, lô®tat de lôart et les notions utilis®es sont pr®sent®s. Au début, nous 

abordons brièvement le comportement des systèmes de communication dans les 

environnements difficiles. Ensuite, nous examinons les technologies de communication sans 

fil les plus connues avec un soin particulier pour le Wi-Fi de longue portée. Puis, nous 

expliquons les modèles empiriques de PL, et lôassociation des utilisateurs avec la sélection 

dôAP par apprentissage automatique. 

II.1. Systèmes de communication dans les environnements difficiles  

II.1.1) Les études de cas  

Dans notre recherche, nous choisissons des cas qui datent depuis le début de l'ère 

numérique, des évènements qui ont causé d'importants dommages à la vie humaine et aux 

activités économiques, en plus des pays ayant différents profils de richesse et de pénétration 

technologique. Notre objectif est de déduire les succès liés à l'utilisation des systèmes de 

communication ainsi que la manière dont leurs échecs sont affrontés. Pour plus dôinformations, 

un état de lôart d®taill® existe dans le troisième chapitre. 

 

L'attaque de New York est un cas typique dô®v¯nements causés par l'être humain dans un 

pays développé [1]. Elle r®v¯le lôinterop®rabilit® et expose la congestion et la centralisation des 

systèmes de communication qui peuvent bloquer la communication même si les dommages 

physiques ne sont pas assez importants. Le tsunami de l'océan Indien est un évènement à 

grande échelle qui a frappé plusieurs pays principalement sous-développés [2]. Les principales 

faiblesses révélées sont l'absence d'un système d'alarme efficace et des communications 

avancées pour transporter lôalerte, ainsi que l'inefficacité de la coopération entre les pays dans 

la communication d'alerte. Le tremblement de terre d'Haïti est un exemple de catastrophes qui 

ont frappé un pays sous-développé. Les dégâts sont graves; l'électricité, l'eau, les moyens de 

transport et les communications sont complètement endommagés [3]. Lôintervention de 

secours dépendait principalement des données massives, telles que les réseaux sociaux, les 
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SMS et les données cartographiques. Le tremblement de terre au Japon est un exemple de 

catastrophes qui ont attaqué un pays développé à l'ère numérique [4]. Le tremblement est 

détecté et le système d'alerte aux tsunamis a alerté la population. Les solutions proposées 

peuvent être utilisées partout pour une préparation et une réponse efficace [5]. Le tremblement 

de terre du N®pal est le plus grand en 80 ans, côest un cas typique d'®chec gouvernemental 

[6]. La communication est rétablie inefficacement, les coupures de courant duraient près de 12 

heures par jour avant cette crise. La population majoritairement rurale était déjà mal desservie 

ayant de la difficulté à communiquer avec la capitale où se trouve la majorité des secours. En 

outre, les collines et les montagnes qui couvrent environ 83 % du territoire perturbent le 

transport et atténuent les signaux sans fil. 

II.1.2) Synthèse  

Les systèmes de communication sans fil sont le point commun à la majorité des 

recommandations. Grâce à leur facilité et à leur rapidité de déploiement, ils permettent de relier 

les zones endommagées au reste du monde à travers des liens de secours. Leur faible coût 

les rend facilement accessibles aux pays en développement et aux régions rurales de faible 

population. Pour cela, notre recherche vise à améliorer la qualité des services de 

communication en choisissant une technologie sans fil en fonction du contexte rural et, par la 

suite, évaluer et optimiser la QoS du déploiement proposé. 

II.2. Revue et choix des systèmes de communication sans fil en zones rurales  

La diversité des besoins impose des contraintes considérables; chaque service a ses 

propres spécifications qui peuvent être comblées par un système de communication différent. 

Par conséquent, un compromis entre la QoS requise et les ressources nécessaires doit être 

établi. Pour cela, il est important d'identifier les caractéristiques des systèmes de 

communication vis-à-vis lôenvironnement rural où ils sont déployés. 

II.2.1) Défis et exigences des systèmes de communication  dans les zones rurales  

Pour garantir la fiabilité et la qualité des communications en zones rurales, les systèmes 

de communication doivent posséder les caractéristiques suivantes [7], [8], [9], [10], [11] :   
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¶ Faible consommation : elle facilite les communications pendant les pannes d'électricité 

causées par des dommages dôinfrastructures, de la pénurie de carburant ou de la 

décharge des batteries. 

¶ Faible coût : il encourage le déploiement dans les pays en développement ou en zones 

rurales de faible rentabilité économique. Il inclut aussi la durée de vie des batteries, la 

licence radio et les équipements.  

¶ Robustesse et ténacité : Les systèmes de communication doivent répondre à des 

conditions extrêmes comme le climat, la température et la corrosion afin de garantir la 

communication. Lôinstallation dans des endroits s¾rs est alors recommand®e en plus 

de la redondance, de la diversification et de la décentralisation des parties critiques.  

¶ Interopérabilité : Malgré la normalisation des protocoles de communication, 

l'interopérabilité continue de présenter de nombreux défis pour la transparence entre 

les systèmes de communication et la libre circulation des données.  

¶ Qualité de service : Les systèmes de communication doivent supporter des charges 

accrues de données. Par conséquent, des ressources supplémentaires sont 

nécessaires pour garantir le débit, éviter la congestion et la latence ainsi que bien 

estimer l'atténuation du signal radio causée par le climat, la végétation et les bâtiments.  

¶ Mobilité et accessibilité : La communication doit être disponible partout où les gens se 

trouvent quotidiennement, dôo½ la n®cessit® des syst¯mes de communication sans fil ¨ 

longue portée et la prise en compte des effets de végétation et dôenvironnement. 

¶ Facilité de déploiement : Le d®ploiement et lôinstallation imposent un d®fi consid®rable. 

Ceci sôexplique par les terrains difficiles dôacc¯s, la quantit® dôinfrastructure ¨ installer 

et lô®tat des routes de transport.  

¶ Couverture : il s'agit de brancher une vaste zone sans déployer de nombreuses 

infrastructures. Il faut souligner que les utilisateurs dans les zones rurales sont souvent 

éparpillés sur une grande surface. 

Il existe dôautres caract®ristiques communes ¨ tous les syst¯mes de communication, qui 

sont indépendantes de la zone de déploiement, comme la sécurité, la gestion des données, la 

popularit® ainsi que la facilit® de configuration et dôutilisation. 



16 

II.2.2) Les technologies de communication sans fil  

De nombreux travaux de recherche ont exploré les enjeux des systèmes de 

communication sans fil pour mieux estimer leurs performances. Les sous-sections suivantes 

résument brièvement les principales technologies sans fil pour ce contexte. 

II.2.2.a) Wi-Fi 

Les fabricants de l'alliance Wireless Fidelity (Wi-Fi) assurent lôinterop®rabilit® des produits 

utilisant la norme IEEE 802.11. Il remplace, généralement, les liens filaires internes par des 

fréquences libres (2.4 et 5.8 GHz) selon des débits allant jusquô¨ 1 Gb/s. Sa couverture peut 

atteindre plusieurs dizaines de kilomètres [12]. Son omniprésence, son utilisation courante, 

son faible coût et sa consommation d'énergie sont ses principaux avantages. 

II.2.2.b) Espace blanc du spectre de télévision (TVWS)  

Les normes 802.11af et 802.22 de lôespace blanc du spectre de télévision (en anglais TV 

White Space ou TVWS) résultent de la migration des services de télévision en numérique sur 

une base non interférente et non protégée [13]. Sa portée est de plusieurs kilomètres et le débit 

atteint plusieurs dizaines de Mb/s [14].  

II.2.2.c) LoRa 

C'est une technologie facile à déployer de Semtech Corporation dont la bande varie entre 

868 et 915 MHz. Elle a un faible coût et une capacité à relier des milliers d'appareils avec un 

débit de 0.3 à 27 kb/s pour une largeur de bande de 125 kHz et une couverture de 5 à 15 km 

[15]. Ses avantages justifient son utilisation pour les solutions IoT [16]. 

II.2.2.d) SIGFOX 

Elle a des bandes ultra-étroites de moins de 2.5 kHz. Son débit maximal est de 100 b/s 

dans une portée de 30 à 50 km en milieu rural [16]. Sa faible consommation augmente la durée 

de vie de batterie et favorise son utilisation pour les capteurs [17]. 
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II.2.2.e) Norme IEEE 802.15  

Ses protocoles les plus connus sont : Bluetooth, ultra-large bande (en anglais Ultra Wide 

Band ou UWB) et Zigbee. Il souffre de problèmes d'interférence, car la bande libre 2.4 GHz est 

largement utilisée pour la plupart de ses applications [18]. Le Bluetooth remplace les câbles 

dans les périphériques d'ordinateurs [18] et fournit souvent lôinternet pour les produits IoT [19]. 

LôUWB permet un d®bit de 480 Mb/s pour les applications multimédias selon une distance 

allant jusqu'à 70 m. La nature impulsive du signal étend sa largeur de bande jusqu'à 500 MHz 

[20]. Zigbee a une portée de 10 à 100 mètres et un débit typique de 250 kb/s [21]. Il supporte 

des applications comme les moniteurs d'énergie domestiques [22].  

II.2.2.f) Technologies mobiles  

Elles offrent de bonnes performances, en mati¯re dôinterf®rence, de couverture et 

dôefficacit® spectrale, compte tenu de leurs fréquences licenciées. La génération 2G est la 

première version numérique, elle offre un débit jusqu'à 384 kb/s [23]. Le débit de la 3ème 

génération peut atteindre 52 Mb/s [24]. Les technologies de la 4ème génération sont WiMAX 

(Worldwide Interoperability for Microwave Access)  et LTE (Long-Term Evolution). WiMAX 

fonctionne entre 2 et 5.8 GHz [25], avec une couverture allant de 30 à 100 km et un débit 

jusqu'à 350 Mb/s [26]. Le LTE fonctionne de 700 MHz à 3.8 GHz, les performances de pointe 

de sa version LTE Advanced (LTE-A) atteignent jusqu'à 3 et 1.5 Gb/s en téléchargement et en 

téléversement respectivement [27]. LTE-A Pro est une transition vers le 5G avec des 

techniques comme les entrées multiples et les sorties multiples massives (en anglais Multiple 

Input Multiple Output ou MIMO) et IoT [28]. Le 5G permet des connexions massives 

d'utilisateurs mobiles et un débit allant jusqu'à 10 Gb/s avec une faible latence et une faible 

consommation [29]. Il prend en charge les applications de la ville intelligente et lôIoT [30].  

II.2.3) Comparaison des systèmes de communication sans fil  

Une comparaison détaillée des systèmes de communication sans fil est présentée en 

tableau II-1 selon les caractéristiques suivantes : la fréquence, les frais de licence, la largeur 
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de bande, la consommation, la couverture, le débit, le coût et MIMO. Certaines 

caractéristiques, telles que le coût et la couverture, sont décrites qualitativement (faible, très 

faible, élevé ou très élevé) pour des raisons de simplicité. Les couleurs vertes ou rouges 

pr®cisent sôil est bon ou mauvais dôavoir un crit¯re qualitatif donné. 

Table II-1 : Comparaison entre les systèmes de communication sans fil  

 IEEE 802.15 Wi-Fi et TVWS IoT Technologies mobiles  

 Bluetooth  UWB Zigbee  WI-FI TVWS LORA SIGFOX WIMAX LTE 5G 

Fréquence 

(GHz) 

2.4 3.1-

10.6 

0.86, 

0.91, 2.4 

0.9, 2.4, 

3.65, 5.8 

0.054 - 

0.862 

0.9 2.4, 

5 

0.9 2 - 11 0.45 - 3.7 0.6 - 71 

LI / UN UN LI UN UN LI/UN UN UN LI / UN LI LI 

Largeur de 

bande (MHz)  

1 

(L) 

> 500 

(VH) 

0.3, 0.6, 

2 (L) 

5,10,20, 

40,80,160 

(H) 

6, 7, 8 

(M) 

0.125, 

0.25, 0.5 

(L) 

0.0002 

(VL) 

< 20 

(M) 

< 20 

(M) 

< 800 

(VH) 

Consommation  L L L L L VL VL VH H M 

Couverture  VL VL L H H VH VH VH VH VH 

Débit  L M L H M VL VL H H VH 

Coût  VL VL VL L M M M H H VH 

MIMO NO NO NO YES YES NO NO YES YES YES 

Référence  [18], [19] [7], [20] [21], [22] [7], [12], [31], 

[32], [33] 

[7], [13], [14], 

[34] 

[35], [15], 

[16], [36], 

[60] 

[35], [16], 

[17], [36] 

[25], [26], 

[31], [32], 

[33], [37] 

[7], [38], [27], 

[28] 

[7], [11], 

[28], [30] 

LI : Licencié  VL : Très  Faible L Faible M Moyen H Élevé VH : Très 

élevé 

UN : Non licencié   Bon Neutre   Mauvais 

 

Les fréquences utilisées vont de plusieurs dizaines de MHz pour TVWS à 71 GHz pour le 

5G. Les basses fréquences assurent une large couverture et une bonne pénétration à travers 

les obstacles, alors que les hautes fréquences fournissent un débit plus élevé. Les fréquences 

licenciées ont une meilleure robustesse contre l'interférence alors que les non-licenciées ont 

un faible coût et une meilleure popularité. Une large bande fréquentielle permet un débit plus 

élevé au dépit de lôimmunit® contre l'interférence.  La norme IEEE 802.15 est la moins chère, 
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car elle ne nécessite pas d'infrastructures, ses fréquences sont libres et ses appareils sont 

moins chers. Les technologies mobiles sont les plus chères, car leurs fréquences sont souvent 

licenciées et elles nécessitent dôinfrastructures et de spécialistes qualifiés. Les technologies 

restantes ont un coût moyen, à part le Wi-Fi qui a des fréquences libres. Le débit de la norme 

IEEE 802.15, à part UWB, est faible en raison de sa faible largeur de bande. Sa couverture est 

la plus faible, car elle est conçue pour les communications entre périphériques. La portée des 

technologies mobiles est très grande, car elles autorisent des puissances dô®mission ®lev®es, 

la norme 5G consomme moins d'énergie pour supporter l'IoT. Lora et Sigfox ont une large 

portée, vu leurs faibles débits et fréquences. En conclusion, pour un débit donné, la couverture 

est proportionnelle à la puissance émise, et inversement proportionnelle à la fréquence radio. 

Pour augmenter le débit selon une couverture donnée, il y a besoin de plus d'énergie, dôune 

bande de fréquence plus large, ou dôun filtrage de bruit et dôinterf®rence. 

II.2.4) Critères de choix des systèmes de communication  

La consommation, le débit et la couverture sont essentiels pour classer les systèmes de 

communication sans fil. Un compromis entre ces trois paramètres doit être établi, car on ne 

peut en améliorer que deux au détriment du troisième. Par exemple, pour une couverture et 

un débit élevé, la consommation augmente pour améliorer la portée du signal. De plus, 

l'accessibilité et la mobilité précisent si lôalimentation se fait par prise ®lectrique ou par batterie. 

Par exemple, pour les capteurs, une très faible consommation est exigée pour éviter de 

recharger quotidiennement des milliers de batteries. Le débit dépend de plusieurs facteurs, 

tels que la modulation, le nombre de chaines MIMO, la largeur de bande, la consommation, la 

couverture et lôinterf®rence. Par exemple, si la constellation de la modulation d'amplitude en 

quadrature (en anglais Quadrature Amplitude Modulation ou QAM)  (QAM 256 ou QAM 1024) 

augmente, le d®bit sôam®liore dépendamment de la consommation et de lôinterf®rence. La 

diversité MIMO a un effet similaire; deux chaines ont le double du débit d'une seule. En outre, 

pour une couverture élevée, le débit généralement diminue, la consommation est alors 

augmentée afin de compenser lôatténuation du signal radio et stabiliser le débit. Cependant, la 

consommation des basses fréquences est réduite, car ils ont une meilleure pénétration.  
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Figure II-1 : Arbre de décision pour le choix des technologies de communication. 

 

Table II-2 : Avantages et inconvénients des systèmes de communication sans fil  

Technologie de 

communication  

Avantages  Inconvénient  

Bluetooth, 

UWB et Zigbee  

ǒ Faible coût 

ǒ Faible consommation 

ǒ Déploiement facile 

ǒ Mobilité supportée 

ǒ Couverture faible  

ǒ Faible débit (à part UWB) 

Wi-Fi ǒ Faible coût 

ǒ Faible consommation 

ǒ Fort débit 

ǒ MIMO supporté 

ǒ Mobilité supportée 

ǒ Grande couverture (option 

longue distance) 

ǒ Possibilit® dôinterf®rence  

 

TVWS (802.22) ǒ Faible consommation 

ǒ Grande couverture 

ǒ Faible interférence 

ǒ MIMO supporté 

ǒ Débit moyen 

ǒ Déploiement coûteux 

LORA et 

SIGFOX 

ǒ Très faible 

consommation  

ǒ Grande couverture 

ǒ Faible coût 

ǒ IoT supporté 

ǒ Débit très bas 

ǒ Possibilit® dôinterf®rence 

WiMAX et LTE  ǒ Fort débit 

ǒ Grande couverture 

ǒ MIMO supporté 

ǒ Mobilité supportée 

ǒ Robuste contre lôinterf®rence 

ǒ Déploiement coûteux 

ǒ Haute consommation 

5G ǒ Très fort débit 

ǒ Grande couverture 

ǒ Consommation 

moyenne 

ǒ MIMO massive supportée 

ǒ Mobilité supportée 

ǒ Robuste contre lôinterf®rence 

ǒ IoT supporté 

ǒ Déploiement coûteux 

 

La figure II-1 présente un arbre de décision, basé sur le tableau II-1, pour le choix du 

système de communication. En effet, pour une couverture élevée et une faible consommation, 
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on recommande Lora ou Sigfox. Cependant, Sigfox a une largeur de bande plus petite que 

Lora; dôo½ son d®bit est l®g¯rement inf®rieur et elle est plus robuste ¨ lôinterf®rence. Pour un 

haut débit et une couverture élevée, le choix se fait entre Wi-Fi, TVWS et les technologies 

mobiles. TVWS a un coût plus élevé et un débit inférieur au Wi-Fi, car certaines de ses 

fréquences sont licenciées et sa largeur de bande est inférieure. La technologie 5G a le débit, 

la couverture, la bande et le coût les plus élevés parmi les technologies mobiles.  

II.2.5) Synthèse  

Malgré le progrès et la diversification des systèmes de communication, il n'existe pas de 

solution unique à tous les défis. Le tableau II-2 compare les systèmes de communication selon 

leurs avantages et leurs inconvénients. La technologie Wi-Fi, ayant lôoption large couverture, 

est une importante alternative vue son bon compromis entre le faible coût de la norme 802.15, 

la faible consommation des technologies compatible avec lôIoT, le débit et la couverture élevés 

des communications mobiles. 

Table II-3 : Choix d u système de communication pour les zones rurales.  

Caractéristiques  Qualifications  Descriptions  Résultat  

Couverture Grand ou très grand Les utilisateurs sont très dispersés  

Wi-Fi 

Débit Grand ou très grand Compatible avec le transfert multimédia  

Consommation Faible Sources dô®nergie rares dans certains cas 

Largeur de bande  Grand  Grand transfert de données  

Coût Faible à moyen Manque de rentabilité économique 

 

Les d®fis de la fourniture dôInternet sans fil aux zones rurales sont résumés en tableau II-

3. En effet, un faible coût, une basse consommation et une couverture élevée sont 

recommandés vu la faible rentabilité économique. Avec le besoin croissant en transfert de 

données, un haut débit est préférable. Par conséquent, le Wi-Fi, ayant lôoption large couverture, 

est le meilleur choix selon de nombreuses initiatives à travers le monde [9], [10]. 

II.3. Internet sans fil fixe par Wi -Fi 

LôInternet sans fil fixe est fourni par FWN qui se définit par un lien radio qui connecte deux 

emplacements fixes à lôInternet [39]. Certains fournisseurs lôappellent lôInternet résidentiel sans 
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fil [40]. Son déploiement typique est présenté en figure 1 du chapitre 4, il sôexplique par un 

réseau d'APs qui connectent plusieurs CPEs à Internet. Un CPE peut être installé sur le toit 

d'une maison ou tout autre endroit ayant une bonne visibilité avec l'AP. Ensuite, il est connecté, 

par des c©bles r®seau, aux ®quipements internes de lôutilisateur. Cette technologie a pris de 

l'importance dans la fourniture d'Internet à la population rurale [41], [42], et beaucoup de 

Canadiens en bénéficient [43]. 

II.3.1) Caractéristiques techniques du Wi -Fi 

La couverture du Wi-Fi s'étend jusqu'à plusieurs dizaines de km et le débit de ses nouvelles 

versions dépasse 1 Gb/s [44]. La norme IEEE 802.11 comprend les spécifications de la couche 

physique et du contrôle d'accès au support (en anglais Medium Access Control ou MAC). 

L'attribution de fréquences et de puissances d'émission varie selon les réglementations. La 

fréquence peut être optimisée pour diverses capacités de pénétration selon la topographie, le 

climat ou la végétation. De plus, la diversité de ses largeurs de bandes permet divers débits. 

La table 2 du chapitre 4 présente un résumé des caractéristiques techniques de ses versions 

les plus connues : 802.11a, 802.11b, 802.11g, 802.11n, 802.11ac, 802.11ax (Wi-Fi 6), 

802.11ad et 802.11ah. En effet, il utilise plusieurs bandes de fréquences non licenciées en 

mode semi-duplex : 900 MHz, 2.4, 3.6, 5.8 et 60 GHz. Chaque bande est divisée en plusieurs 

sous-canaux. Par exemple, la bande 2.4 GHz est divisée en 14 sous-canaux espacés de 5 

MHz. La largeur de bande varie de 5 MHz pour les faibles d®bits jusquô¨ 160 MHz pour les 

services multimédias. Chaque version a un profil de débit différent qui varie aussi selon la 

puissance du signal reçu. Pour r®duire lôinterf®rence, des techniques comme le multiplexage 

orthogonal de la fréquence (en anglais Orthogonal Frequency-Division Multiplexing ou OFDM), 

l'attribution dynamique de fréquences ou la synchronisation GPS sont utilisées.  

II.4. Modèles empiriques de perte de propagation  

Une estimation précise des pertes de propagation (PLs) est cruciale pour la planification, la 

prévision des performances et le diagnostic du réseau sans fil. Elle se fait par modélisation ou 

par mesure. Les PLs sont dues à l'air libre (en anglais Line Of Sight ou LOS) , et aux effets 
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environnementaux tels que la végétation et le climat (en anglais Non Line Of Sight ou NLOS) . 

Le choix du modèle de PL approprié dépend de la zone géographique et des paramètres de la 

liaison radio. Les modèles empiriques offrent un bon compromis entre la précision, l'efficacité 

de calcul et la complexit® dôutilisation [45]. Ces modèles ont été traditionnellement conçus pour 

des fréquences moins de 2 GHz et pour les réseaux mobiles en zones urbaines. Pour cela, il 

est nécessaire de les étendre pour tenir compte des paramètres technologiques diversifiés, des 

environnements ruraux et des fréquences jusquô¨ 6 GHz. De même, chaque modèle possède 

ses propres intervalles de validité et ses performances en dehors de ces intervalles n'ont pas 

®t® compl¯tement ®tudi®es. Ainsi, il y a besoin dôune m®thode pour choisir le mod¯le appropri® 

ou concevoir un nouveau modèle selon les param¯tres et le contexte dôutilisation.  

II.4.1) Calcule des pertes de propagation  

Les PLs sont déduites à partir de la formule de FRIIS [45]: 

ὖ ὖ Ὃ Ὃ ὒ 

Avec Pr et Pt sont respectivement les puissances reçues et émises; Gt et Gr sont les 

gains des antennes AP et CPE, respectivement; et L est la perte totale de la liaison radio qui 

comprend les PLs et les pertes internes, Lint, des dispositifs. Vu que tous les paramètres sont 

connus à travers les fiches techniques (Lint, Pt, Gt, Gr) et les mesures (Pr), la PL est évaluée 

selon la formule suivante : 

ὖὒ ὖ Ὃ Ὃ ὖ  ὒ  

 

II.4.2) Modèles empiriques existants de perte de propagation  

De nombreux articles de recherche ont étudié les modèles existants de PLs. Dans [46], 

Phillips et al. ont d®crit et mis en îuvre 30 mod¯les propos®s au cours des 70 derni¯res ann®es. 

Ils ont constaté que le paysage des modèles de PL est pr®caire en affirmant quôil atteint, au 

mieux, un RMSE de 8 à 9 dB en zones urbaines et autour de 15 dB en zones rurales. Ils [47] 

ont aussi développé une nouvelle taxonomie couvrant plus de 60 ans de recherche continue. 

Ils ont déclaré que la prochaine génération de modèles de PL sera centrée sur les données à 



24 

partir de mesures dirigées. Phillips et al. ont analysé 28 modèles de PL en région rurale de la 

Nouvelle-Zélande [48]. Ils ont d®montr® que ç lô®tat de l'art, m°me pour le simple cas des zones 

rurales, est mal équipé pour effectuer des prédictions précises ». La meilleure précision obtenue 

est de 12 dB RMSE. Sun et al. [49] ont étudié les performances des modèles de PL pour les 

réseaux 5G. Erunkulu et al. [50] ont fourni une revue et une comparaison des modèles de PL 

existants. Les modèles de PL les plus connus sont présentés dans le tableau II-5. 

Table II-4 : Description des modèles empiriques  de PL les plus connus.  

Modèle Zone Formules mathématiques Conditions et 

limites  

Espace libre  ὖὒ Ὠὄ σςȢτυςπÌÏÇὨ ςπÌÏÇὪ 

- d est la distance entre l'émetteur et le récepteur, f est la fréquence 

 

Log-

distance 

Urbaine 

Banlieue 

Rurale 

ὖὒ Ὠὄ ὖὒ ρπὲÌÏÇ
Ὠ

Ὠ
… 

- PL(d0) est la PL mesurée à une distance d0 mètres du transmetteur. 

- ʔ est une variable aléatoire de distribution gaussienne et de moyen zéro avec un écart-

type ʎ 

Environnement  Exposant des PLs (n) 

Espace libre 2 

Réseau cellulaire urbain 2.7 to 3.5 

Réseau cellulaire urbain obstrué 3 to 5 

Lien interne en visibilité directe  1.6 to 1.8 

Lien interne obstrué 4 to 6 

Lien obstrué en usine 2 to 3 
 

 

Okumura  Urbaine ὖὒὕὨὄ ὖὒ ὃ ὪȟὨ ὋὌ ὋὌ Ὃ  

ὋὌ
ρπÌÏÇ

Ὄ

ςππ
 Ƞ   ÓÉ Ὄ σπά

ςπÌÏÇ
Ὄ

ςππ
 Ƞ   ÓÉ σπ Ὄ ρπππά

 

ὋὌ
ρπÌÏÇ

Ὄ

σ
 Ƞ   ÓÉ Ὄ σά

ςπÌÏÇ
Ὄ

σ
 Ƞ ÓÉ σ Ὄ ρπ

 

- ὖὒὕÄ" est la valeur médiane des PLs, ὃ ÆȟÄ  est un ensemble de courbes 

ÄïÖÅÌÏÐÐïÅÓ ÐÁÒ /ËÕÍÕÒÁ  ÐÏÕÒ ÌȭÁÔÔïÎÕÁÔÉÏÎ ÍïÄÉÁÎÅ ÐÁÒ ÒÁÐÐÏÒÔ Û ÌȭÁÉÒ ÌÉÂÒÅȟ ὋὌ  

et ὋὌ  sont les facteurs de correction des hauteurs des antennes AP et CPE, Ὃ  est 

ÌÅ ÆÁÃÔÅÕÒ ÄÅ ÃÏÒÒÅÃÔÉÏÎ ÓÅÌÏÎ ÌȭÅÎÖÉÒÏÎÎÅÍÅÎt, HAP et Hr sont les hauteurs des 

antennes AP  et CPE respectivement. 

f :  150 - 1920 MHz  

Hr :  1 - 3 m 

HAP : 30 - 100 m 

d  : 1 - 100 km 

Okumura -

Hata 

Urbaine ὖὒὕὌὨὄ φωȢυυςφȢρφÌÏÇὪ ρσȢψςÌÏÇὌ

ττȢω φȢυυÌÏÇὌ ÌÏÇὨ ὅ  

- ὅ  ÌÚÛɯÓÌɯÍÈÊÛÌÜÙɯËÌɯÊÖÙÙÌÊÛÐÖÕɯËÌɯÓÈɯÏÈÜÛÌÜÙɯËɀÈÕÛÌÕÕÌɯÚÌÓÖÕɯÓÌɯÛà×Ìɯ

ËɀÌÕÝÐÙÖÕÕÌÔÌÕÛ 

ὅ

πȢψ ρȢυφÌÏÇὪ ρȢρÌÏÇὪ πȢχὌȠ    ὴὩὸὭὸὩ Ὡὸ άέώὩὲὲὩ ὺὭὰὰὩ

ψȢςωÌÏÇρȢυτὌ ρȢρȠ   ίὭ ρυπὪ σππ ὓὌᾀ ὫὶὥὲὨὩ ὺὭὰὰὩ

σȢςÌÏÇρρȢχυὌ τȢωχȠ   ίὭ σππὪ ρυππ ὓὌᾀ ὫὶὥὲὨὩ ὺὭὰὰὩ

 

f :  150ɬ1500 MHz 

Hr :  1 - 10 m 

HAP : 30 -  200 m 

d :  1 - 20 km 
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Banlieue 
ὖὒὕὌὨὄ ὖὒὕὌςÌÏÇ

Ὢ

ςψ
υȢτ 

Aire 

ouverte 

ὖὒὕὌὨὄ ὖὒὕὌτȢχψÌÏÇὪ ρψȢσσÌÏÇὪ τπȢωτ 

COST-231 

Hata 

étendu 

Urbaine 

Banlieue 

Rurale 

ὖὒ Ὠὄ ὃ ὃÌÏÇὪ ὃÌÏÇὌ

ὄ ὄÌÏÇὌ ὄ Ὄ ÌÏÇὨ ὥὌ ὅ 

 

ὥὌ

πȢψ ρȢυφÌÏÇὪ ρȢρÌÏÇὪ πȢχὌȠ   ᾀέὲὩ  ὦὥὲὰὭὩόὩ Ὡὸ ὶόὶὥὰὩ

ψȢςωÌÏÇρȢυτὌ ρȢρȠ  ίὭ Ὢ σππ ὓὌᾀ ὫὶὥὲὨὩ ὺὭὰὰὩ

σȢςÌÏÇρρȢχυὌ τȢωχȠ   ίὭ σππ ὓὌᾀ Ὢ ὫὶὥὲὨὩ ὺὭὰὰὩ

 

 

ὃ
φωȢυυȠ    Û ωππ ὓὌᾀ
τφȢσȠ   Û ρψππ ὓὌᾀ

; ὃ
ςφȢρφȠ    Û ωππ ὓὌᾀ
σσȢωȠ   Û ρψππ ὓὌᾀ

 

ὃ ρσȢψ; ὄ ττȢω; ὄ φȢυυ; ὄ π 

- ὥὌ  est le facteur de correction de la hauteur du CPE, A1 ȣ "3 sont les paramètres Hata, 

ὅ est un facteur de correction égal à 0 dB en banlieue ou en zones rurales et 3 dB en 

zones urbaines 

f : 1500ɬ2000 MHz 

Hr : 1 - 10 m 

HAP : 30 - 200 m 

d : 1ɬ20 km 

ECC-33 Urbaine 

Banlieue 

Rurale 

ὖὒ Ὠὄ ὖὒ ὃ Ὃ Ὃ 

ὖὒ Ὠὄ ωςȢτ ςπÌÏÇὨ ςπÌÏÇὪ 

ὃ ςπȢτρωȢψσÌÏÇὨ χȢψωτÌÏÇὪ ωȢυφÌÏÇὪ  

Ὃ ÌÏÇ
Ὄ

ςππ
ρσȢωυψυȢψÌÏÇὨ  

Ὃ τςȢυχρσȢχÌÏÇὪ ÌÏÇὌ πȢυψυ 

Ὃ πȢχυωὌ ρȢψφς pour les villes moyennes 

- ὖὒ, Abm, Ὃ  and Ὃ ÓÏÎÔ ÌȭÁÔÔïÎÕÁÔÉÏÎ Û ÌȭÁÉÒ ÌÉÂÒÅȟ 0, ÍïÄÉÁÎe de base, facteur de gain 

ÄÅÓ ÈÁÕÔÅÕÒÓ Äȭ!0 ÅÔ ÄÕ #0% ÒÅÓÐÅÃÔÉÖÅÍÅÎÔȢ 

ÍɯȀɯƖƔƔƔɯ,'á 

Hr : 1ɬ10 m 

HAP : 30ɬ200 m 

d : 1ɬ20 km 

SUI Urbaine 

Banlieue 

Rurale 

ὖὒ Ὠὄ ὃ ρπ‎ÌÏÇ
Ὠ

Ὠ
ὢ ὢ Ὓ 

ὃ ςπÌÏÇ
l

; ‎ ὥ ὦὌ ; ὢ φÌÏÇ  

ὢ ρπȢψÌÏÇ  en terrain de type A et B 

ὢ ςπÌÏÇ  en terrain de type C 

- Ä=100 m, A ÅÓÔ ÌÅ ÐÁÒÁÍîÔÒÅ ÄȭÉÎÔÅÒÃÅÐÔÉÏÎȟ S est un facteur ayant une distribution 

log-ÎÏÒÍÁÌÅ ÐÏÕÒ ÌȭÏÂÓÔÒÕÃÔÉÏÎ ÄÅÓ ÁÒÂÒÅÓ ÅÔ ÌÅÓ ÁÕÔÒÅÓ ÅÎÃÏÍÂÒÅÍÅÎÔÓȟ ÓÅÓ ÖÁÌÅÕÒÓ 

sont  : 8.2 dB en rural, 9.6 aux banlieues et 10.6 dB en zone urbaine, Xf est un facteur de 

correction pour les fréquences [MHz] au-delà de 2 GHz, ὢὬ est un facteur de correction 

pour la hauteur du CPE [m], les valeurs des exposants des PLs, ɾ, sont : 2, 3<ɾ>5 et ɾ 

>5 pour les zones urbaines, urbaines obstruées et espaces internes  respectivement. 

Paramètre Terrain(A)  Terrain(B) Terrain(C) 

a 4.6 4 3.6 

b(1/m) 0.0075 0.0065 0.005 

C(m) 12.6 17.1 20 
 

Ὠ = 100 m 

ÍɯȯɯȀɯƕƕɯ&'á 

Hr : 2ɬ10 m 

HAP : 10ɬ80 m 

d : 0.1ɬ8 km 

Ericson Urbaine 

Banlieue 

Rurale 

ὖὒωωωὨὄ ὥ ὥÌÏÇὨ ὥÌÏÇὌ ὥÌÏÇὌ ÌÏÇὨ

σȢςÌÏÇρρȢχυὌ ὫὪ 

ὫὪ ττȢτωὰέὫὪ τȢχψ ὰέὫὪ  

Environnement  a0 a1 a2 a3 

Banlieue 43.20 68.93 12 0.1 

Urbain  36.2 30.2 12 0.1 

ÍɯɯȀɯƕƕɯ&'á 

Hr : 2ɬ10 m 

HAP : 10ɬ80 m 

d : 0.1ɬ8 km 
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Rural 45.95 100.6 12 0.1 

- Les paramètres (a0, a1, a2 and a3) sont optimisés pour mieux représenter 

ÌȭÅÎÖÉÒÏÎÎÅÍÅÎÔ ÄÅ ÐÒÏÐÁÇÁÔÉÏÎ 

Walfisch - 

Ikegami 

LOS ὖὒ Ὠὄ τςȢφ ςφÌÏÇὨ ςπÌÏÇὪ f :  800 -  2000 MHz 

Hr : 1 - 3 m 

HAP : 4 - 50 m 

d : 0.02 - 5 km 

NLOS ὖὒ ὖὒ ὖὒ όὶὦὥὭὲ Ὡὸ ὦὥὲὰὭὩόὩ
ὖὒ όὶὦὥὭὲ ὭὪ ὖὒ ὖὒ π 

 

- ὖὒ est la PL à aire libre, ὖὒ  est la diffraction du toit à la rue, ὖὒ  est la perte de 

diffraction -multiécran 

SPM Urbaine 

Banlieue 

Rurale 

ὖὒ Ὠὄ ὑ ὑÌÏÇὨ ὑÌÏÇὌ ὑÌÏÇὌ ÌÏÇὨ

ὑ Ὤ ὑÌÏÇὬ  

- K1 ȣ +3 sont les paramètres du modèle en fonction du modèle Hata comme ce qui suit: 

ὑ ὃ ὃὰέὫὪ σὄ 

ὑ ὄ; ὑ ὃ σὄ; ὑ ὄ 

ὑ ὑ π ÓÉ ÈÒ  ρȢυ Í 

ὑ ὥ si hr > 1.5 

f : 150 - 1500 MHz  

Hr : 1ɬ10 m 

HAP : 30ɬ200 m 

d : 1ɬ20 km 

Rural 3GPP 

TR 38.901 

LOS ὖὒ
ὖὒ   ÓÉ ρπÍὨ Ὠ
ὖὒ   ÓÉ  Ὠ Ὠ ρπὯÍ

 

Ὠ
ς“Ὄ ὌὪ

ὧ
 

ὖὒ ςπÌÏÇ ÍÉÎπȢπσὬȢȟρπÌÏÇὨ

ÍÉÎπȢπττὬȢ ȟρτȢχχ  πȢππςÌÏÇὬὨ   

ὖὒ  ὖὒὨ τπÌÏÇ
Ὠ

Ὠ
 

f : 0.5 ɬ 100GHz 

Hr : 1ɬ10 m 

HAP : 10ɬ150 m 

D (LOS) : 0.01ɬ10 

km 

D (NLOS) : 0.01ɬ5 

km 

NLOS ὖὒ ÍÁØὖὒ ȟὖὒᴂ  si ρπÍὨ υὯÍ 

ὖὒᴂ ρφρȢπτχȢρÌÏÇὡ χȢυÌÏÇὬ

ςτȢσχσȢχ
Ὤ

Ὄ
ÌÏÇὌ

τσȢτςσȢρÌÏÇὌ ÌÏÇὨ σ ςπÌÏÇὪ

σȢςÌÏÇρρȢχυὌ τȢωχ 

 

 

II.4.3) Revue des recherches sur les modèles empiriques de perte de propagation  

La plupart des recherches ont considéré la PL pour les systèmes de communication mobiles 

en zones urbaines [51], alors quôun petit nombre de travaux ont considéré les FWNs en zones 

rurales par simulation seulement. Moraitis et al. [52] ont recommandé le modèle de propagation 

standard (en anglais Standard Propagation Model ou SPM) pour les FWNs utilisant la 

technologie LTE à 3.7 GHz. MacCartney et al. [53] ont étudié les modèles de PL pour les 

macrocellules rurales (en anglais Rural Macrocells ou RMa) entre 0.5 GHz et 30 GHz et ils ont 
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développé un nouveau modèle RMa entre 0.5 GHz et 100 GHz. Chee et al. [54] ont étudié les 

effets de la fr®quence, de la hauteur dôantenne et de la saison sur un r®seau FWN ¨ 825 MHz 

et 3535 MHz en zone rurale. El Chall et al. [55] ont étudié le canal radio de LoRaWAN à 868 

MHz, ils ont aussi développé un modèle de PL pour les environnements intérieurs et extérieurs 

en zones urbaines et rurales au Liban. Rakesh et al. [56] ont analysé les modèles de PL pour 

le GSM à 940 MHz et pour le WIMAX à 3.5 GHz. 

 

La plupart des études ont considéré la PL du Wi-Fi en intérieur où il est classiquement 

utilisé. Cependant, sa version de longue portée est importante pour fournir lôacc¯s Internet en 

zones rurales. Fendji et al. [57] ont comparé les modèles de PL selon des mesures à 2.4 GHz. 

Ils ont proposé un nouveau modèle basé sur le modèle Liechtenstein. Oni et Idachaba [58] ont 

passé en revue les modèles de PL et leurs adaptations pour le Wi-Fi en intérieur. Rademacher 

et al. [59] ont mené des mesures de PL du Wi-Fi jusqu'à 10.3 km. Le tableau 3 du chapitre 6 

compare les recherches sur les modèles de PL existants selon leur pertinence par rapport à 

leurs mesures selon la fréquence, la couverture, la zone, les systèmes de communication sans 

fil, la mobilité, et si les mesures sont faites dans un environnement contrôlé. Les nouveaux 

modèles sont désignés comme « proposition auteur » dans la colonne « Model pertinent de PL 

». En effet, la majorité de ces expériences sont réalisées dans des environnements contrôlés. 

II.4.4) Effets environnementaux  

II.4.4.a) Végétation  

Dans la littérature, on trouve essentiellement deux groupes de modèles : empiriques, soit 

bas®s sur des observations et des mesures de m°me quôanalytiques, soit bas®s sur la th®orie 

de propagation. Les modèles empiriques ont retenu l'attention pour leur précision et leur 

simplicité. Les modèles de PL à travers la végétation les plus connus sont : la décroissance 

exponentielle modifiée, Weissberger, ITU-R, COST 235, FITU-R et lôatt®nuation maximale [60], 

[61]. En général, le PL à travers la végétation peut être décrit avec le modèle de décroissance 

exponentielle selon lô®quation suivante: 
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ὒ ὃ Ὢ Ὠ  
Avec A, B et C sont ajustés empiriquement, f est la fréquence et d est la distance parcourue à 

travers la végétation.  Selon la majorité des recherches, la distance parcourue à travers le 

feuillage doit être connue pour une estimation précise de PL, ce qui est difficile en zones rurales 

à cause des facteurs comme lôemplacement, le type et la densit® de la v®g®tation qui peuvent 

ne pas être uniformes. De plus, les modèles existants couvrent des distances de feuillage 

inférieures à 400 m tandis que les liaisons radio peuvent dépasser 10 km. De même, la 

présence et l'absence de feuilles sur les feuillus, selon la saison, sont aussi impliquées dans 

l'estimation de PL [62]. Pour plus de simplicité, le rapport du CCIR a évalué l'atténuation de la 

végétation à environ 0.05, 0.1, 0.2, 0.3 et 0.4 dB/m pour 0.2, 0.5, 1, 2 et 3 GHz respectivement 

[63]. La polarisation horizontale induit moins d'atténuation que la verticale, du moins pour les 

fréquences inférieures à 1 GHz, en raison de lôobstruction des troncs d'arbres [64]. 

II.4.4.b) Effets climatiques  

Dans le contexte rural canadien, les conditions extrêmes de propagation varient selon deux 

groupes : froid et chaud. La chute de neige et de pluie nôest pas considérée dans notre 

recherche, vu sa durée limitée et son impact réduit sur nos fréquences d'opération [65], [66]. 

Les principaux effets saisonniers à long terme sur la PL sont causés par la croissance des 

feuilles pendant la saison chaude ou leur chute en plus de lôaccumulation de la neige pendant 

la saison froide. Pendant la saison chaude, l'atténuation ὃ  est donnée comme suit : 

ὃ ὃ ὃ ὃ  

Avec ὃ , ὃ  et ὃ  sont respectivement les atténuations d'air libre, de végétation et de 

bâtiment. Pendant la saison froide, les feuilles tombent et l'atténuation de la végétation diminue 

progressivement. L'atténuation des liaisons NLOS ὃ  est alors donnée comme suit, où ὃ  

et ὃ  sont respectivement les atténuations des conifères et de la neige accumulée : 

ὃ ὃ ὃ ὃ ὃ  

II.4.5) Synthèse  

Il y a peu de recherche traitant les FWNs utilisant le Wi-Fi de longue portée en zones rurales. 

Il est également difficile de parvenir à un accord de la communauté scientifique sur le modèle 
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de PL à utiliser pour une zone, ou une technologie donn®e. Dôailleurs, on suppose que la 

propagation en zones rurales est moins perturbée, ce qui est contredit par la végétation et les 

conditions environnementales. En outre, la plupart des recherches sont faites dans des 

environnements contrôlés, où tous les paramètres influents sont connus. Pourtant, la plupart de 

ces paramètres sont difficiles à évaluer avec précision lors des déploiements réels en zones 

rurales. Par conséquent, notre recherche explore l'applicabilité des modèles existants et 

propose un modèle empirique de PL pour les FWNs en zones rurales utilisant le Wi-Fi de longue 

port®e jusquô¨ 6 GHz. 

II.5. Association des utilisateurs et sélection d es APs pour les réseaux sans fil fixes  

Le ML est un atout inestimable pour la sélection dôAP et lôassociation des utilisateurs (UA), 

car il peut traiter des problèmes complexes et inférer des connaissances, sans programmation 

explicite, à partir des données hétérogènes des réseaux sans fil [67]. Lôapprentissage profond 

(en anglais Deep Learning ou DL) est devenu plus accessible grâce aux progrès des 

architectures informatiques ainsi qu'à la disponibilité des données convenables. Dans ce 

contexte, lôalgorithme de plus proche voisin (en anglais Nearest Neighbor) et les ANNs, qui ont 

déjà fait leurs preuves dans plusieurs domaines, nous sont des outils indispensables [68].   

II.5.1) Types dôapprentissage 

Dans la littérature, on trouve 3 principaux types dôapprentissages : apprentissage par 

renforcement, apprentissage non supervisé et apprentissage supervisé. En apprentissage par 

renforcement, l'agent optimise ces décisions pour atteindre un objectif à long terme en 

interagissant avec son entourage selon un processus d'essais et d'erreurs.  Les décisions sont 

prises en fonction de lô®tat courant du système qui procure une récompense positive ou négative 

en fonction des conséquences de ces décisions. Pour atteindre une politique optimale, lôagent 

cherche à maximiser sa récompense à long terme [69]. Lôapprentissage non supervisé vise à 

apprendre une fonction pour décrire ou découvrir une structure cachée à partir de données non 

étiquetées [70]. Alors que lôapprentissage supervisé permet dôapprendre une fonction qui lie 

l'entr®e ¨ la sortie, ¨ partir des donn®es ®tiquet®es appel®es ensemble dôentrainement. Chaque 
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élément de cet ensemble est constitu® dôun vecteur dôentr®e et de la valeur ®tiquet®e de sortie. 

ê la fin de lôentrainement, cette fonction est utilis®e pour d®duire les sorties correspondantes 

aux nouvelles valeurs dôentr®es. L'apprentissage supervis® est divis® en r®gression et 

classification [71]. Il inclut plusieurs algorithmes, lors de notre recherche nous nous concentrons 

sur le plus proche voisin et le réseau de neurones. 

 

Lôalgorithme du plus proche voisin se caractérise par sa simplicité conceptuelle. Il identifie 

les échantillons ayant des caractéristiques similaires à celles des données non étiquetées, pour 

leur attribuer la même étiquette selon un vote majoritaire. De nombreuses fonctions de distance 

qui évaluent cette similitude sont proposées en littérature et de nombreuses techniques se sont 

également inspirées de ce concept [72]. Par exemple, la classification K-Nearest Neighbor 

emploie un vote majoritaire des « K » échantillons les plus proches, alors que le Radius Nearest 

Neighbor utilise les échantillons qui sont inférieurs au rayon (ou radius).  

 

Le réseau de neurones est inspiré du système neuronal biologique. Il se compose dôune 

collection d'unit®s ou de nîuds, interconnectés et rassemblés en couches, qui sont appelés 

neurones artificiels. La première couche est appelée couche d'entrée, la dernière est la couche 

de sortie tandis que les autres sont les couches cachées. Chaque neurone traite ses entrées et 

transfère ses résultats aux autres neurones qui lui sont connectés. La sortie de chaque neurone 

est calculée par une fonction non linéaire de la somme de ses entrées pondérées. Les poids 

des neurones sont ajustés pendant l'entrainement pour une meilleure prédiction [73]. 

II.5.2) Revue des recherches  

De nombreux algorithmes dôUA sont proposés pour répartir efficacement la charge entre 

les APs et pour traiter divers scénarios en réseaux mobiles [74]. Par exemple, Zappone et al. 

[68] ont compar® les performances dôUA ¨ base dôANN pour un ®metteur-récepteur. Li et al. [75] 

ont propos® un algorithme distribu® dôUA pour ®quilibrer la charge des r®seaux v®hiculaires par 

apprentissage par renforcement. Zhao et al. [76] ont développé une méthode d'optimisation 

multiagent basée sur l'apprentissage par renforcement profond pour maximiser la QoS du lien 
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descendant dôun réseau cellulaire hétérogène. Kim et al. [77] ont développé un cadre incluant 

plusieurs politiques dôUA pour ®quilibrer la charge des cellules sans fil. Attiah et al. [78] ont fourni 

une ®tude approfondie des m®canismes dôUA et des approches de partage de spectre. 

 

Dans les réseaux Wi-Fi, lôUA est généralement utilisé en déploiements locaux et denses. 

De nombreux scénarios sont étudiés en fonction de spécifications, de services ou de QoS [79]. 

Xu et al. [80] ont étudié l'UA selon l'efficacité énergétique pour désactiver des APs sans 

compromettre la QoS. Les auteurs de [81] ont utilisé le Q-Learning pour concevoir des 

algorithmes dôUA selon différents scénarios. Lye et al. [82] ont proposé une gestion des APs 

(ON ou OFF) selon lôhistorique d'association d'un large r®seau Wi-Fi. Un cadre d'optimisation 

théorique d'allocation de ressources pour les réseaux Wi-Fi denses est fourni dans [83].  

 

L'UA est également étudié pour les multi-RATs [84]. Les auteurs de [85] ont proposé une 

approche qui arrête l'exploration lorsqu'un AP approprié est trouvé, et la reprend après quelques 

périodes d'association insatisfaisantes. Khalili et al. [86] ont étudié l'UA et l'allocation de 

ressources dans un HetNet pour maximiser les débits des utilisateurs de petites cellules tout en 

protégeant les utilisateurs de macrocellules via un seuil d'interférence. Chaieb et al. [87] ont 

formulé un problème d'optimisation conjoint pour maximiser le nombre d'utilisateurs associés, 

tout en minimisant le nombre de plages horaires allouées dans un HetNet. Zhang et al. [88] se 

sont concentrés sur la maximisation de l'efficacité énergétique, tout en respectant la QoS en 

cas d'interférences et de limitations de puissance pour un HetNet.  

II.5.3) Synthèse  

Les techniques existantes dôUA et de s®lection dôAP sont principalement utilisées en 

réseaux mobiles, en réseaux locaux de Wi-Fi denses et en réseaux multi-RAT, où une 

configuration inappropriée pourrait entrainer une surcharge des APs, une sous-utilisation des 

ressources ou des interférences excessives. Au meilleur de nos connaissances, aucune des 

approches existantes, pour optimiser la QoS,  n'a envisagé simultanément toutes les contraintes 

possibles de la vie réelle, car les paramètres du réseau sans fil et les indicateurs de performance 
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ne peuvent pas être tous inclus en même temps dans un même problème d'optimisation. Ainsi, 

diverses techniques de relaxation et dôoptimisation sont utilisées [87], [89]. Les algorithmes 

proposés sont validés uniquement par des simulations, et ils sont rarement testés sur des 

implémentations réelles. 

 

LôUA est rarement utilis® en FWN, car les APs sont s®lectionn®s manuellement lors de 

l'installation qui nécessite la mobilisation de plusieurs techniciens. Si les tests n'aboutissent pas 

à des abonnements, les coûts de déploiement peuvent alors augmenter. En outre, de nombreux 

tests produisent des résultats douteux pour une décision fiable dôabonnement, alors que les 

techniques dôUA peuvent automatiser cette d®cision et ®pargner des op®rations inutiles. Dôo½, 

la nature hétérogène des informations requises fait des ANNs la solution évidente pour une 

prédiction précise d'UA. 

 

 La s®lection dôAP est souvent bas®e sur la puissance du signal re­u ou le rapport signal 

sur bruit (en anglais Signal to Noise Ratio ou SNR) alors que de nombreux autres paramètres 

sont impliqués et sont difficiles à considérer simultanément. De plus, après l'installation, 

certaines conditions peuvent changer. Par exemple, plus d'utilisateurs sont connectés au même 

AP ou la croissance de la végétation diminue la puissance du signal reçu. Pour les réseaux 

mobiles, des optimisations avancées ou des mises à niveau des APs sont utilisées. Tandis 

quôen FWNs, les CPEs peuvent aussi être modifiés ou délocalisés. Cependant, si lôutilisateur 

n'est toujours pas satisfait, son abonnement est résilié et les investissements sont alors perdus. 

 

Des techniques de ML sont utilisées, lors de notre recherche, pour pr®dire lôUA selon une 

QoS requise. Deux algorithmes sont alors proposés pour pr®voir lôabonnement dôun utilisateur 

potentiel en fonction de ses informations. Ensuite, un schéma de sélection des APs est proposé 

via apprentissage par imitation profonde en utilisant les informations pertinentes des APs, des 

utilisateurs et des services. Par conséquent, une grande variété de défis, de paramètres et de 

scénarios d'optimisation sont considérés simultanément. 
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II.6. Conclusion et limites des solutions existantes  

Les systèmes de communication sans fil sont les plus avantageux pour fournir les 

services de communication à la population rurale. La version large couverture du Wi-Fi est une 

bonne alternative, car sa popularité et sa QoS sont convenables pour le transfert accru des 

données, tout en maintenant un coût raisonnable. Cependant, la modélisation précise de la 

perte de propagation est nécessaire pour la prédiction des performances, la planification, 

lôoptimisation et le diagnostic des r®seaux sans fil. Malheureusement, la majorité des recherches 

sont concentrées sur les technologies mobiles en zones urbaines. Notre recherche est alors 

une étape importante en concevant un modèle empirique de perte de propagation selon le 

contexte rural. De plus, notre recherche s'inspire des techniques dôallocation de ressources, 

utilisées en technologies mobiles, pour assurer la stabilité des liens sans fil en optimisant l'accès 

au réseau et en choisissant convenablement les APs par lôutilisation de lôapprentissage 

automatique. En plus de déduire les limites de validité des liens sans fil en fonction des 

paramètres pertinents. 
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Résumé  : lô®chec des systèmes de communication peut causer des dommages 

catastrophiques à la vie humaine et aux activités économiques lors de situations 

environnementales difficiles, car les gens sont incapables de communiquer entre eux en temps 

opportun et selon une QoS convenable. L'étude du comportement des systèmes de 

communication dans ces environnements permet de concevoir ou de sélectionner des 

technologies plus résilientes et capables de fonctionner dans des conditions difficiles. Cet 

article passe en revue les approches existantes, les principales causes d'échec et les 

faiblesses des communications lors de situations environnementales extrêmes. Tout d'abord, 

nous soulignerons l'importance des systèmes de communication, puis nous examinerons lô®tat 

de lôart, les causes et les effets de leur échec. De plus, nous étudierons la manière dont ils sont 

utilisés pendant les différentes étapes de la catastrophe, et nous identifierons les principales 

faiblesses et limitations quôils peuvent subir sur la base de plusieurs études de cas. Enfin, nous 

identifierons et discuterons les attributs pertinents, les exigences et les recommandations pour 

quôun système de communication fonctionne selon une qualité de service appropriée et pour 

réduire les risques d'échec de communication dans des conditions difficiles. 

 

Préambule  : Ce chapitre constitut un article de journal déjà publié (voir la contribution 

associée). Il traite, dôune fa­on g®n®rale, les effets de plusieurs types dôenvironnements 

difficiles sur les systèmes de communication à travers des études de cas. Pour ensuite 

sélectionner et traiter (dans les chapitres suivants) lôenvironnement le plus semblable au 



35 

contexte canadien et pour bénéficier des solutions et recommandations propos®es pour quôun 

syst¯me fonctionne dôune fa­on r®siliente dans un tel contexte.  Car un environnement difficile 

peut induire plusieurs types dôimpact sur les syst¯mes de communication, tel que les 

catastrophes naturelles entrainant une destruction des infrastructures ou la végétation dense 

causant une augmentation de la perte de propagation. Les cas sont choisis selon des critères 

diversifi®s de r®partition temporelle pour couvrir lôair num®rique, g®ographique pour couvrir les 

continents, de richesse pour couvrir les pays riches ayant une forte pénétration technologique 

et les pays pauvres avec des faibles moyens technologiques, et si lôenvironnement difficile est 

causé par un facteur humain ou naturel. Les sujets suivants sont alors abordés : 

- Les pannes des systèmes de communication et les effets de leurs ruptures 

- La fiabilité des systèmes de communication 

- Les rôles de ces systèmes avant, pendant et après les contextes difficiles 

- Une revue des littérature et études des cas r®els dôenvironnements difficiles 

 

Le reste de notre recherche se concentre sur les communications sans fil qui 

répondent majoritairement aux caractéristiques déduites lors de cette partie. Lôestimation de la 

perte de propagation avec la facilitation du déploiement et de la prédiction des performances 

des liens radio seront considérés dans les chapitres suivants vu les lacunes dévoilés lors de 

lô®tude du cas concernant un environnement rural. 

 

Contribution associée  (Impact Factor  = 1.1): 

Z. E. L. Khaled et H. Mcheick, «Case studies of communications systems during harsh 

environments: A review of approaches, weaknesses, and limitations to improve quality of 

service,» International Journal of Distributed Sensor Networks, vol. 15, 2 2019.  
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ABSTRACT  The failure of communications systems (CS) may cause catastrophic 

damage to human life and economic activities during extreme events as people are 

unable to communicate with each other in a timely manner and with a convenient 

quality of service (QoS). Therefore, the exchange of information is more than necessary 

for people in their everyday life or for the coordination of relief operations during 

extreme events to prevent the death and injury of thousands of people. The study of CS 

behavior in harsh environments helps to design or select more resilient technologies for 

challenging conditions. This paper reviews existing approaches, major causes of failure 

and weaknesses of CS during extreme events. First, we highlight the importance of CS, 

and then we examine related works, how communication may fail and the effect of this 

failure on extreme event response. Furthermore, we study and analyze how 

communications are used during various stages of disaster, and we identify the main 

weaknesses and limitations that CS may suffer based on many case studies. To 

conclude, we identify and discuss relevant attributes, requirements, and 

recommendations for CS to perform with a suitable QoS and to reduce risks of 

communication failure in challenging conditions. 

INDEX TERMS Communication system, communication network, extreme events, 

disaster, communication failure, emergency network, telecommunication, QoS 

improvement.
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III.1. Introduction  

Calamities, defined as generally unplanned events that 

cause significant losses, have become a common occurrence, 

consistently taking the lives of thousands of people. Disasters 

in many parts of the world have caused serious damage to 

goods and led to significant trauma for affected people and 

their loved ones. Natural disasters (ND) cause serious 

deterioration of social and economic activities, ranging from 

habitation to nutrition, health facilities, communications 

systems (CS), power supply, and transportation. During 

disasters, the provision of direct and indirect support for 

human needs is a substantial challenge [36]. 

It is difficult for people to deal with hard circumstances that 

take place during natural or manmade disasters. Disaster 

management encompasses several operations such as 

immediate response, recovery, mitigation, and preparedness 

for decreasing the effect of future calamities. Rescuers require 

fast and efficient access to information for effective disaster 

management. Extreme disasters may hit a wide area, and 

therefore, many organizations may be involved in rescue 

operations as a single team to help the injured, save lives, and 

protect facilities [31]. 

Natural and manmade disasters create significant immediate 

challenges for authorities in many fields. Indirect damages are 

also set in motion by a catastrophe, such as social problems, 

economic pressures, loss of tourism, a drop in industry, etc. 

[27]. As disasters increase in frequency, they strike different 

countries in various ways, developing nations suffer from high 

quantities of victims and hard economic losses; while 

developed countries are able to reduce losses due to their best 

practices and efficient infrastructure [15]. 

In such circumstances, the most important goals are saving 

lives, goods, and all necessary infrastructure for disaster 

mitigation as quickly as possible. Doing so may allow for 

quicker rescues and reduce the impact of anxiety on disaster 

victims [36]. During the first 72 hours after a ND [45], rescuers 

are more likely to save lives, and fast evaluation of losses is 

required. CS are essential during this period to support the 

exchange of information between entities such as 

humanitarian organizations, communities and governments. 

 

III.1.1)Importance of communication systems in the 

context disasters  

Technology is so integrated into everyday life for the 

majority of people that the development of a society or country 

is proportional to its progress in information technology (IT) 

[17]. Recently, communication technology (CT) has evolved 

dramatically and CS have become essential, not only for basic 

communication, but also to have access to media, services, and 

data supplied by companies, organizations and government, 

etc. [11]. 

The role of telecommunication infrastructure (TI) is not 

only limited to peopleôs daily routine as described earlier. 

During crisis situations such as ND, they also provide a way 

for people to declare their safety or verify the safety of their 

relatives through emergency calls and priority phone lines. 

They also afford essential communication services in order to 

keep critical government services such as police and 

healthcare running. In emergencies, CS provide fundamental 

response and recovery activities as they help connect victims 

to relatives, rescuers, and relief organizations in the aftermath 

of extreme events or crises [4].  

Reliable and accessible CS are also important to a 

communityôs resilience as they afford important options for 

people, government and relief organizations to deal with risks 

during all emergency stages. Immediately preceding 

catastrophe, telecommunications are used to broadcast 

warning information about what is happening. Then, people 

are able to take action in order to prevent or reduce the effect 

of these calamities. Therefore, it is obvious that CS play a 

critical role in disaster warning, management and alleviation. 

During ND like earthquakes, hurricanes and tsunamis, 

traditional means of communications such as fixed or wireless 

phones might be damaged [16]. Thus, each country must 

prepare alternatives for such situations so that disaster 

management (DM) organizations can respond quickly and 

efficiently. Thus, DM teams must be skilled and provided with 

the latest CS to assess losses and damages and coordinate their 

operations. 

ND such as the earthquake in Haiti and the tsunami in Japan, 

or attacks like the September 11 terrorist attack in New York 

have demonstrated the importance of CSs in preventing losses 

and coordinating relief actions. In the aftermath of crisis, 

responder teams such as volunteers, firefighters, security staff 

and health care personnel, are sent quickly to the damaged 

zone. Robust CS must always be ready to use, especially 

during the early response time after a crisis as they are essential 

to saving lives. 

Rapid technological advances allow for greater efficiency in 

dealing with the effects of crises by: reducing impact on 

human life as well as social and economic activities; protecting 

and supporting facilities; and getting medical help to the 

injured. Each stage of DM (preparedness, response, mitigation 

and restoration) requires its own technological solutions [36].  

Many areas such as space technology, modern CS, health care 

and diagnostics, artificial intelligence, green energy, and 

remote-controlled robots are useful in DM operations for 

rescue and relief efforts. 

III.1.2)Communication breakdown effect during  

disasters  

The failure of CS is widely known to occur in almost all 

disasters. The breakdown of TI, whether complete or partial, 

causes inefficiency and delays in emergency relief efforts and 
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response, which leads to loss of life and preventable injuries 

[6]. Due to increasing dependence upon CS during extreme 

events, the risk of communication failure is high, despite 

increasing immunity and protection of these means against 

disasters and calamities. A disaster situation with a severely 

disrupted TI amplifies chaos and uncertainty. Poor 

communications between responders can severely hamper 

assessment and relief efforts and prevent affected populations 

from connecting with responders and relatives [45].  

During DM actions, information and instructions may be 

transferred through a long series of organizations, before 

arriving at the right destination. As an example, pictures, real-

time video, and other pertinent inputs related to the damaged 

areas are sent from rescuers to their management offices and 

other remote command centers. Similarly, relevant data and 

instructions are sent from headquarters to command centers 

and then to rescuers [31]. Effective DM necessitates robust CS 

to provide a continuous exchange of information between 

rescuers and remote command centers. Any failure or 

disconnection of this can generate disorder of disaster response 

operations. 

Table III-1 :Overview of relevant disaster scenarios and their issues [26].  

 Sumatra 

earthquake/ 
tsunami 

Hurricane 

Katrina 

Black 

Saturday 
bushfires 

War 

and 
unrest 

Loss of 
communications 

    

Isolation of 

people 

Response 

difficulties  

    

Use of social 
media 

    

Collaboration of 

citizens 

    

Search for 

missing people 

    

Lack of 
information 

    

Fully applies partially applies 

 

Furthermore, the damaged area may become isolated by the 

total or partial failure of CS. In this case, the ability to send 

reports, information or data to the outside world or remote 

headquarters will be reduced. For example, during a tsunami, 

we need to send information related to the disaster everywhere, 

even to unaffected areas, to broadcast early warnings and 

ensure evacuation from crisis zones. Moreover, we risk losing 

time during the 72 golden hours immediately following a 

disaster, the time period when we are most likely to save lives 

[27]. By using efficient CS, we can send first response teams 

quickly to rescue the population of the affected area.  

As we can see in table I, communication failure may occur 

in most extreme event scenarios which provoke loss of lives 

and properties. Also, the Damage to CS along with the increase 

in traffic crossing the network disrupts relief operations. Thus, 

rescuers are not able to exchange information and people 

cannot communicate their position or ask for assistance, and 

the entire relief operation is hardly managed [30]. Besides 

physical damage, the remaining CS are inadequate to handle 

the increased need to make calls as the network becomes 

overloaded by the huge attempt to communicate with rescue 

services or relatives [18]. 

III.1.3)Coping with crisis  

Over the last few years, calamities have caused, even in 

developed countries, extreme events that may easily collapse 

CS [6]. In such contexts, the need of rescuers and the affected 

population are directly proportional to the amount of diversity 

and elaboration of the network infrastructure, as it increases 

dependence on these systems along with the risk of failure and 

losses. However, modern CS can equally supply efficient and 

effective ways to help governments to deal with catastrophe, 

and quickly re-establish affected economic and social life. 

Over the past few years, the evolution of CS has led to the 

development of innumerable services and applications based 

on the internet such as video streaming and sharing, cloud 

services, social media, etc. Social media applications are a 

particularly good example, as they were useful for checking 

the safety of people in the aftermath of a disaster when CS 

were destroyed or overloaded and it was hard to communicate 

by phone or text messages. Additionally, these applications 

were highly efficient as users can make posts online to 

propagate and obtain information about the crisis [11].  

Yet the application of technologies during rescue operations 

has revealed serious inefficiencies that have challenged 

cooperation between rescue teams. For example, in 2004 after 

Hurricane Katrina, communication tools were seriously 

damaged, resulting in serious challenges for victims and first 

response teams [3]. In addition, a few minutes after the 

explosion of a fireworks depot in the Netherlands in 2000, 

which destroyed a significant proportion of a city, the GSM 

network overloaded and went out of service [27]. Many other 

examples prove that current CS have various weaknesses and 

limitations that may hamper and challenge emergency 

response. Important weaknesses are physical destruction, lack 

of compatibility between technologies, and the congestion of 

CS. 

Furthermore, restoring connectivity, even temporarily 

among rescue teams, is a critical goal for helping rescuers to 

report their inputs and synchronize their actions [18]. Because 

quick repair of CS during golden hours may boost operations, 

there is a need to install flexible infrastructure that is able to 

restore connectivity immediately. The advanced technology 

used for DM may support relief organizations and provide 

necessary feedback for any action to take during catastrophes.  

In addition, CT was integrated into the DM process a long 

time ago, as efficient CS are important to a communityôs 

resilience [16]. Furthermore, the use of CT is essential during 
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the four phases of DM: preparedness, mitigation, response and 

recovery. Also, information and communications technologies 

(ICT), which have had significant progress recently, help to 

integrate many CS together. Hence, the use of CT in DM is 

also growing. 

III.1.4)Challenges restoring communication  

There are serious challenges during the deployment of CSs 

under extreme conditions [18]. First, the system must operate 

without knowing any previous information about its 

environment; thus, the installation and configuration must be 

done on the fly and as quickly as possible to restore, strengthen 

or substitute the failed part of the infrastructure. Second, CS 

must be scalable, resilient and energy efficient to deal easily 

with unknown conditions and limited battery life of many 

devices; thus, CS must be installed on demand in full 

conformity with current needs and required location. Third, as 

many entities are concerned in the rescue operations, CS 

should interoperate with heterogeneous technologies; the goal 

is to support various standards and devices, so that all 

responders will be able to communicate together, coordinate 

operations and receive requests from affected populations. 

There are many other challenges that we will examine in detail 

in this paper such as: reliability and robustness to support 

critical requirements; flexibility to self-organize when 

architecture changes to minimize delays; and facilitating the 

deployment. 

III.1.5)Research objectives  

Despite the benefits of modern CS to society, failures of CS 

present serious consequences and risks due to increasing 

dependence upon these instruments. This paper addresses 

issues related to the use of CT during extreme events. Its main 

objective is to address weaknesses and limitations of CS that 

can cause ineffective performance, low communication QoS 

or even dysfunction during emergencies. To begin, we 

examine the impact of the utilization of CT during DM phases, 

in addition to causes of communication failure during and after 

disasters. Then, a special focus is given to the relationship 

between recent disasters and telecommunications to review 

previous failures and successes and identify the attributes and 

characteristics that CS should have to improve performance 

and QOS of communications during extreme events contexts. 

The remaining portion of the paper is arranged as follows. 

In section 2, a review of the literature is presented. In section 

3, telecommunications usage during disasters is examined. In 

section 4, case studies of the utilization of CS during several 

recent disasters are presented. In section 5, we discuss and 

identify recommendations based on the previous section. In 

section 6, attributes that modern CS should have are 

introduced based on many case studies and previous examples. 

We finish this paper by the conclusion and future research. 

III.2. Related works  

The importance of communications during disasters has 

been a major area of study over recent years with a number of 

research papers published highlighting the need for reliable 

means of communication in all DM stages. In this section, we 

depict related work and pinpoint the contribution of this paper. 

Book [46] reviews the major NDs that have hit various regions 

of the world; also, it discusses their effects on society. Another 

one [48] examines, in detail, a design process for CS to be 

disaster tolerant and gives best performances during the crisis. 

Rautela and Pande [47] highlighted the problems and issues 

that can occur if people are not well prepared for DM. The 

guidebook [36] helps governments, professionals and 

volunteers to find convenient solutions for many difficulties 

during ND. Townsend and Moss [6] have detailed the need for 

CS during the disaster recovery process.  

In paper [34], Guido and Felix examined solutions for risk 

evaluation and mitigation provided by information systems 

research in ND management. Suzana and Mickelson [20] 

discussed a framework to investigate appropriate Information 

and Communication Technology (ICT) to use in limited 

resource areas, mostly rural areas. In [28], Fragkiadakis et al. 

have proposed a scalable network platform that provides a 

common architecture for interoperable and heterogeneous 

networks during catastrophes. Miranda et al. [18] surveyed 

possible alternatives for critical communications by deploying 

a network without any previous information about the 

deployment environment. In [29], Gomes et al. did a survey of 

wide regional failures and solutions for achieving resilient 

routing, including disaster-aware routing. Saim et al. [30] 

examined the utility of cognitive radio technologies for 

emergency communication response and confirm that they are 

very convenient to fulfill the hard requirements of these 

systems.  

Bartolacci et al. [19] described parameters to conveniently 

choose the location of mobile network base stations and other 

communication equipment in an affected area. The paper [26] 

sets out the architecture for solving the problem of filtering or 

prioritizing for limited bandwidth of Mobile Ad Hoc 

Networks. In [22], Wenye et al. discussed how smartphone 

systems work effectively in a disaster using embedded sensors 

and emergency applications.  

In [2], Srinivasarao et al. completed a survey of emergency 

CS architectures including warning processing and 

transmission network architectures. In [3], Premkumar and 

Jain examined some specifications to improve the efficiency 

of a CS during relief operations in the aftermath of a disaster. 

The study [14] examined some causes of communication 

failure during the response to Hurricane Katrina. It also studied 

how failures of communication, management and information 

sharing reduce network organizational effectiveness. In survey 

[22], Wenye et al. depicted and displayed communication 

system architectures, research challenges and performance 

specifications for intelligent power system management. In 
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paper [40], many new challenges that emergency service 

providers are going to encounter with the arrival of 5G are 

examined. In [44], Dial et al. were charged with evaluating 

current systems and found areas of opportunity for 

improvement for Fujian Provinceôs emergency systems. The 

paper [31] surveyed proposed frameworks for emergency 

communications response and possible security requirements 

to provide a secure and efficient exchange of information. In 

[24], Li Yan identified several challenges to deploy the 

emergency warning CS. 

III.2.1)Discussion  

As modern life is completely dependent on CT, the 

population can be more vulnerable when communication fails. 

Thus, the importance of communications has been a major area 

of study over recent years with several published research 

papers highlighting the need for reliable means of 

communication during extreme events contexts. Their 

principal aim is to help provide people with their basic needs 

and communicate with rescue teams and their relatives. 

According to our survey, most of the papers focus on specific 

technology or specific issues in CT, or how to adapt CS 

according to a particular context. During extreme events, many 

aspects are concerned in the use of CT for mitigation and 

response efforts, such as technical, social, procedural, 

organizational, etc. It was difficult to find a publication that 

dealt with all of these aspects by reviewing many disasters in 

order to find weaknesses and limitations to address the 

decrease of communicationsô QoS during extreme events. 

III.2.2)Paper contributions  

According to our knowledge, there is no detailed study that 

considers the usage of CS in many disasters at the same time. 

Existing research papers have examined a single disaster in 

detail, or they focused on characterizing and dealing with a 

special context that may occur during disasters. Our objective 

is to illustrate approaches, weaknesses and limitations that may 

take place while using CS during extreme events in general to 

address the decrease of communicationsô QoS. To validate our 

findings, we studied many disasters based on various criteria 

such as: manmade or natural; whether affected countries were 

developing or developed; type of event, such as earthquake or 

tsunami; continents like Asia or America; and we considered 

temporal distribution to cover the digital era revolution up to 

current days. Then we extract the characteristics that such 

systems must have to provide a convenient communication 

QoS during extreme events. These characteristics have been 

deduced according to a deep literature study of many papers 

that had examined recent disasters to identify the technological 

weaknesses to be overcome. We will try to address these 

weaknesses through future research for reliable CS by 

comparing all common modern CT without prior judgment of 

which one is best suited. In brief, this paper provides the 

following main contributions: 

Examine technologies and approaches taken to deal with CS 

failures during several extreme events. 

Illustrate standards, actions, and recommendations 

proposed by specialists and commissions to strengthen the 

resilience of CS in the aftermath of disasters. 

Provide an analytical global study of CS weaknesses and 

limitations based on a deep analysis of many extreme events 

contexts. 

Identify relevant attributes and requirements that CS should 

have to ensure a good communication QoS by considering 

many case studies in addition to practical, technical, 

contextual, social and procedural realities. Best-suited CT will 

be selected through future research by using these attributes. 

III.3. Disasters and telecommunications  

III.3.1)The impact of extreme  natural  events  

Natural or manmade disasters bring economic losses 

exceeding hundreds of billions of dollars; figure 1. They are 

frequently occurring, especially in recent decades as we can 

see in figure 2. In addition to serious human losses of many 

tens of millions of victims; figure 3. As an example, the 

earthquake of Haiti alone claimed 230,000 peopleôs lives in 

2010 [43]. Although, in the aftermath of a disaster, the affected 

zone is in chaos. Letôs take the earthquake that has hit Japan in 

2011 as an example. It had 9.0 magnitudes, followed by a 

tsunami of 23 meters high and accompanied by a nuclear 

crisis; as a consequence already well-trained emergency 

response specialists and the world were dazed. By synthesizing 

consequences of many large-scale disasters, we obtain 

following conclusions [11, 14, 33, 41, 42, 43, 45]:  

- The collapse of buildings and infrastructure: Beside 

the high human cost of extreme events that exceeded hundred 

millions of people, figure1, they additionally made many 

people homeless and waiting for help. Also, damages to 

economic activities and infrastructure destruction caused the 

rise of total economic losses of many hundred billions of 

dollars in recent years, figure 1. 

- Paralysis of traffic in the damaged zone: Even 

remaining circuits were congested due to huge disaster 

response or evacuation of vehicles. Thus, external aid like 

disaster response workers and goods transportation is 

difficult to flow in damaged areas [59]. Also, airports may be 

damaged; and as no plane could land external aid could not 

be provided immediately during the golden 72 Hours. 

However, we are still able to use helicopters to transport 

some limited resources, but the difficulty level of disaster 

response still complicated. 

- Paralysis of entire CS: The remaining networks could 

not be used due to traffic congestion or power outages. Then, 
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the information about damages and needs in the damaged 

areas can hardly be accessed. Thus, without a clear 

understanding, it is difficult to allocate available resources 

efficiently and appropriately. Hence, the misplacement of 

disaster relief goods makes it impossible for victims and 

human cost rise. 

- Dysfunctional administrative command system: 

Every level of this system may be paralyzed, and the 

remaining system may be prevented from assuming the 

greatest responsibility of disaster response planning and 

administration. 

- Bad coordination: The efficiency of rescue activities 

was low because there were no common communications 

tools between the workers. Also, poor communication causes 

interference with emergency response actions. Hence, 

emergency response operations went slowly, and many lost 

lives could have been saved. 

III.3.2)Losses and consequences due to 

telecommunication failure  

Over the last decade, 3,852 ND have killed 780,000, affected 

2,000 million people and cost at least 960,000 $ US million 

[15]. ICT are unavoidable in the prediction, detection, 

monitoring, and warning of the occurrence of ND. They also 

have a critical role during disastersô responses by providing 

efficient information exchange for entities concerned in 

recovery and rescue actions. Thus, emergency CS are essential 

to all DM phases, namely: detection and prediction, warning 

and relief operations.  

To illustrate the importance of CS, during an earthquake in 

2010 [45], when fuel was in short supply, the available stock 

was distributed only to local emergency services. The local 

operator was, therefore, not able to replenish its emergency 

generator fuel and many sites stopped functioning. Because 

telecommunications were not considered as an essential 

service, critical CS were disrupted and the coordination of 

relief efforts was severely hampered. 

Consequences of CS failure prevent efficient response in the 

aftermath of a disaster. Also, rescuers are more concerned to 

prevent any additional life losses than reduce damage to 

properties and infrastructure. Relief operations may be 

severely delayed or paralyzed if the responding organizations 

are unable to communicate with each other and effective 

coordination becomes more complicated. In such time-

sensitive situations, the loss of few minutes may reduce the gap 

between death and life for people in need for rescue [35]. Even 

if rumor is not risky in the same way as a delay in response 

efforts, however it is able to establish a seriously confused 

environment. With the imbalance of communication channels, 

conflicting information about damages can spread panic and 

rumors at a situation when planned acts are necessary for 

efficient and quick relief. 

In the literature, we can find many examples of losses due 

to communication failure such as the survey in [25]. It was also 

 

Figure III-2. The total economic cost of damages as a result of global 
ND in any given year, measured in current US$, includes those from 
drought, floods, biological epidemics, extreme weather, extreme 
tempe rature, landslides, dry mass movements, extraterrestrial 
impacts, wildfires, volcanic activity and earthquakes [32].  

 

 

Figure III-1. The number of global reported ND events. This includes 
drought, floods, biological epidemics, extreme weather, extreme 
temperature, landslides, dry mass movements, wildfires, volcanic 
activity , and earthquakes [32].  

 

 

Figure III-3. Global total number of people affected by ND. This is 
defined as the sum of the injured, affected and left homeless after a 
disaster [32].  
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reported that during the northwest wildfire, first responders 

were not informed that the wind had shifted, and the fire turned 

toward them [13]. The main challenges include the loss of 

communication and the lack of compatibility between CS. The 

incapacity of emergency organizations to coordinate and 

communicate may cause catastrophic consequences on human 

life and properties as was mentioned in the fire of Okanogan 

Complex in August 2015 [49]. To demonstrate these 

necessities, just examine the terrorist attacks of the World 

Trade Center (WTC), where 121 firefighters were died due to 

the missing radio interoperability between policeôs radios and 

their devices [13]. The Virginia Tech shootings and the 

Katrina hurricane also proved the necessity of CS 

interoperability and collaboration between implied agencies 

[50]. In addition, in Sri Lanka, the tsunami caused the death of 

over 34,000 people due to the lack of an early warning system; 

there was sufficient time to evacuate coastal population if 

information about the coming disaster was available [37]. 

While in the case of extreme events physical damage is 

unavoidable, in many other cases the human death could be 

avoided if convenient measures and precautions had been 

taken. As in the case of Indian Ocean tsunami in December 

2004, it provoked losses of over a quarter of a million deaths 

[37]. 

III.3.3)How CS fails during disas ters  

During disasters, TI may fail through a variety of reasons. 

Many investigations demonstrate the main three reasons for 

CS failure such as in [1, 5]: 

- Destruction of CS components 

- Damage of supporting infrastructure 

- Congestion 

Each of these three reasons will be examined in detail in the 

next sections. 

Physical destruction of network 

infrastructure  

CS are crucial to disaster response, but during the crisis, they 

could be easily paralyzed. The most principal reason for 

communication failures may be physical damage. Hurricane, 

flood and earthquakes can all create significant damage to 

towns and their vulnerable communications components [35]. 

Physical damage can also be extremely expensive and time-

consuming to restore as it may require maintenance or 

replacement of complex hardware, particularly if essential 

components such as cell towers or cables are concerned. 

The weakness of telecommunication networks (TN) is due to 

the lack of a high degree of redundancy [6]. For example, fixed 

phone network architecture is conceived in a way that the 

simple loss of a fraction can instantly disconnect all 

neighborhoods. The New York 2001 attacks damaged a major 

routing center, isolating large parts of lower Manhattan from 

the telephone network. Yet, new "packet switched" 

technologies, such as the Internet, are more resilient to 

physical destruction, thanks to increased redundancy and 

advanced routing techniques to bypass destructed parts. Such 

networks can support serious damage before certain parts 

become out of service. However, in spite of its resilience, the 

Internet still vulnerable because it is installed through the old 

and nonredundant telephone and cable television networks 

copper wire in many parts of the world. Cable damage can be 

harder to repair as it is hidden underground, it may take a huge 

time just to locate the exact location of the damage [1]. 

Although, wireless networks are highly variable in their 

vulnerability to physical node destruction and resulting loss of 

service [6]. For example, if a cell tower is severely damaged, 

in addition to the major service disconnection in its area, it will 

remain a serious problem as it is hard and costly to replace. 

Wireless links are also likely to be disturbed or damaged, as 

signals of different wavelengths can be attenuated by snow, 

heavy rain or fog. Also, the transmitter itself can also be 

damaged or misaligned with its receiver [35]. Broadcasting 

services are extremely vulnerable as they are generally 

centralized at the metropolitan level. For example, the 

destruction of the WTC, which was the location of many TV 

and radio stations, has disconnected the broadcast services of 

many media stations. New architectures of wireless networks 

are more and more decentralized; the cell phone network is 

centralized at little scale in larger cities. Hence, the destruction 

of the base station may disturb service only in a small zone.  

Like most urban infrastructures, TN may be damaged in 

nearly most disasters. Yet, it is not the scale of the disaster, but 

how the location of damages may coincide with the old and 

new communication facilities that are the determining factor. 

Although these problems may be less costly and less difficult 

to correct, they can be a serious challenge to relief efforts if 

they remain during the first 72 hours of a disaster [35]. 

Disruption in sup porting infrastructure  

Breakdowns caused by supporting infrastructure tend to be 

much more prevalent and detrimental to response and recovery 

efforts, even if they are less common than outages caused by 

physical damage. The electrical distribution network is the 

major supporting infrastructure for CS because electrical 

energy is needed for the operation of most modern 

communication devices. Thus, power outages and insufficient 

fuel for power generators are the main reason for stopping CS 

[43]. For example, during the power outage of 2003 in the 

northeastern US, mobile phone services failed as most antenna 

sites were powered by only four to six hours of battery backup. 

In addition, after an earthquake in 2010, a local operator 

reported that only 16% of base stations in the affected region 

were rendered inoperable. However, just 28 hours later, about 
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86% of base stations became inoperable and the cause was a 

power failure. In addition, After the Japan tsunami in March 

2011, approximately 8,000 mobile base stations were 

immediately disabled. Within 24 hours, this number almost 

doubled when backup power systems became exhausted. 

These power outages were responsible for 85% of mobile 

communication breakdown during that time [45]. 

While power systems are the major supporting 

infrastructure, cooling systems are also critical and may fail 

independently of the power supply [6]. Finally, transport 

failures can also affect the fuel supply for backup generators. 

On September 11 New York attacks, the main communication 

device for a service provider was put offline due to a power 

failure and bad diesel fuel supply at the same time. 

Disruption Due to Congestion  

Even if physical components subsist after a disaster, CS can 

disrupt due to congestion. The consequence is temporarily the 

same as the failure produced by physical damage. To 

understand the effects of congestion just think about the road 

traffic if all vehicles are put together at the same time; surely, 

they will not be able to move. Abrupt peaks of traffic in circuit-

switched networks, such as landline phones, may block the 

communication, but it can be restored relatively rapidly. 

However, in packet-switched networks, the consequence is 

simply performance degradation. As for SMS, the message 

will always be sent but will be late dependently on the scale of 

the congestion [9]. 

However, failures caused by congestion will progressively 

disappear as users change their communication behavior. In 

the meantime, congestion restricts voice traffic by 70 to 95%, 

although packet traffic is only limited by 0 to 30% [8]. In New 

York in 2001, both fixed and mobile communications 

experienced significant overload. Mobile phone networks 

recorded a 92% blocking rate, with call volumes increasing 

tenfold [15]. In addition, the congestion caused by the peak of 

calls to verify the safety of people has induced a call restriction 

of 80 to 90%. 

III.3.4)CS in Disaster Recovery  

This section highlights the role of CS in all phases of disaster 

recovery. These phases are organized as follows [2, 6, 7, 10, 

15, 45]: 

- Disaster warning 

- Emergency response 

- Restoration and repair 

- Reconstruction 

- Redevelopment 

We will try to understand the role and potential failures [5] 

of TI on each phase. 

Disaster warning  

Before a disaster, the principal mission of emergency 

communications is disaster notification [2]. Efficient warning 

and appropriate evacuation process allow individuals and 

communities to react accordingly to a threat and decrease the 

risk of injury, death and goods damage. Communities need 

multiple channels of communication to ensure the reception of 

alert information, and the dissemination of knowledge and 

awareness. They are no single system that can be used in all 

situations; an efficient warning system should employ many 

channels of information and should be in a state of permanent 

readiness. Two types of communication methods are available 

for alerting [10]: 

- Mass methods: sirens, conventional radio, 

television, etc. 

- Addressable methods: cellular mobile, 

telephone, Short Message Service, fax, paging, etc. 

The warning procedure can be detailed as follows: at first, 

sensors monitor their environment and send periodic 

information to a data center. The transmission may be done by 

wire lines, satellite or wireless communications. In this center, 

received data are analyzed and processed; humans monitor the 

result 24 hours a day to decide to issue or not a disaster 

warning. If a warning is to be issued, then the information is 

distributed to individuals in the disaster area by all possible 

means. Finally, technical efforts involve how warnings can be 

effectively distributed across the existing communication 

infrastructure with slight modifications to existing systems, 

without the need for human intervention [2]. 

CS during emergency response  

Emergency response activities begin nearly once a disaster has 

started. This period is characterized by doing immediate relief 

activities such as injured rescue and evacuation. During an 

emergency, official public safety systems are the most 

important CS [6]. Those systems supply first responders with 

the possibility to assess damages and coordinate their 

operations efficiently. Although they are prone to failure, these 

networks can supply basic voice services to support 

communications during an emergency.  

In wide-scale disasters involving the response of several 

agencies, civil networks have become an essential means of 

emergency communication. This is due to the incompatibility 

of equipment used by response organizations, impeding 

interagency communication between stakeholders [2]. Also, 

civil networks offer greater data communication capabilities 

than their counterparts in public security. At the beginning of 

the emergency response, in case of damage to the 

communication infrastructure, the provision of 
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communication capabilities is the first priority in the delivery 

of material relief.  

Also, amateur radios (AR) are generally easy to repair, thus 

they can be the first CS to be restored [12]. Following the 2004 

tsunami, AR provided the only communications link in some 

islands in the Indian Ocean [6]. Nongovernmental 

organizations carry most of the relief operation activities, and 

they suffer providing their own CS. New infrastructure-less 

technologies, such as ad hoc [2], were produced to provide 

easy and fast communications. For example, during the New 

York attacks 2001, messaging devices like RIM Blackberry 

were massively used to deliver messages from the WTC [6]. 

CS during restoration and r epair  

This phase begins after the urgent life-saving operations; it is 

characterized by the clearance of debris from principal streets 

to reestablish basic transportation and communication 

capabilities. CSs allow better management of debris clearance, 

restoration of basic access to streets, more efficient 

information reporting, and best coordination with other efforts. 

Restoration of CSs is relatively fast; the failure induced by 

congestion gradually decreases as the order is reestablished 

and the requests for communications are reduced. Also, 

providers have become very agile in their response to physical 

damage. After the destruction of a major switching facility in 

the WTC on New York attacks, AT & T's reaction was so fast 

that many of its vehicles were stopped at Manhattan ports of 

entry; even if the company was ready, but the officials were 

not [6]. 

In developed nations, where populations have easy access 

to technologies, CSs are an efficient tool for quickly restoring 

social and economic activities back to normal. The Internet has 

changed the way of repair and restoration functions, as it offers 

many alternatives to send and receive information. After the 

2004 tsunami, various charities collected over $ 500 million 

via the Internet in less than three weeks. Released in less than 

72 hours, these funds could be allocated to relief efforts much 

quickly, as organizations had to receive funds by mail in the 

past [6]. During this phase, CSs must be repaired quickly to 

support continuous relief and recovery efforts, even if it is 

more likely to be damaged compared to other facilities. After 

the New York attacks, the telephone provider was able to 

recover service to the New York Stock Exchange in a few days 

by transferring material from other sites to replace over three 

million disconnected lines [6]. 

Wireless technologies are widely used to quickly recover 

communication services. After New York attacks, many point-

to-point wireless links were used to reestablish connection of 

Manhattan Financial District in New Jersey and Brooklyn. 

These links were installed in few days and they have been 

widely accepted as a permanent backup [15]. Rapidly 

deployable cell nodes have been broadly adopted to re-

establish mobile service in almost all major disasters. Also, the 

extended deployment of Wi-Fi with other unlicensed wireless 

technologies facilitates the supply of communications to 

critical relief operations without significant cable installations. 

CS during reconstruction  

This phase can be described by the restoration of people and 

economic activities to the same levels before calamity [6]. IT 

replacement is highly required during this phase because they 

participate significantly to support other redevelopment 

activities. While rebuilding, cable networks can be long and 

costly, whereas wireless technologies offer faster and more 

flexible alternatives. For example, the reconstruction of Iraqôs 

damaged IT, after the war, underlines the benefits of using 

wireless technologies to reduce the time required for 

infrastructure replacement. The reconstruction of mobile 

cellular services was one of the first important contracts made 

by the occupation authorities [6]. 

CS during redevelopment  

This final step is a longer operation that may take several 

decades but involves important projects for future growth and 

development. The transition from the previous step to the 

current one also offers an essential new thinking about how 

TNs are built and managed [6]. These activities aim at 

preventing losses in future disasters and resolving weaknesses 

discovered. 

Warning systems generally receive attention and major 

efforts to improve their efficiency. Greater attention is also 

given to reduce congestion in case of emergency and to 

prioritize calls of public officials and disaster responders. The 

importance of mobile networks in providing inter-

organizational communication to coordinate complex 

operations has induced important investments. Voice over 

Internet Protocol (VoIP) is essential in emergencies involving 

the defeat of CS components or congestion. The 

redevelopment of CS has highlighted redundancy as an 

indispensable way to deal with the risk of physical damage.  

III.4. Case studies : failures and successes  

In this section, we will analyze some disasters to identify 

failures and successes related to the usage of CS during crisis 

events. Case studies were selected based on significant 

damages to human life and economic activities in affected 

areas. Our main criteria is how physical destruction, disruption 

of supporting infrastructure and congestion of communication 

infrastructures were addressed [1, 4, 9, 10, 11, 13, 14, 15, 25, 

26, 33, 45]. In the upcoming section, we will summarize 

important elements in a table to select major attributes that 

emergency CS should have to satisfy the usage during a crisis. 
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III.4.1)New York City World Trade Center attacks 

2001 

On the morning of September 11, 2001, two hijacked 

commercial aircraft struck the WTC towers in New York and 

another was flown into the Pentagon in Washington, DC. The 

towers of the WTC collapsed shortly after, producing many 

casualties and overwhelming property damage. The roof of the 

WTC was a major wireless site for cellular wireless services, 

internet service providers (ISP) and radio-TV broadcasting 

services. Thus, cellular services were disrupted, ISP points-of-

presence (POPs) were destroyed and the coverage of many TV 

and radio stations was limited. The emergency management 

office for New York City, headquartered at the WTC, lost its 

entire command center. The loss of the command center 

created a major crisis for the cityôs overall emergency response 

as it was the supposed coordinator of emergency response 

between all agencies. 

In addition, WTC building 7 collapsed and its basement 

power supplies were flooded, putting out of service over 1.5 

million lines serving the financial district due to cuts of 

subscriber cables [51]. Immediately in the first few minutes 

after the attack, New York 911 call centers received 3,000 

calls. There was serious congestion of telephone networks 

across the east coast with New York City's mobile networks 

experiencing a 92% blockage rate due to high call volumes 

[52]. Inter-agency communications were restricted by missing 

interoperability between technologies. When police services 

realized that towers were collapsing, they ordered police to 

leave the site, whereas fire officials were not notified as there 

was little communication between the two departments. 

Hundreds of firefighters died when the towers collapsed 

because they did not receive the warning [53]. 

Fortunately, a month before the attacks, the government 

emergency telecommunications service (GETS) became fully 

active with priority given to wired calls offered to national 

security and emergency users. Following the attacks, their 

success ratio was over 95% [51]. In addition, the FCC had 

issued an order before the attack for mobile network operators 

to prioritize communications of officials working on 

emergency and security as it was done for wire lines. 

Unfortunately, this option was not ready. Since then, the 

Wireless Priority Service (WPS) has been installed to offer this 

service [15]. Immediately after the attack, mobile operators 

deployed many cellular towers on wheels to replace damaged 

infrastructure to provide critical phone services for rescue 

teams and other emergency governmental agencies and 

improve coverage in the overloaded area. The mobile service 

was also important as many passengers and crew members of 

the hijacked aircraft made cellular phone calls to family or 

notified the authorities about what was happening [52]. AR 

was very important in facilitating communications between 

emergency organizations, in addition to satellite phones [53]. 

Also, wireless service and Wi-Fi were available in the bus that 

served as a mobile operation center. The Internet had not been 

seriously affected, even if New York had a major Internet 

delay. News sites such as CNN were strained; hosts became 

inaccessible immediately after the attacks, but the network 

recovered in about an hour [52]. Electricity was lost in much 

of Lower Manhattan for almost a week, and two days later 

backup power failed at the New York International Internet 

Exchange [15]. The 9/11 Commission advised creating a way 

for police and firefighters to communicate together during a 

crisis. Congress approved a law allowing the FCC to reserve 

many broadcast frequencies for public safety purposes. The 

FCC called the new network FirstNet [51]. 

III.4.2)Indian Ocean earthquake 2004  

In December 2004, a 9.0 magnitude earthquake hit the west 

coast of Sumatra, Indonesia, generating tsunami waves with 

maximum heights ranging from two to 30 meters that began 

inundating coastlines of 12 countries in the Indian Ocean 

ranging from Indonesia to South Africa. The disaster impact 

was very high, becoming one of the deadliest ND, with 

approximately 300,000 dead and missing and 1,700,000 

displaced, with India, Sri Lanka, and Indonesia suffering the 

most extensive losses. Economic damages exceeded $13 

billion, affecting many economic activities such as fishing, 

agriculture and tourism, as well as physical infrastructure, 

residential and commercial structures, etc.  

The disaster was so large that tsunami waves destroyed 

villages, roads and a large portion of coastal infrastructure. 

Thus, a large amount of humanitarian aid was needed because 

of shortages of food, water, and economic damage [58].  

Military resources were the only way to give aid to the worst-

damaged areas in the early stages of the crisis. While disaster 

response was poor, immediately following the tsunami, relief 

operations continued to suffer from lack of coordination. In 

addition, volunteers and officials were either insufficiently 

trained or ill-equipped to cope with such a disaster. With the 

high population density and tropical climate of the affected 

areas, avoiding epidemics became a priority. However, thanks 

to the quick response in providing appropriate facilities and 

services this was minimized [59]. 

Although this crisis was the first global internet-mediated 

ND, CTs were not put into their full capacity in the face of such 

catastrophe [58]. Therefore, the delivery of humanitarian aid 

went slowly due to CS failures [33]. Principal reasons for 

communication damages were the destruction of TI, 

accumulated debris, and extensive flooding that affected the 

power systems and cabins that contain the BTS equipment [9, 

58]. In some cases, the cabins collapsed, and in other ones the 

towers were damaged by waves. Furthermore, the power 

supply was disconnected from the main grid and complete 

restoration of damaged stations took many days by replacing 

generators, relocating cell sites, or sharing infrastructure [9]. 

Limited road access was the main obstacle for the engineering 

teams to fix damaged equipment and refuel the generators. In 
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Indonesia, for example, where 67 percent of roads had been 

damaged prior to 2004, the tsunami increased the percentage 

of damaged roads to 72 percent, which hampered relief and 

recovery operations [59]. In addition, there were other 

telecommunication shortcoming such as limited network 

coverage, lack of disaster warning system and rescue 

equipment.  

Consequently, two main objectives came into focus [33]: 

first, to reestablish CS to facilitate and coordinate relief 

operations. Second, to exchange and effectively use resource 

technologies, including satellites and the internet by 

harmonizing activities between concerned organizations. 

Connectivity to all basic facilities, such as police, DM centers, 

and hospitals was restored. Wireless phones and satellite 

communications were provided to relief organizations. After a 

few days, fiber optic, copper cables were fixed, and telephone 

services were provided for free to transmit urgent information 

[9]. 

This analysis demonstrates that thousands of deaths could 

have been saved if damaged countries had effective warning 

systems in place, but unfortunately, there was no such system 

[10]. Meanwhile, the Pacific Tsunami Warning Center in 

Hawaii detected the earthquake on the other side of the world 

and an alert was communicated to warning centers across the 

Pacific. Alerts were sent to 26 countries within 15 minutes 

after the earthquake, but it took additional minutes for alerts to 

be broadcast by radio and TV stations. Although the tsunami 

was identified, this information did not reach people at the 

coast because there was no established CS to deliver the 

warnings to the communities at risk [59]. Effectively 

communicating timely warnings through communications 

infrastructure in the developing world is a particularly 

challenging problem. This disaster motivated the creation of a 

tsunami early warning system for the Indian Ocean which 

became operational in the spring of 2006 [15]. 

As we see, failures in disasters detection have serious 

consequences, but false alerts also cause bad outcomes. As an 

example, an evacuation in Hawaii due to a false alert would 

cost over $68 million. Hence, for effective disaster 

preparedness and mitigation many actions have been taken for 

disaster warning [9, 10, 15, 33, 58, 59]: 

- Creation of a tsunami early warning system. 

- Dissemination of tsunami warnings by the installation 

of manned and unmanned supervision towers.  

- Backing up initial warnings by AR network. 

- Improvement of the availability of backup power 

supplies. 

- Use of technologies to redirect calls. 

- Provision of predesigned guidelines for emergency 

deployment. 

- Improvement of network operatorsô cooperation. 

- Finding more resilient network architecture. 

- Diversifying and backing up a principal network with 

the use of other CT such as amateur radio and satellite 

terminals in strategic locations. 

- Activation of national roaming and priority calling 

during disasters. 

- Dissemination of alert messages through religious 

establishments. 

- Increase participation in hazard detection by improving 

telecommunication access and the capacity of emergency call 

centers to deal with spikes in calls produced by hazards. Thus, 

the variation of call profiles can be an additional source to 

detect hazard information. 

- Provision of training to help officials use their CS 

effectively for disaster cooperation and warning. 

III.4.3)Haiti earthquake 2010  

A catastrophic 7.0 magnitude earthquake hit Haiti on 

Tuesday, January 2010, causing major damage in the region. 

The damage was severe and catastrophic, thousands of 

buildings including housing, hospitals, schools, and even the 

parliament and many government buildings were destroyed. 

Unknown numbers of people were trapped, 316,000 people 

died, 300,000 injured, over 1,000,000 people left homeless and 

three million people were affected [1]. Among the dead are 

members of parliament, many government officials, and 

international humanitarian workers. President Preval was 

saved, but he was not able to communicate with his officials 

as the presidential palace collapsed, and he later worked from 

the police headquarters. The relief operations were extremely 

difficult due to the loss of officials and facilities, with water 

and electricity completely unavailable, the transport network 

blocked or collapsed, and the main control tower of the airport 

and the main port also suffered significant damage [54]. 

TI and power were severely damaged; the public telephone 

system was out of service and all mobile cellular providers 

were affected by the collapse of buildings and towers. Over 

20% of cellular service provider infrastructure had collapsed 

[55]. International cable link and microwave connectivity were 

damaged. Search and rescue operations for survivors were top 

priority but severely constrained by damaged communications 

[1]. The government requested urgent relief including many 

medical units, electricity generators and communications 

equipment to coordinate response efforts [54]. 

Radio and TV broadcasts, posters, web solutions, 

loudspeaker trucks and word of mouth were all used for 

information exchange. As a high proportion of Haitian-owned 

mobile phones, relief operations had to find communications 

options based on mobile technology [56]. It was difficult for 

mobile network operators to provide equipment and staff to 

repair the damage, as they were not considered a humanitarian 

priority. The installation of Cells on Wheels (COWS) or 

Mobile System and Telescoping Antenna Array outside many 

telephone centrals in multiple places were used temporarily to 

provide communications [55]. In addition, Cisco Tactical 

Operations deployed much-needed networking equipment 

with data, voice and wireless options. The team worked to 

rebuild damaged infrastructure and set up WiMAX links to 
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back up the fiber connection until it could be repaired. This 

team also provided a video conference system for the 

government [1]. After the restoration of the service, the wide 

number of calls overloaded the CS; as a result, services were 

kept closed except to some trusted organizations [9]. 

This was the globally computerized relief operation, 

because of the destruction and congestion of majority TI. Thus, 

IP communications were the unique alternative for responders 

to use during operations [1]. Social media and internet tools 

were used for coordination and rescues, and a public web-

based map was developed to share needs, as well as places 

where help was available in real time [55]. Donations could be 

made by SMS, and OpenStreetMap and Google Earth 

upgraded their maps to reveal updated information [54]. 

Facebook and Twitter were overwhelmed by demands for help 

[9].  

SMS was very useful to help locate and rescue victims for 

many reasons: it is available on any GSM network; it is one of 

the first services to be restored; it uses a minimum of network 

resources; and SMS messages can be stored on mobile phones 

and sent when a network becomes available [56]. Also, a 

system was conceived where victims could send the SMS short 

code 4636 including information about damages and describe 

the help they needed. Messages were inputted automatically 

into a database, which volunteers then processed using online 

tools to classify and distribute information appropriately [1]. 

The huge number of SMS also caused network congestion and 

loss of service [56], as many targeted mobile phones were not 

available as they had been lost or were powered off. The 

networks were therefore overloaded with large numbers of 

SMS messages, which could not be delivered. 

III.4.4)Eastern Japan earthquake 2011  

In March 2011, millions of people in Japan were alerted 

about the earthquake by mobile phone, radio and TV. It 

occurred in the Pacific Ocean and it was the largest in Japanese 

history with a magnitude of 9.0. Shortly thereafter, the 

population was alerted about the tsunami, which was wider 

than expected with waves reaching a height of over 40 meters 

and travelling 10 kilometers past the coastline in some places. 

This caused catastrophic damage: about 19,000 deaths and 

approximately 370,000 houses were damaged. Damage was 

estimated at $210 billion, with nuclear power centers badly 

damaged and supplies of electricity, gas and water cut off [15]. 

Fixed telephone services were severely impacted with 385 

damaged buildings, 90 transport routes destroyed, 6,300 km of 

aerial cables and 65,000 utility poles damaged. This resulted 

in the deterioration of over 1.9 million landline phones, which 

account for around 8% of lines [15]. Damage to mobile 

telephone service was estimated at 29,000 mobile base 

stations, which represent about 22% of those in the affected 

region [9]. Underground facility damage was 0.3% compared 

to 7.9% for aerial installations [11]. The earthquake and the 

tsunami produced about 20% of the damage but 80% of 

buildings were put out of service due to power outages and the 

inability to refuel generators. External communications were 

slow due to the cut of fiber optic and submarine cables by the 

tsunami. 120 TV and two radio relay stations were also put out 

of service [15].  

Congestion caused usage restrictions of 80% to 90% of 

landline calls and 70% to 95% of mobile phone calls. The 

internet was still accessible as the packet traffic restriction rate 

was only 0 to 30% [11], but in the hardest hit areas near the 

Fukushima nuclear plant, satellite phones were often the only 

option [9]. Text messages were more likely to reach their 

destination, with some delay, as packet traffic was largely 

unrestricted. Social media was used extensively, and Twitter 

was widely employed to exchange information and help 

people stay connected [57]. 

After analyzing the causes of service interruption following 

the catastrophe, the Information Communication Council, and 

many network operators proposed many solutions for the 

resilience of CS during emergency situations [9, 11, 15, 57]: 

- Use buried cables instead of aerial cables. 

- Increase battery and fuel backup for important 

installations. 

- Provide backup for important BTSs. 

- Geographically distribute important CS items. 

- Manage network traffic and congestion by adhering to 

restriction control guidelines. 

- Introduce call length limits and phone calls with 

reduced sound quality. 

- Diversify CT used such as the use of wireless and wired 

communication. 

- Avoid network congestion by using voice message 

service instead of voice calls.  

- Develop services and applications to share information 

and verify the safety of persons. 

- Promote basic communications services required by 

relief operations and reduce the priority of other video 

services. 

- Develop and build energy efficiency and alternative 

energy sources. 

III.4.5)Nepal Earthquake 2015  

In April 2015, an earthquake with a magnitude of 7.8 struck 

central Nepal, leaving catastrophic damage across the country. 

It was the largest in over 80 years to strike this country [59]. 

The main ground shaking lasted for two minutes and was 

followed by many other aftershocks in the months after the 

event, the biggest with a magnitude of 7.3. The human cost of 

the crisis was huge with more than 9,100 dead and nearly 

25,000 injured [61]. In addition, property damage was 

catastrophic: an estimated 605,254 of houses were destroyed, 

288,255 were partially destroyed, thousands of official 

facilities such as schools, hospitals, and government buildings 

were impacted, and many historical buildings were destroyed 

[60]. Furthermore, it was reported that 16 hydropower 
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facilities were significantly damaged, which represents 

approximately one fifth of the total power supply. The 

transport network across Nepal was heavily impacted, with 

more than 2,000 kilometers of damage which represent 13 

percent of the network. Many international aircraft were 

diverted to airports in neighboring countries due to the level of 

international assistance arriving at the capitalôs small airport. 

Because of this it took hours and days for international relief 

crews and equipment to arrive in Nepal. The earthquake 

induced significant losses in neighboring countries such as 

India, Tibet and Bangladesh. The total economic cost was 

estimated at 5.1 billion USD with additional economic losses 

valued at nearly 1.9 billion USD for Nepal alone. This value is 

equivalent to more than one third of its entire gross domestic 

product [59].  

Before this earthquake, the government had a history of 

failing to respond appropriately to the disasters and two 

earthquakes that hit the country in the past century, 

demonstrating government inefficiency. Additionally, 82 

percent of people who live in rural areas are already facing 

many economic, social and health challenges; after this 

disaster, they found themselves even more exposed to these 

stresses. Nepalôs geography posed significant challenges to 

building roads from cities to remote areas. Furthermore, cell 

phone reception has been essentially limited to line of sight due 

to hills and mountains that cover about 83 percent of Nepal, 

which often blocked cell signals. While it is possible to build 

repeaters to expand signal coverage, it is difficult for a poor 

country like Nepal to do so as it ranks 157th out of 187 

countries on the United nationsô development report [62]. 

In addition, daily power outages were up to 12 hours a day 

before this crisis, despite having more than two percent of all 

global water resources, which could generate about 83,000 

megawatts of hydropower; enough to turn Nepal into an 

electricity supplier [66]. Following the disaster, catastrophic 

damage to the power distribution network has kept hundreds 

of thousands of people in the dark. Restoration of electricity 

took about a month in urban cities and even longer for rural 

villages. This situation combined with weak country 

circumstances and communications challenges severely 

complicated recovery efforts in thousands of remote villages. 

TI failed to successfully survive the earthquake, with 

damage covered cell towers, radio stations, power sources and 

internet connections. In addition, network backhaul 

infrastructure mainly aerially installed fiber optic cables, 

microwave links and 20 of the 50 FM radio stations went off 

service for approximately three days [63]. However, the state-

owned radio continued its broadcast for 24 hours a day within 

days after the disaster, with the main focus on disaster 

mitigation and public service announcements. These damages 

obstructed the exchange of information to rural areas such as 

relief aid time and location, safe practices, etc. Moreover, 

unpaved roads and fragile facility buildings made getting 

information to rural areas extremely challenging, and in some 

cases, word of mouth was the only means of communication. 

That means for isolated villages with weak signal coverage 

were separated not just physically but even in terms of 

communication. The estimated damage to the 

telecommunication sector was valued at $17.4 million. 

Unfortunately, one month following the earthquakes, relief 

efforts were still unable to contact survivors and transmit life-

saving information [64]. 

While the earthquakes hit everywhere indiscriminately, 

communications were restored ineffectively. The Nepali 

government did not have a plan for emergency 

communications to help coordinate relief workers and 

organizations to face this level of destruction. Moreover, most 

relief operations were based in the capital city, therefore 

efficient communication they needed was difficult to provide 

because cell towers were down and radio stations are non-

functional, as this earthquake was the worst recent ND, it is 

important to look deeply at the use of CT during this crisis to 

provide a brief background of its evolution and role. The main 

means of communication used after the earthquake were [63, 

64, 65, 67, 68]: mobile phones; ham radio; the internet; radio; 

television; newspapers; and direct contact. 

Mobile phones  

Mobile phones were used by 92 and 84 percent of people in 

urban and rural areas respectively. Immediately after the 

earthquake, their use increased significantly as they were an 

important medium to exchange information. They were used 

mostly for calls, SMS, alerts, listening to the radio, accessing 

social media and the internet, etc. Service quality degraded 

during disaster due to 3 main reasons: congestion; lack of 

electricity to charge mobile phones; and trouble finding places 

to replace cellular towers. 

Amateur Radio  

Amateur or ham radio was very successful in connecting 

rescuers to survivors. Coverage was limited in Kathmandu 

since there are not many operators in Nepal. For future 

disasters, the government is working on training the police 

force in using this technology to back up mobile 

communications during disasters. 

The internet  

The internet was very useful in mostly urban areas when 

other means of communication was damaged. After the 

earthquake, Facebook and Twitter were flooded with help 

requests. Moreover, The International Red Cross and tech 

companies introduced tools to check the safety of people 

online, but their effectiveness was limited by the inability to 
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recharge devices due to power outages and internet 

connectivity problems. 

Radio  

Before the earthquake, radio was listened by around 45 

percent of people. Its usage was less frequent immediately 

after the quake, but 64% of people acted based on information 

received from the radio. The utilization of this service was 

affected by damaged radio transmitters, damaged radio sets, 

not owning a radio set, lack of electricity, etc.  

Television  

About 42 percent of people in rural areas and almost 80 

percent in urban areas have access to television. However, 

access to television dropped to 31 percent after the quake. Its 

use decreased for three main reasons: lack of electricity; fear 

of living inside the house; and television channels 

disseminating unreliable information. 

Newspaper  

Newspaper circulation is mostly limited to urban areas. 

During the disaster, distribution channels were lost due to 

damaged roads, however, many people who had access to the 

internet got their news from online newspapers. 

Direct contact  

Around 20 percent of people considered direct contact as 

their main source of information before the earthquake. After 

the earthquake it was very slow, however, it was the most 

trusted form of communication in rural communities. The 

earthquakes had destroyed many villagesô roads making travel 

very slow and unfavorable for relief workers. 

Many preparations have been made for the next disaster in 

light of experience: 

- Installing earthquake early warning sensors, with alerts 

sent out using phones, radios and sirens [68]. 

- Police using amateur radio during disasters [64]. 

- Visiting and assessing the vulnerability of 

communications towers and rebuilding or reinforcing them as 

necessary. 

III.5. Discussion  

In table III, we summarized case studies according to the 

following criteriaôs: Causes of CS failure, affected services, 

used technologies, limitations, and recommendations. We 

chose case studies going from the beginning of the digital era, 

the 9/11 New York attack, to the early days of the Nepal 

earthquake. In addition, we selected many disasters which 

caused enormous damage to human life and economic 

activities in affected areas including a terrorist attack, 

earthquakes and tsunamis. Also, we chose countries across 

several continents with varying profiles of wealth, technology 

penetration, and development. Our aim was to diversify our 

samples to get a global background on DM by using CT. 

The September 11th attacks were a case of a man-made 

disaster in a developed country where CT was abundant. This 

disaster revealed the importance of coordination between all 

organizations responding to the crisis, given that improved 

interoperable communication could have been the key to 

preventing the deaths of many firefighters. Also, this crisis 

exposed the congestion of communication tools as an 

important weakness as it blocked the communication even if 

physical damage was not as important as ND. 

The Indian tsunami is an example of a large-scale ND that 

hit many countries, which are mainly underdeveloped with 

already weak communications and transportation 

infrastructure. Main weaknesses were revealed by this 

disaster such as the lack of an efficient early warning system 

and advanced CT, and the inefficiency of regional and 

international cooperation in the communication of warning 

information and disaster response. Although it was one of the 

deadliest ND with very high economic losses, the impact 

could have been reduced if the warning information had been 

communicated quickly to the coastal population. Even 

though the earthquake was detected, the tsunami was not 

detected in time, thus people were not able to benefit from 

the time difference between the earthquake and the tsunami 

to seek safety. Even if the tsunami had been identified, early 

warning information did not reach the coastal population 

because there was no established CS to deliver warnings to 

the communities at risk. This is a common and larger 

problem affecting all underdeveloped countries in the world. 

The Haiti earthquake is an example of a large-scale ND 

that hit a poor country, in which damage was severe and 

catastrophic, with electricity, water, transportation and 

communication completely disrupted. Coordination was 

particularly difficult because many Haitian government 

officials, parliament members, and international aid 

personnel died. This disaster was the first mostly information 

data-driven relief response, due to the destruction and 

congestion of most communication facilities, so IP 

communications was the only option for the responder to use 

as the core of the response. Internet and social networking 

applications, like Facebook and Twitter were used to provide 

rescue and coordinate operations. SMS messages were used 

to help locate victims and to make donations. Web-based 

maps were developed to share needs and places where help 

was available. Also, OpenStreetMap and Google Earth 

revised their maps to reflect up-to-date disaster information. 

The Japan earthquake was a three-in-one disaster, with an 

earthquake, tsunami and nuclear crisis at the same time. It is 

the biggest earthquake in Japanôs history and provides an 
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example of how a developed country dealt with such a 

situation in the digital era. The earthquake was detected and 

the tsunami warning system alerted people shortly after. 

Nuclear power plants, TV and radio stations, fixed and 

mobile telephone services and external communications 

were severely damaged. Congestion caused high usage 

restrictions and text messages were more likely to reach their 

destination. Proposed technical solutions issued at the end of 

this crisis can be used all around the world for efficient 

disaster preparedness and response. 

Table III-2 : Damages to communication networks d uring examined 
disasters.  

 

The last case was the 2015 earthquake in Nepal, which was 

the largest in over 80 years to strike the country. The 

earthquake hit everywhere indiscriminately, leaving 

catastrophic damage across the country; the human and 

economic cost was huge. Infrastructure, transport, facilities, 

communications were damaged. This crisis was a typical 

case of a governmental failure in DM: communication was 

restored ineffectively; daily power outages were up to 12 

hours before this crisis; and the largely rural population was 

already badly linked to the capital where most relief 

operations were based. Also, hills and mountains, which 

cover about 83 percent of Nepalôs land, posed significant 

challenges to building roads and often blocked wireless 

communication signals.  

In table II, major damages that may occur to CS during 

examined extreme events are outlined. In the majority of 

disasters, loss of electricity and lack of fuel for generators 

have been principal reasons for losing communication. So, it 

is important to provide an autonomous power supply and 

enough fuel for generators as electricity failure may last for 

a long time. Also, in most disasters, significant damage 

occurred to infrastructure. Thus, installing equipment in safe 

places where they are far from risk may decrease the failure 

of CS. For example, putting equipment in physically higher 

locations and avoiding basements could reduce the effects of 

flooding. Also, the use of aerial facilities or cables should be 

avoided in favor of buried solutions, and critical equipment 

should be as geographically dispersed as possible. Moreover, 

communication providers should ensure redundancy and 

backups for critical systems, in addition to implementing 

interoperable systems and diversified access technologies 

such as satellite, TETRA, GSM, WiMAX, etc. Diversity 

must include multiple backhaul link by using satellite, 

wireless and undersea cables to preserve connectivity. 

Operators need to embrace mesh topologies to provide 

redundancy routes and reduce the risk of network failure. 

The impact of disasters is different between rural areas and 

cities. For example, transportation within metropolitan zones 

hit by a disaster can be difficult, making the shipment of 

communication equipment impossible in most cases. To 

address this risk, resilient telecommunication towers can be 

built in some strategic locations. In small cities or rural areas, 

infrastructure could be rebuilt in its original location, or a 

more accessible location could be chosen. The human impact 

of disasters varies depending on age, disability and language 

with elderly and disabled people being particularly 

vulnerable as they require assistance in taking the right action 

during the crisis in their own language. Impact also varies 

depending on the country, where, developed countries have 

better infrastructure, technology, communications, 

management and preparedness utilities, which reduce human 

loss and facilitate life-saving action. In contrast, poverty and 

poor governance in less developed countries hamper the 

effective mobilization and use of all available alternatives. 

TN congestion is mainly caused by calls for emergency 

relief or contact relatives. Therefore, it is necessary to use 

some tactics to alleviate congestion such as : increasing 

network resources; diversifying communication means; 

reducing call hold times and sound quality; designing CS 

architectures that can deal with traffic surges; implementing 

congestion control algorithms for the internet to reduce load 

during congestion; prioritizing the use of some applications 

and services that require less bandwidth such as SMS and 

email restricting the use of video streaming for urgent use 

only; giving special privileges to some users, such as relief 

organizations to make calls during disaster situations; and 

using packet-based communication like the internet. 

In the beginning, the use IT was limited for relief 

organization. In a short time, technology has exploded and 

the use of the internet and social media is widespread during 

disasters. Public and private entities concerned with response 

activities are broadly deploying DM software. Web-based 

maps and applications were developed to share road 

conditions and places where help was available in real time. 

SMS is a powerful tool to exchange information as it can 

reach its destination during congestion due to its low 

bandwidth; donating and sharing location or other 

information are efficient SMS applications during crisis time. 

In some cases, loss and damage could be avoided if an 

efficient warning system were available. A warning system 

requires sensors to monitor and provide digital data about 

environmental circumstances that help predict events such as 

earthquakes or tsunamis within a specified margin of error. It 

is important to diversify means of dissemination of alerts and 

public information after a disaster,such as TV or radio, mobile 

networks by cell broadcast service, social media or web 

services, sirens or loudspeakers, and video screens in public 

places to inform people about hazards or other information 

such as evacuation procedures. In other words, warning or 

emergency information must be as close as possible and as 

 New 
York 

2001 

Indian 
Ocean 

2004 

Haiti 
2010 

Japan 
2011 

Nepal 
2015 

Congestion      

Physical damage      

Disruption of 
supporting 

infrastructure 

     

   Fully applies Partially applies Does not apply 
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easily reachable as possible to vulnerable populations for 

efficient DM. The time elapsed between detection of extreme 

event signs and the event itself is the time when the existence 

of a convenient warning system can be effective. This time 

differs according to the type of hazard to detect from tens of 

seconds for earthquakes to hours or weeks for hurricanes. The 

impact of early warnings may vary on the local, regional or 

global scale. The coordination of early warning system 

operations requires a network of establishments or 

organizations.  

III.6. Attributes and characteristics  

Communications are quite different during emergencies 

than during other circumstances, since they require high 

performance, resilience, flexibility, message prioritization, fast 

delivery, and other capabilities that we will detail in this 

section. Inadequate communications capabilities can have 

catastrophic consequences on disaster response efficiency 

[45]. Depending on the type of extreme event, its context and 

concerned individuals, weaknesses of CS can be quite 

different, and actions taken to protect life and property can be 

different also; for example, a fire alarmôs siren is not sufficient 

in a deaf school. The deployment of CS during crises must 

fulfill some specifications to offer and preserve reliable 

communications services [18]. Generally, the best-known 

requirements for emergency CS mentioned in the literature and 

that we can deduce in light of previous case studies are as 

follows [18, 21, 22, 25, 38, 39, 43]: 

- Robustness and reliability: This is the ability of CS to 

provide and maintain core functions and services just as it 

would perform in normal circumstances. To do so, CS must 

supply basic services in challenging environments and afford 

quick service restoration. Also, CS should be robust against 

certain node failures since the reception of certain information 

in a timely and accurate manner can be critical to saving 

human lives. For example, data-driven communication, like 

the internet, proved markedly robust against congestion. 

- Provided service: Voice is the principal service of a 

traditional CS. However, individuals may also need to 

exchange GPS location, maps, images and other relevant data 

in addition to having an internet connection and real-time 

transmission. Furthermore, in specific cases and for rescue 

purposes it might be recommended to support video streaming. 

- Automation: Automatic organization and optimization 

help decrease the human contribution in CS administration and 

enhance its reliability. Also, it may minimize the time needed 

for initial configuration or manual reconfiguration if 

environmental conditions change. Furthermore, system 

topology can be adjustable, and bandwidth is allocated 

according to the need of users. 

- Mobility: This condition concerns the mobility of users 

and the network itself. Mobile infrastructure may facilitate 

deployment, optimization, and installation. Also, system 

architecture can be adapted to the concerned area or to improve 

performance. User mobility also allows for emergency 

personnel to communicate while moving within the damaged 

zone, as disasters may affect wide geographical areas.  

- Interoperability: The deployed CS should be 

compatible with various CS to expand the covered zone and 

diversify available services when needed. This attribute is also 

very essential for information exchange between different 

organizations, as each one may have its own equipment. In this 

way, individuals may be able to transparently connect and 

exchange data through substituted infrastructure regardless of 

the technology they have. For example, IP networks can be 

used between various emergency teams [21]. 

- Rapid deployment: As relief personnel are most 

concerned with rescue of victims, CS planning is mostly done 

on the fly and it is far from being formalized. Thus, the 

deployment process must be simple and easy with no need for 

specialized personnel or complex procedures. Equipment must 

be rapidly deployable, which involves rude manipulation due 

to the lack of time required for rescue operations. 

- Scalability: This is the ability of CS to expand 

geographical coverage and the number of users supported 

efficiently. Therefore, CS must be automated to avoid service 

disruption in case of environmental change. 

- Quality of Service (QoS): This is the ability to prioritize 

and categorize traffic, such that high priority traffic gets 

priority to guarantee delivery of urgent messages during 

congestion. QoS also includes parameters such as availability, 

throughput, latency, jitter and error rate. Depending on 

compatible services, the network may support video streams 

and live audio with adequate requirements. For example, VoIP 

calls may require a maximum packet delay of 100 ms, jitter of 

less than 30 ms and packet loss of less than 1% [30]. 

- Security: Multiple agencies and possibly military 

forces may be implied in the disaster response. Therefore, 

sensitive data could be exposed and should be appropriately 

protected and encrypted [24]. This level of security guarantees 

that only authorized persons can access the information and 

each entity receives the information intended for it only. For 

example, medical records should be available to the medical 

teams only. Security can also include data integrity, 

authentication and access control [31]. 

- Cost: CS cost should be reasonable for deployment, 

maintenance and equipment. As resources are mostly used 

during basic and essential life-saving activities, low-cost CS 

can be easily deployed in low-resource developing countries. 

- Energy Efficiency: CS should be designed to work as 

energy efficiently as possible to keep the systemôs 

infrastructure available for a long time. Since, power outages 

are common in most disasters due to infrastructure damage, 

fuel shortage or simply battery discharge. An efficient energy 

system can last longer in such circumstances, most importantly 

during the golden first 72 hours. 

- Capacity: The CS must support enough users and 

overcome traffic congestion. 
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Table III-3 : Summary of disaster case studies  

 

New York City 

World Trade 

Center attacks, 
2001 

Indian Ocean 

earthquake, 2004 

Haiti earthquake, 

2010 

Eastern Japan earthquake, 

2011 
Nepal earthquake, 2015 

Causes of CS 
failure  

- Destruction 

- Power outage 

- Congestion 

- Destruction 

- Power outage 

- Congestion 

- Flooding 

- Lack of fuel 

- Road damage 

- Debris 

- Hard destruction 

- Power outage 

- Congestion 

- Road damage 

- Loss of personnel 

- Destruction 

- Power outage 

- Congestion 

- Road damage 

- Lack of fuel 

- Destruction 

- Power outage 

- Road damage 

- Weak infrastructure 

Affected services 

- Radio, TV 

- Fixed 

- Wireless 

- ISP 

- Radio, TV 

- Fixed 

- Wireless 

- Wired 

- Wireless 

- Submarine cables 

- Radio, TV 

- Wired 

- Wireless 

- Submarine cables 

- Radio, TV 

- Wired 

- Wireless 

Used technologies 

- Amateur radio 

- Satellite phones 

- Wi-Fi 

- COWS 

- Mobile 

- Wireless links 

- Internet 

- Satellite phones 

- Mobile 

- Radio, TV 

- Internet 

- Social media 

- SMS 

- Web applications 

- COWS 

- WiMAX 

- Internet 

- Social media 

- Satellite phones 

- SMS 

- Mobile 

- Radio, TV 

- Mobile 

- Amateur radio 

- Internet 

- Social media 

Weak points and 

limitations 
- Interoperability 

- Warning system 

- Lack of training 

- No established 

communications 

- Lack of resources 

- Aerial cables 

- Dependence on nuclear 

energy 

- Governance 

- Lack of resources 

- Geography 

- Rural population 

- Low signal coverage 

- Lack of unpaved roads 

- Lack of planning 

Recommendations 

- Call and traffic 
prioritization 

- Common 

broadcast 

frequencies 

- Creation of a tsunami 
early warning system  

- Amateur radio 

- Predesigned guidelines  

- Topologies change 

from series type to ring 

- Backing up principal 

CS  

- Improve call centers 

- Improve cooperation 

- Disaster resilient 

infrastructures 

- Promote buried cables 

- More batteries and fuel 

- Backup CS 

- Geographically 

distribution of CS 

- Advanced call and 

traffic management 

- Diversify CS 
technologies 

- Early warning system 

- Amateur radio 

- Disaster efficient 

infrastructures 

- Popularity: Popular technologies such as cellular could 

be used because most people are accustomed to them. They 

must be user-friendly as relief personnel and victims are more 

focused on life-saving activities. Furthermore, popularity 

allows for the deployment with less training or technical 

expertise since human resources are less available in the 

immediate aftermath of a disaster. 

- Coverage: This is the ability of CS to cover a wide area 

without the need to deploy many points of presence. This 

property can be characterized by the maximum distance a user 

can reach while still connected. The coverage can reduce the 

cost and time of system deployment by reducing the amount 

of infrastructure required to cover the damaged area. 

III.7. Conclusion and future work  

The number of natural and manmade disasters is rising 

continually, causing catastrophic damage to human life and 

economic activities. The relevance of CS is undeniable for 

information exchange and operations coordination. Moreover, 
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CS should be designed to operate in challenging conditions. At 

the beginning of this work, we gave an extensive introduction 

to the reciprocal effect of disasters and CT on each other. Also, 

we examined related work and how CS may fail, and the effect 

of this failure on extreme event response. Then we studied how 

communications are used during extreme events and gave an 

overview of the main weaknesses and limitations that CS may 

suffer based on previous case studies. Also, we detailed 

relevant attributes that CS should have to perform well. These 

attributes will be useful in our future research to select best-

suited CT for a good communication QoS. A deep 

understanding of CS behavior is essential for designing or 

selecting more resilient technologies in challenging 

conditions. In future work, we will address weaknesses found 

during the current paper by comparing all common modern CT 

to select a reliable CS. A framework to select the right CT 

according to extreme events contexts will be proposed. 
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CHAPITRE IV. Caractérisation de la couverture du Wi -Fi pour les 
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Résumé  : De nombreux travaux de recherche ont été menés pour proposer des 

solutions pratiques et rentables pour les communications dans les espaces intelligents. Cet 

article caractérise la couverture du Wi-Fi pour les applications extérieures, en fonction des 

modèles empiriques de perte de propagation les plus connus, et analyse son impact pour les 

services dans les espaces intelligents. La portée obtenue, qui a été testée avec un téléphone 

intelligent, est de 550 m, et la comparaison avec les modèles empiriques a montré un grand 

décalage avec les mesures. Ainsi, la validité et la précision de ces modèles seront examinées 

pour concevoir un nouveau modèle empirique prenant en compte les effets environnementaux 

lors de nos futures recherches. Vu les avantages des solutions basées sur le Wi-Fi, les 

caractéristiques techniques de cette technologie sont illustrées et un scénario de déploiement 

est expliqué à la lumière des résultats obtenus. 

 

Préambule  : Cette partie, constitue un article publié dans une conférence scientifique. 

Vu que les communications sans fil ont montré leurs avantages dans la partie précédente, le 

choix et lô®valuation de la technologie de communication la plus adapt®e pour le contexte rural 

est fait dans cette partie. De même, la pertinence des modèles empiriques de la perte de 

propagation est étudiée en comparant la couverture mesurée avec la couverture prédite par 

ces modèles. Les sujets suivants sont alors traités : 

- Modèle du réseau sans fil compatible avec le contexte rural  

- Technologie de communication exploitée, ses caractéristiques et sa couverture 
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ê la suite dôune ®tude de litt®rature pour comparer les technologies de communication 

existantes, le mod¯le retenu est celui des FWNs. Lôop®rateur Bell lôappelle lôinternet r®sidentiel 

sans fil. Ce mod¯le fournit lôinternet sans fil par des liens radio fixes utilisant le Wi-Fi de large 

couverture. Les réseaux FWNs sont faciles à déployer avec un coût abordable et une QoS 

satisfaisante pour la population rurale. Sa couverture est évaluée pour valider la faisabilité et 

montrer les caractéristiques techniques de ce concept. 

 

Contribution associée  : 

Z. E. Khaled, H. Mcheick et F. Petrillo, «Wi-Fi Coverage Range Characterization for 

Smart Space Applications,» In 2019 IEEE/ACM 1st International Workshop on Software 

Engineering Research & Practices for the Internet of Things (SERP4IoT), 2019. 
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AbstractðHumans are more and more dependent to 

communication technologies (CT) in their everyday life to get 

services, exchange information and communicate with their 

relatives. Hence, many research activities have been made in 

order to propose convenient and low-cost solutions for  smart 

spaces. This paper characterizes the range of Wi-Fi for outdoor 

applications in comparison with most known empirical path loss 

models and analyzes its impact for smart space services like 

Internet of Things (IoT). The obtained range is 550 m, the test 

is made with a Samsung Galaxy S5 smartphone, and the 

comparison with empirical model showed a good difference. 

Hence the validity and accuracy of those models will be 

examined for this context, to develop an empirical model 

considering environmental effect during our future research. As 

solutions based on Wi-Fi are generally low cost, its technical 

characteristics are illustrated, and a wide deployment scenario 

based on this technology is explained on light of obtained results. 

Keywords: Smart space, Wi-Fi , coverage range, radio link 

quality, wireless internet service.  

IV.1. Introduction  

Recently, people are more and more interacting with their 
environment through various devices or computing platforms 
thanks to technological progress. These entities are widely 
used in our everyday activities and spread in an omnipresent 
way around us, to get required services and information 
intuitively and easily, whatever is our place or time through 
many communication technologies (CT). Therefore, 
ubiquitous computing is the integration of computational 
power in all sides or objects of our life, and places, where 
these entities are integrated, and are called smart places or 
cities.  
Thus, CT provided the means for smart spacesô 

applications and services to emerge by allowing their different 
entities to communicate together to monitor, process and react 
to environmental change or user needs. Hence, people can 
exchange data across thousands of kilometers in less than a 
second, in such a way that world has become like a small 
village. As smart space applications are diversified such as 
smart home, smart healthcare, smart grids, and smart traffic; 
hence requirements of supporting CT are diversified too. 
Those requirements include various technical specifications 
such as the networking architecture, data rate, received signal 
level, the frequency band, coverage area, accessibility, 
security, robustness, privacy, and cost. Unfortunately, even 

with technological advancements, there is no unique solution 
to satisfy all smart space applications at the same time due to 
their diversified requirements and conditions [1, 2, 3, 4, 5]. 

Hence, researchers must find a fair equilibrium between 
applicationsô requirements, and achieved investments to 
develop convenient CT. Furthermore, they have to prioritize 
specifications that highly affect final performances. This goal 
is achieved by a deep understanding of smart space conditions, 
needs, environments, and parameters, in addition to available 
solutions to adopt the most convenient technology. 

In this context, wireless solutions are essential to provide 
services for people within smart spaces, to ease their life, 
improve their comfort and safety while moving or doing their 
daily activities. Thus, many research works have been 
accomplished to examine their different challenges and 
advantages. Those activities are justified by the advantages of 
wireless technologies such as lower cost, easy deployment, 
high coverage, and dynamic network formation. 

Among all wireless technologies, Wi-Fi can offer a good 
compromise between the low power consumption of IoT 
compatible CT like Sigfox [43], low deployment and 
equipment cost of personal technologies such as Bluetooth, 
high data rate and wide coverage range of mobile 
communications such as LTE and WiMAX [44], in addition 
to its free of charge ISM (Industrial, Scientific and Medical) 
radio-frequency bands.  

For these reasons, in addition to its popularity and 
availability in smartphones, the purpose of this paper is the 
evaluation of the coverage range of Wi-Fi technology for 
outdoor applications. Then we will discuss the effect of those 
results on the provision of wireless internet services (WIS) in 
the context of smart spaces applications like IoT. In addition, 
obtained results are compared with most known empirical 
path loss models to verify their accuracy in this context. 

This paper is organized as follows: Section 2 discusses the 
state of the art with an overview of wireless internet service 
and used technologies. A special focus is given to Wi-Fi and 
its technical characteristics, in addition to a brief description 
of many empirical path loss models. Section 3 describes the 
used scenario to characterize the Wi-Fi range. Section 4 
details measurements in comparison with empirical path loss 
models. Section 5 discusses the impact of obtained results on 
IoT applications. Section 6 discusses threat of validity of 
obtained results. Finally, a conclusion is given in Section 7. 

mailto:Zayan.el-khaled1@uqac.ca
mailto:Fabio_Petrillo@uqac.ca
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IV.2. State of the art  

IV.2.1) Related work s 

In general, Smartphones are Wi-Fi enabled, therefore 
many research activities tried to study this communication 
protocol. Berezin et al. [6] investigated the use of Wi-Fi in 
urban areas for mobile Internet access and which type of 
applications can benefit from this service. They also analyzed 
the characteristics of Wi-Fi coverage and connectivity of 
mobile users using different mobility speeds and varying 
some AP settings. Cai et al. [7] discussed an incentive 
mechanism for the operator to encourage users to delay their 
cellular network services and switch to Wi-Fi network to 
offload cellular traffic. Lindner et al. [8] described four 
exemplary possibilities of exploiting the wireless local area 
network (WLAN) infrastructure for additional services, 
provided that WLAN is almost ubiquitous in a coherent area.  

In addition, many research activities evaluated and 
optimized the Wi-Fi range for sensor network applications [9-
11]. The study in [12] is one of the first to analytically describe 
how businesses, governments, and other organizations are 
creating large Wi-Fi and wireless internet clouds. This report 
also described the types of wireless coverage. Seneviratne et 
al. [13] characterized the Wi-Fi connection set-up process to 
extend a known mathematical model, which will help in the 
dimensioning of Wi-Fi networks for pedestrian smartphone 
users. As Wi-Fi is mostly used for indoor applications, many 
papers tried to characterize its range or other properties for in-
building use [14-16]. Many applications are using it such as 
communication service for rural areas [17], healthcare 
services [18], during extreme events [19], mobile internet 
services [20], smart home applications [21], or smart city 
services [22]. In spite of the wide number of research works 
on communication technologies in smart spaces, there is a lack 
of characterization of the outdoor coverage range of Wi-Fi 
because it is mostly used for indoor services. Also, 
specification sheets of most antennas manufacturing 
companies [40, 45, 46] do not propose or provide a 
synthesized process for the use of Wi-Fi to directly connect 
the final consumer outdoor devices. 

IV.2.2) Wireless Internet Service (WIS)  

Introduction  

Due to their countable advantages, Wireless Technologies 
(WT) knew a huge development and appear to be an exciting 
analysis space for the researchers. Hence, WIS can be defined 
as the operation of wireless devices or systems used to connect 
two locations with a radio or other wireless links [23]. In 
addition, some communication providers call this technology 
as Wireless To The Home (WTTH) [70]. The deployment of 
WIS can be explained as a network of wireless access point 
(AP) having connectivity to the internet. Each AP can connect 
remotely many Customer Premises Equipments (CPEs). A 
CPE can be installed on the roof of a home or any other high 

place. Then CPE is connected to users inside equipment such 
as wireless routers by wires to link them to the internet. 

 

Actually, WIS has gained a wide place to provide internet 
connectivity for rural population [24, 70, 72]. For example, 
WIS is available for 82% people around Canada [25]. 
Furthermore, this service is used widely in healthcare 
especially for remote monitoring of patients with chronic 
diseases while they do their daily routines. Its application in 
this domain aims to provide autonomy while increasing their 
quality of life and decrease the load of health establishments 
[26] at the same time. It can also be used during extreme 
events such as natural disaster as a secondary link to provide 
internet connection to rescue damaged population [19, 71]. 

Used Communication Technology  

Many communication technologies are used by WIS or 
WTTH providers like WiMAX, LTE, whitespace [27, 28]. 
But Wi-Fi particularly attracted the attention, as it provides 
important characteristics and attributes that smart spaces 
require even in harsh environment [72]. Those critical 
requirements include: 

¶ Coverage is a very interesting subject because the greater 
the scope of coverage, the concerned population is 
increased. A major advantage of Wi-Fi network is its 
signal coverage [29], that reached 500 m for outdoor 
applications [19]. Its coverage can be extended until 
many tens of km [30] by using the configuration 
described in Figure 1. 

¶ Wi-Fi is typically employed for its lower deployment cost 
[19, 28, 31]. In smart spaces, a huge number of connected 
devices are required. Hence, a low-cost technology can 
decrease investments when covering new areas or while 
upgrading already covered areas to newer technologies. 
This quality is particularly important for developing 
countries where fewer resources are available. In this 
context, even if ad hoc technologies are less costly as they 
do not require infrastructures; but they are still unusable 
due to reduced data rates and increased latency when the 
number of nodes rises. 

¶ The number of nodes is essential to connect the largest 
number of people or things especially in the context of 
smart spaces where a high number of IoT devices are 
interconnected. In this context, Lee et al. [32] confirm 

 

Figure IV-1 : Deployment example of WIS network.  
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that the maximum number of nodes for Wi-Fi ad hoc 
network could be unlimited. 

¶ Data rate identifies the amount of information that the 
network can support. The higher the data rate the greater 
amount of information can be transmitted. Hence, the 
data rate of the new version of Wi-Fi surpasses easily 1 
Gbps. This property is very important for smart spaces 
where a huge amount of information of many types like 
video, images, IoT data or social networks applications 
are transferred. 

¶ As mobility becomes the major trend of our modern life, 
communication with less power becomes an essential 
subject to extend the life of batteries without the need for 
recharging or being connected to a power socket. It is 
stated that Wi-Fi has the best energy efficiency [33] 
among WT. 

¶ In general, even if a given technology is absolutely the 
most effective to support communication, but if it is not 
available on smartphones, then it becomes useless in the 
context of smart spaces. According to information 
provided by Nokia [34] and Sony [35], Bluetooth and Wi-
Fi technologies are available on the majority of current 
smartphones [36].  

¶ The area to be covered may have many profiles of 
geography, vegetation and weather. As the wireless 
signal penetration can vary according to those 
environmental effects; the radio frequency is customized 
accordingly from lower frequencies for high penetration 
through vegetation, buildings or hills to higher 
frequencies for line-of-sight links. Wi-Fi can fulfill those 
requirements while being exempt of license fees at the 
same time, by using ISM radio frequency bands. 

¶ Channel bandwidth needs to be adjusted according to the 
data transfer, from lower bandwidth for simple text 
application to high bandwidth for video streaming 
services. Wi-Fi bandwidth range varies from 5 MHz for 
low throughput applications to over 160 MHz for high 
data transfer services. 

Table IV-1 : Comparison between most popular wireless technologies . 

As we can deduce, according to table I, Wi-Fi seems to be 
among the best suitable choices for the smart space context. 
Its wide range and big number of nodes allow covering a large 
geographic zone and a maximum number of devices. In 

addition, its high data rate maximizes information transfer and 
prevent network breakdown due to congestion. In addition, 
this technology is easy to deploy due to its availability on most 
smartphones and its reduced cost. Furthermore, it has low 
power consumption to extend the battery life of portable 
devices and improve usersô mobility. Moreover, the frequency 
and channel bandwidth can be customized according to 
environmental conditions and throughput for various 
penetrations and data transfer profiles respectively. 

General description of Wi-Fi(IEEE 802.11) 

Wireless fidelity (Wi-Fi) is the radio technology for 
wireless devices operating in the IEEE 802.11 standard. As 
the IEEE organization does not verify the compliance of 
conceived devices with its standards, hundreds of 
manufacturers around the world have met to form the Wi-Fi 
alliance. Their aim is to verify the interoperability of their 
devices operating in 802.11 standard. Indoor Wi-Fi is a single-
hop network using IP stack to allow users to surf the Internet 
at broadband speed when they are connected to their wireless 
routers. The current solution to extend network range for 
outdoor use is to use repeaters or a wired LAN to interconnect 
a group of Wi-Fi APs. New methods are designed by allowing 
stations to communicate directly without any AP [37]. Thus, 
WLAN can be formed without pre-planning; it is often 
referred to ad hoc network [38]. The drawback of this solution 
is the reduction of throughput and latency each time a new 
node is added. Other solutions are proposed by using of high-
gain antennas for AP and user side (CPE) [73, 74]. The range 
of Wi-Fi is therefore extended to many tens of kilometers [31]. 

Technological Characteristics  

IEEE 802.11 includes a set of specifications of the 
physical layer and media access control (MAC) for the 
deployment of a wireless network. This standard allows many 
radio-frequency bandwidths within ISM bands for half-duplex 
communications: 900 MHz, 2.4, 3.6, 5, and 60 GHz. Wireless 
links using 2.4 and 5 GHz may probably suffer interference 
from many other devices operating in the same frequencies 
such as Bluetooth devices or cordless phones. To reduce the 
interference, many techniques can be used such as orthogonal 
frequency division multiplexing (OFDM), dynamic frequency 
allocation or GPS synchronization. 

With technological advances, many versions of this 
standard have been made to satisfy the diversified users and 
industries. The most used and known standards are the 
following: 802.11a, 802.11b, 802.11g, 802.11n, 802.11ac, 
802.11ax (Wi-Fi 6), 802.11ad, and 802.11ah. The radio 
frequency spectrum allocation may vary according to 
countries, because each one applies its own strategies or 
regulations for bandwidth sharing, used frequency channels, 
maximum transmission power. 

The 2.4 GHz frequency refers to the ISM band between 
2.4 and 2.5 GHz. The 5 GHz frequency is the band between 
4.915 and 5.825 GHz. The 3.6 frequency is between 3.65 and 
3.7 GHz. The 900 MHz frequency corresponds to the bands 
902-930 MHz. Each band is divided into many sub-channels 
with a precise central frequency, channel space, and 
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bandwidth. For example, the 2.4 GHz is divided into 14 sub 
channels spaced of 5 MHz; the central frequency of the first 
channel is 2.412 GHz and 2.484 for the last channel. The 
availability of channels may differ between countries 
according to their spectrum allocation policies.  

The bandwidth frequency allows more data rates, for 
example, if a 20 MHz bandwidth provides 300 Mbps, then the 
40 MHz one allows 600 Mbps. Data rate refers to the speed of 
data transfer, each standard has its own data speed profile, the 
higher the received signal level, the higher the connection 
speed. Furthermore, MIMO stream indicates the number of 
receiving or emitting antennas and it can make the same effect 
as the bandwidth to the data transfer rate. Hence, if 1 stream 
makes 300 Mbps then 2 streams can provide 600 Mbps. 

IV.2.3) Link quality and coverage range  

The wireless link quality may be estimated by the link 
budget formulas [39]: 

ὖ Ä"Í ὖ Ä"Í Ὃ Ä" Ὃ Ä" ὒÄ" 
(1) 

Where Prx and Ptx are the received and transmitted signal 
power respectively. Gtx and Grx are the gain of the transmitter 
and receiver antennas respectively. L is the total loss of the 
link; it includes internal device losses and path losses. Internal 
device losses can be known by their data sheets, such as 
connectorsô losses. Path losses are the signal attenuation on 
his way between transmitter and receiver. A lot of research 
activities have been made to model the path losses to ease 
network planning and performance prediction. These models 
can be classified into three basic types: Empirical, 
deterministic, and stochastic [76]. Empirical models can give 
the best tradeoff between the accuracy of deterministic models 
and the decreased processing requirements of stochastic ones. 
The free air loss [39] is the simplest empirical model and it is 
represented by the following formula: 

ὒ Ὠὄ ςπÌÏÇ    (2) 

Where D is the distance between transmitter and receiver, 

l is the wavelength of the radio frequency signal.  

Table IV-2 : Technical characteristics of most used 802.11 standards  

 802.11a 802.11b 802.11g 802.11n 802.11ac 802.11ax 

Frequency (GHz) 3.6, 5 2.4 2.4 2.4, 5 5 2.4, 5 

Bandwidth (MHz)  20 22 20 20, 40 20, 40, 80, 160 20, 40, 80, 160 

Data rate (Mbps) 
6, 9, 12, 18, 24, 

36, 48, 54 

1, 2, 5.5, 

11 

6, 9, 12, 18, 24, 

36, 48, 54 

Up to 600 for 40 

MHz and 4 Streams 

Up to 3466.8 for 160 MHz 

band and 4 Streams 

Up to 10,530 for 160 

MHz band and 4 Streams 

Modulation OFDM-64QAM DSSS OFDM-64QAM OFDM-64QAM OFDM-256QAM OFDM-1024QAM 

MIMO streams - - - 4 8 8 

This model supposes that the attenuation of signal is due 
to the free air without considering other environmental effects 
such as buildings, antennas heights, etc. Thus, several other 
models have been developed, the best known are the 
following ones [77]: Cost231, Stanford University interim, 
Ericson, Hata, Walfisch-Ikegami, Hata-Okumura. 
Unfortunately, each one has different limits of validity than 
the others and does not perfectly fit measured path losses 
without adjustments [78, 79]. During our research, we will 
compare measured values to the best-known path loss 
empirical models to find which one fits the best the usage case 
for outdoor Wi-Fi in the 2.4 GHz frequency band. In addition, 
environmental effects include all other losses such as 
vegetation, snow, rain, or humidity attenuations. These effects 
are not easy to estimate because they depend on many 
unpredictable and random parameters such as weather and 
leaf density. For simplicity, we will consider only the line-of-
sight links without considering environmental losses. 
However, we will consider these effects during our future 
research. After the received signal is estimated for a given 
location, it is compared with the sensitivity values of the 
receiver and then the data rate is known according to the 
nearest sensitivity value. For example, if the receiver is an 
Ubiquitous Rocket M2 radio [40], and the estimated received 
signal is -77 dBm, by using Table III, which is provided by 
the manufacturer, the data rate is estimated as MCS6. 

Also, the maximum range can be estimated by the 
following formula [39]: 

Ὀ    (3) 

Where Psens is the lowest detectable power by the receiver. 

When the receiver detects a radio signal with this power value, 

the data transfer speed of the link corresponds to the lowest 

possible data rate, MCS0, and the coverage range is the widest 

because Tx power is bigger. Thus, if the receiver goes wider 

than this distance, the radio link fails and the receiver 

disconnects. Also, this power may correspond to wished 

operation data rate; in this case the distance is limited to the 

range where the received signal does not go lower to keep the 

data rate within specified limits. To extend the coverage while 

staying within this specification, the whole area is divided into 

many cells, where each one is covered by an AP as in Figure 

3. 
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Table IV-3 : Transmit Power and Receiver Sensitivities for Ubiquity 
Rocket M2 radio [40] using 802.11n (2.4 GHz) with  one MIMO stream.  

Data Rate  
Avg. TX 

(dBm)  

Sensitivity 

(dBm)  

MCS0  28 -96  

MCS1  28  -95  

MCS2  28 -92  

MCS3  28  -90  

MCS4  27  -86  

MCS5  25 -83  

MCS6  23 -77  

MCS7  22 -74  

IV.3. Scenario of use  

Our scenario is presented in Figure 2. It contains Wi-Fi AP 
connected to a router or networking device that has a link to 
the internet, the covered zone by the AP contains Wi-Fi-
enabled mobile devices. The aim of routing or switching 
device is to make firewalling, other network operations and to 
ensure the link between AP and the Internet. In this scenario, 
AP may connect all Wi-Fi-enabled devices to cover the whole 
smart space area in order to provide mobile internet service. 
AP ensures links directly without intermediate devices, 
contrary to Wi-Fi P2P networks which require many hopes 
before accessing to the internet [37]. By using high gain 
antennas, we can ensure a wide coverage; AP can cover the 
whole zones including bridges, trees, buildings, and homes. 
The advantage of having direct connectivity to the Internet is 
the high data rate; contrarily to ad hoc devices where the 
network capability is decreased when traffic goes through 
intermediate devices. To ensure the widest range, it is 
recommended to install AP in a high place as in the top of a 
mountain or building. Consequently, high installation may 
provide a line of sight, reliable radio link and high data rate.  

Our scenario has many advantages in comparison to the 
model proposed by Ajami and Mcheick [37] or other ad hoc 
solutions, where a Wi-Fi Peer-to-peer network technology is 
created in uncovered area. In their proposition, the coverage 
is extended from 100 meters to several kilometers by passing 
information from one Wi-Fi P2P device to another. The major 
problem is that devices may not be compatible with each other 
and a solution that supports IOS devices must be proposed. 
Another weakness of their model is the necessity of Wi-Fi 
direct devices to be spread to all the area to ensure continuity 
of the coverage. Sometimes, the last condition is difficult to 
satisfy due to geographic issues. The short range of ad hoc 
devices limited to about 100 m may increase uncovered area. 
Unfortunately, this range depends on mobile phone devicesô 
constructors and normalization organisms.  

AP antenna is chosen according to the area of smart space 
to be covered; in the market, we can find omnidirectional 
antennas if users are distributed uniformly around the antenna. 
If we need to cover a more specific zone, we can choose sector 
antennas that have many radiation angles of 120, 90 or 60 
degrees [73, 74]. As antenna gain decreases each time 
radiation angle increases, it is recommended to choose the 
lowest radiation angle to widen the coverage. The most used 
frequencies for Wi-Fi are 2.4 and 5.8 GHz. It is possible to use 
other frequencies like 900 MHz and 3.65 GHz, but the 

network may require frequency conversion devices [75]. It is 
recommended to use 900 MHz and 2.4 GHz for AP due to 
their high penetration rate. Licensed 3 GHz is recommended 
for backbone link in high interference area. For ease line of 
sight, the 5 GHz is recommended for its high data rate.  

IV.4. Validation and result  

Our validation test includes the following devices, they are 
presented in Figure 4: A smartphone Samsung Galaxy S5, AP 
antenna Ubiquity Airmax AM-2G16-90 [41], radio module 
with integrated router for AP:  Rocket M2 [42], power over 
Ethernet (POE) injector, two SMA pigtails, AC, DC and RJ45 
wires with Power supply 

 
The AP antenna is installed in a way to give a direct line 

of sight to the test area. The test area has been chosen in an 

open-air place, where the effect of vegetation and buildings is 
minimized. The AP antenna is connected to the radio through 
two SMA pigtails as it has two MIMO streams. The radio 
module includes an integrated router connected to the internet 
through RJ45 wire. It is powered through a POE injector from 

 

Figure IV-2 : A scenario of use scheme.  

 

Figure IV-3 : Wide range deployment model for Wi -Fi. 
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the router side. The radio is configured with a clear bandwidth 
frequency by using its integrated snooping capability in order 
to minimize interference with nearby devices. It is configured 
with a Dynamic Host Configuration Protocol (DHCP) server 
to give a direct access to the internet for the receiver. After 
powering on the power supply, we stayed near of the AP in 
order to ensure that the smartphone is well connected to the 
internet. After then, we moved away gradually while checking 
the connectivity. The maximum distance we have gotten 
before it disconnects was 550 m.  

 

Figure IV-4 : Diagram of the AP installation.  

 
In Figure 5, the measured coverage is compared with 

many other prediction models. The radio characteristics of 
smartphone and AP are the same as those presented in [19], 
their height is 1.5 m. The Hata model gives the closest result 
with 0.258 km. The Walfisch-Ikegami model gives a distance 
prediction of 5.682 km, we did not put all predicted distance 
values on the graph for the sake of clarity. 

 

 

Figure IV-5 : Comparison of measured coverage with path losse models  

In most empiric models [77 - 79] the coverage range, 
depends on following parameters: Antennas gain, frequency, 
transmitting power, distance, height and obstacles. Those 
models are essentially developed and fitted based on 
measured data in precise environmental conditions for a given 
technology. Thus, it is difficult to get a good prediction 
accuracy for all environments and all CT unless the limits of 
each model are respected. This observation can be justified 
according to Figure 5, where the best predicted distance has 

40 % of difference from the measure, and in figure 6 the 
accuracy of result varies according to AP height. In the same 
way as AP height, all environmental conditions have an 
influence on prediction accuracy. During our future research 
we will detail models and express their effects on outdoor Wi-
Fi for WIS application by using more data. 

 

 

Figure IV-6 : Estimated coverage of best -known models over Height of 
AP 

As a result, we can estimate the total area of a cell that can 
be covered by a Wi-Fi AP. This area is like a circle, where its 
centre is the location of the Wi-Fi AP and its diameter is about 
1 km. If the smart space area is wider than the total coverage 
of a cell, we can install many AP as in Figure 3. Thus, the total 
area is divided into many sub-areas; each one is covered by a 
Wi-Fi AP. The configuration can be done according to the 
table I, the frequency is chosen to reduce the interference 
between neighboring cells. The frequency bandwidth is 
configured according to the required throughput; the 
population number in each cell can be a good index to estimate 
this parameter. An automatic configuration algorithm can be 
proposed for a similar context during our future research.  

IV.5. Consequences for IoT applications  

IoT is clearly a trend that cannot be ignored. According to 
CISCO [69], IoT connections are becoming bigger than other 
daily connections, and IoT traffic will double by 2020. 
Furthermore, IoT applications are diversified in terms of 
connectivity specifications such as data transfer, coverage 
range, energy efficiency and cost. The data transfer 
requirement varies from small and intermittent connectivity 
for some utility sensors and meters to large amount of 
continuous data flow such as video surveillance or dronesô 
activities. In addition, the power need may vary from highly 
intensive power consumption applications to very high battery 
lifetime of many yearsô sensors. Equally, the coverage may 
vary from easy to access small indoor building into hard to 
access very wide area forests.  

The Wi-Fi connectivity is a good choice as it is almost 
ubiquitous for indoor buildings, campus environments and 
urban areas. In addition, it has the advantage of being able to 
support easily high data rate application, such as data 
streaming, with reasonable coverage range and power 
consumption with a lower cost. In addition, this technology 
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can get a higher coverage range by using lower ISM frequency 
bands to improve its penetration for IoT devices to be used as 
fire forest sensors, covering a wide area and requiring lower 
power consumption and low data rate. Moreover, Lora and 
Sigfox technologies can be good alternatives for such IoT 
applications as they have extended battery life and convenient 
transmission capacity.  

At the other hand, for devices scattered across a large area 
and requiring a good throughput, such as drones broadcasting 
video, we can make a Wi-Fi configuration like the one 
presented in figure 3. The advantage is that Wi-Fi can support 
unlimited number of wireless connections, and it has many 
bandwidth frequency configurations to adjust throughput 
according to applicationsô needs while keeping a good 
mobility at the same time. Furthermore, this technology is 
well adapted for developing countries, as it does not require 
high investing. 

IV.6. Threats to validity  

Our test has been done in an urban environment, hence the 
high spectrum congestion of Wi-Fi inducing interference 
effects has been considered. Even if the test has been made for 
line of site configuration but fading and multipath propagation 
of radio frequency signal have been considered. In addition, 
more measures will be done during our future research to 
verify the accuracy of various path loss models and develop a 
new one, if needed for the context of WIS rural deployment. 
Hence, environmental effects such as seasons, weather, and 
vegetation will be taken into account.  

IV.7. Conclusion  

This paper characterized the coverage range of Wi-Fi for 
outdoor applications and analyzed its consequences for smart 
space services like IoT. As Wi-Fi is generally low cost, its 
technical characteristics are explained, and a deployment 
scenario based is explained on light of obtained results. It is 
also available on all mobile devices and it is supported by a 
majority of used internet enabled objects. Therefore, 
investments to develop new compatible technologies on other 
devices are saved. In addition, this technology is well suited 
to resolve the small coverage of Ad hoc P2P networks and the 
necessity to have continuity of enabled P2P devices into the 
entire needed zone. Obtained outdoor coverage range is 550 
m, it is characterized for a clear line of sight links. The 
comparison between measurement and best known empirical 
path loss models showed an important difference. During our 
future researches we will verify the accuracy of empirical 
models for the context of outdoor Wi-Fi on WIS deployment 
by using more measurements. A new empirical model 
satisfying this context will be proposed by considering 
environmental effects such as season and vegetation on the 
QoS of outdoor Wi-Fi signals. In addition, we will propose a 
method to automate the configuration of Wi-Fi APs covering 
a whole area to satisfy specific requirements and fasten their 
deployment.  
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Résumé  : L'état de l'art de la modélisation des pertes de propagation des réseaux 

sans fil fixes ruraux est encore mal équipé pour faire des prédictions précises. Cet article 

explore l'application du modèle Log distance pour les réseaux sans fil fixes dans des conditions 

rurales difficiles. Ce modèle est ensuite étendu et optimisé pour améliorer sa précision. En fait, 

les données sont classées selon les critères de fr®quence et dôobstruction, les liaisons radio 

sont divisées en plusieurs intervalles en fonction de leurs distances, les hauteurs et les 

élévations des antennes sont intégrées dans ce modèle et les variations saisonnières extrêmes 

à long terme sont prises en compte. Notre étude utilise des mesures provenant des réseaux 

sans fil fixes d'un fournisseur dôInternet sans fil dans deux régions rurales au Canada. Les 

fréquences utilisées sont les bandes non licenciées 0.9, 2.4 et 5.8 GHz, ainsi que la bande 

licenciée 3.65 GHz. Les modifications proposées améliorent sa précision de 7 à 15 dB. 

 

Préambule  : Cet article est soumis pour publication dans un journal scientifique.   Vu 

quôil y a eu une grande diff®rence entre la pr®diction des mod¯les empiriques et la mesure de 

la couverture de la technologie de communication sélectionnée dans la partie précédente, le 

modèle Log-distance est modifié pour augmenter sa précision. Ce modèle est choisi pour sa 

simplicité conceptuelle et sa facilité dôutilisation. Les modifications proposées pour ce modèle 

sont les suivantes : 

- Optimisation du modèle selon la technologie FWN en zone rurale 

- Optimisation en partageant les données en des intervalles de distance 

indépendant 
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- Prise en compte des hauteurs dôantennes  

- Prise en compte des hauteurs et des ®l®vations dôantennes  

- Prise en compte des effets du changement de la saison 

 

La précision des modèles existants est étudiée selon la racine de l'erreur quadratique 

moyenne (en anglais Root Mean Square Error ou RMSE). Les modifications proposées sont 

optimisées en utilisant l'algorithme des moindres carrés implémenté via la fonction 

d'ajustement de courbe dans le module d'optimisation de SciPy.  
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The Application of the Log Distance Path Loss Model and 
Modifications for Rural Fixed Wireless Networks Under 5.8 
GHz Frequencies  

 

Abstract: The study of radio signal propagation path loss (PL) is important for planning, 

designing and evaluating the performance of radio communication networks. However, the 

state-of-the-art in PL modelling for fixed wireless networks in rural environments is still ill-

equipped for making accurate predictions. This paper explores the application of the Log 

distance PL model to heterogeneous fixed wireless networks in harsh rural propagation 

conditions. This model is then extended and optimized to improve its accuracy. In particular, 

the dataset is classified according to many criteria, radio links are split into many intervals 

according to their distances, antenna heights and elevations are integrated into its formula and 

long-term extreme seasonal variations are considered. Our study uses a wide set of 

measurements from the fixed wireless networks of a wireless internet service provider in rural 

regions of Canada. The operating frequencies used are the unlicensed 0.9, 2.4 and 5.8 GHz 

bands, as well as the licensed 3.65 GHz band. The proposed modifications improve the accuracy 

by 7 to 15 dB in terms of the root mean squared error. 

Keywords: radio signal propagation conditions, propagation empirical models, path loss, 

seasonal effects, Log distance model. 
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V.1. Introduction  

Wireless communication systems have been 

developed recently to become the cornerstone of modern 

society. These ubiquitous and pervasive technologies are 

facilitating a range of activities by providing permanent 

access to services, information and commodities. Wireless 

systems are an access solution for deployment in the harsh 

and difficult conditions often found in rural environments, 

since they offer a fair compromise between performance and 

cost. New applications have various requirements that are 

sometimes hard to satisfy, especially in the difficult 

environmental conditions of rural areas, where it is hard to 

accurately estimate the radio signal attenuation due to the 

random nature of the density and seasonal growth of 

vegetation. As a result, satisfying new applicationsô 

requirements is becoming difficult. This attenuation causes 

radio signal path loss (PL) and limits its coverage range and 

quality of service (QoS). To take up this challenge, PL 

models are developed and tuned according to the investigated 

environment for planning, designing and evaluating the 

performance of wireless systems. 

Many PL models are available in the literature, such 

as the free space and Log Distance (LD) models (Sharma et 

al., 2010), (Rappaport, 2002). This study examines the 

application of the LD model to heterogeneous wireless-to-

the-home (WTTH) networks, as this model is easy to use 

(Phillips et al., 2012). The data for the model are from the 

fixed wireless networks (FWNs) of an internet service 

provider (ISP) in two rural regions of Canada. Two 

obstruction profiles are available, namely direct line of sight 

(LOS) and non-LOS (NLOS) links, along with many 

frequency bands: 915 MHz, as well as 2.4, 3.65 and 5.8 GHz. 

Furthermore, we propose two modifications to the LD model 

in order to consider antenna heights and elevations. The 

model optimization considers the frequency bands, 

obstruction level and seasonal variations between hot and 

cold seasons. 

The contributions of this research are: 
The accuracy of the LD model is investigated for 

heterogeneous FWN. 
The LD model is modified to improve its precision. We 

modify it by splitting the signal path into many intervals, 
then consider antennasô heights and elevations. 

We extend the improved LD model according to the seasonal 
variation in the radio signal propagation PL. 

We extract its optimal parameters according to frequencies in 
the range of 900 MHz to 5.8 GHz, line of sight 
obstruction (LOS or NLOS) and seasons. 

This paper is organized as follows: Section 2 discusses 

the related technical background, while Section 3 introduces 

the state-of-the-art. Next, Section 4 discusses the accuracy of, 

and proposed modifications to, the LD model, and Section 5 

considers seasonal PL variation effects. Finally, conclusions 

are drawn in Section 6. 

V.2. Technical background  

V.2.1) Network model  

The network model is shown in Fig. 1, where access 

points (APs) are connected via long-range Wi-Fi (Rabin, 

2009) or Long-Term Evolution (LTE) (El Khaled et al., 

2016). Each AP is connecting many Customer Premise 

Equipment (CPE) units to the Internet. A CPE can be 

installed on any high place such as roofs or trees. Then, it is 

wired to the usersô indoor equipment. Many frequency bands 

are used for diverse radio signal penetration. Higher 

frequencies are mostly used for LOS links, whereas lower 

ones are used for NLOS links, as they have better penetration. 

The use of many AP and CPE antenna gains and radiated 

power diversifies the configurations of radio links. AP and 

CPE antenna heights depend on where they are installed, be 

it on towers, roofs or trees. The radio link distance d can be 

as great as 18 km. More details are provided by (El Khaled et 

al., 2016) and (El Khaled et al., 2019).  

 

Figure V-1. Deployment example of FWN.  

V.2.2) Measurements  

The measurements are provided from a wide 

commercial FWNs of a wireless ISP for two different rural 

regions in Canada: Saguenay-Lac-Saint-Jean (SLSJ) and 

Outaouais (OUT). Fig. 2 and 3 show the wireless links in 

these two locations, respectively. NLOS links principally 

encounter trees and perhaps some buildings, and the terrain 

is covered by hills, lakes and plains. Environmental 

conditions vary between two extremes: snowy, cold weather 

with evergreen trees in the winter and rainy, hot weather with 

leaves growth in the summer. Measurements are taken 

throughout the year to consider the seasonal long-term PL 

variation. Rain, snow falling and wind are not considered in 

this research since they are time-limited events. The 

measurements are collected periodically, then they are 

averaged to remove the fast-fading effect. They include 

pertinent information for QoS characterization, such as data 

rates, signal- to-noise ratios, and so on. 
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Figure V-2. Radio links of SLSJ region.  

Other pertinent pieces of information are collected, 

such as antenna heights and gains, GPS coordinates, 

distances, elevations, seasons, and obstruction levels. Since 

CPE nodes and APs are installed in high places, the moving 

targets and the ground reflection effects are neglected. All 

models are fitted with SLSJ measurements, then tested with 

OUT measurements to verify their generalizability. 

The collected data are used to compute the measured 

PL via the Friis formula (Rappaport, 2002): 

ὖ ὖ Ὃ Ὃ ὒ        ρ 

where Pt and Pr are the transmitted and received power 

signals, respectively; and Gr and Gt are the receiver and 

transmitter antenna gains, respectively. L is the total PL and 

internal devicesô (Lint) losses as gleaned from their data 

sheets. The PL is then given by: 
ὖὒ ὖ Ὃ Ὃ ὖ  ὒ         ς 

 
Figure V-3. Radio links of OUT region.  

V.2.3) Path loss models  

Empirical models provide a fair trade-off between 

processing efficiency, accuracy and complexity requirements 

(Govind, 2019). The free-space model (Sklar, 2005) is the 

simplest PL model. It is given by: 

ὖὒ ςπÌÏÇ
τ“Ὠ

‗
        σ 

where d is the link distance, and l is the wavelength. It 

assumes that the signal attenuation is due to free space only.  

Other PL models consider LOS obstruction, such as 

vegetation and buildings. The most well-known ones are: 

Cost231, Stanford University Interim, Ericson, Hata and 

Hata-Okumura (Phillips et al., 2013). Unfortunately, each 

model has its own boundaries and does not perfectly fit the 

measurements (ÖstlinOstlin et al., 2013) and (Manju et al., 

2011). The LD model compute the PL of NLOS links. If ὖὒ 

is the PL at distance Ὠ, then the PL at an arbitrary distance 

d > Ὠ can be given by (Srinivasa et al., 2009): 

ὖὒ ὖὒ ρπὲÌÏÇ
Ὠ

Ὠ
        τ 

where n is the PL exponent, its values are given in Table 1. 

This model is called log normal shadowing when considering 

the shadowing effects ɢ due to obstructions (Kurt et al., 

2017). The random variable ɢ follows a Gaussian distribution 

with a zero-mean and a standard deviation ů between 8.2 and 

10.6 dB (Erceg et al., 1999).  

Table V-1 : Path loss exponent values (Srinivasa et al., 2009).  

Environment Path loss exponent (n) 

Free space 2 

Urban area cellular radio 2.7 to 3.5 

Shadowed urban cellular radio 3 to 5 

Inside a building - line-of-sight 1.6 to 1.8 

Obstructed in building 4 to 6 

Obstructed in factory 2 to 3 
 

V.3. State-of -the-art  

The LD PL model is used in numerous applications, 

such as on-body PL modelling for ultra-wideband 

communications (Kumpuniemi et al., 2013), drone aerial 

communications (Ma et al., 2018), mobile communication 

(Chebil et al., 2011), (Xiongwen et al., 2006), wireless sensor 

networks (Kurt et al., 2017), (Comeau et al., 2008), PL 

estimation in forested environments (Wang et al., 2004), and 

FWN (Abhayawardhana et al., 2005), (El Khaled et al., 

2020). 

Many researchers have studied the existing PL 

models. The authors of (Phillips et al., 2013) surveyed 60 

years of continuous research. Other research focused on PL 

for fixed wireless communications. In (El Khaled et al., 

2020), the authors compared ten PL models to the 

measurements taken on many thousands of fixed radio links 

and established a framework to derive and test a convenient 

PL model for FWNs in rural areas with an RMSE between 9 

and 10 dB. In (Erceg et al., 2001), the authors concluded that 

there is no ultimate PL model for all cases by analysing more 

than 30 models deeply and by collecting data from a wide 

FWN in unlicensed bands. Phillips et al. analysed the 

performance of 28 PL models using the dataset of a rural 

wireless network in New Zealand (Philips et al., 2011). They 
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proved that available PL models are less accurate in rural 

environments with 12 dB root mean square (RMSE) of 

accuracy at best. In (Phillips et al., 2012), the authors 

confirmed that PL models provide an accuracy of 8 to 9 dB 

RMSE, at best, in urban environments and almost 15 dB in 

rural ones. Milanoviĺ et al. compared the accuracies of the 

most widely used PL models in WiMAX applications at 3.5 

GHz (Milanoviĺ et al., 2010). 

Existing studies have compared the accuracies of 

existing PL models, including the LD model, in various 

applications. Elechi et al. proved that LD turns in a 

performance that is close to that of the Okumura model in 900 

MHz applications (Elechi et al., 2016). Sharma et al. 

compared the LD model with other models in three different 

environments (urban, suburban and rural), and it had the best 

performance in rural areas (Sharma et al., 2010). In the 

experiment of Chebil et al., the log normal shadowing model 

was the closest to measurements (Chebil et al., 2011). Also, 

the authors of (Abhayawardhana et al., 2005) compared 

several PL models using 3.5 GHz FWN applications. They 

showed that LD was not the most accurate model but that it 

performed reasonably.  

 

Figure V-4. Accuracy comparison of the LD model classical application with model optimization through data classification.  

 

Due to its promising performances, there have been 

many extensions of the LD model. Fendji et al. compared 

many modifications including the dual slop, log normal 

shadowing, partitioned and Liechty models for 2.4 GHz 

802.11n wireless networks in rural areas (Jean Louis et al., 

2014). They demonstrated that the Liechty model provides 

better precision and combined it with the dual slop model. 

Their measurements were taken from a USB wireless adapter, 

and the maximum distance was 600 m, with around twenty 

points of measurement. Kelner et al. considered the antenna 

gains and directions (Kelner et al., 2018). The maximum 

distance did not exceed 400 m, and the PL was compared 

with other models for many gains and directions. Jeong et al. 

studied PL variations in the industrial, scientific and medical 

(ISM) bands for drone applications and they extended the LD 

model for aerial communications (Ma et al., 2018). The 

horizontal distance range was between 10 and 70 m, and the 

altitude was between 1.5 and 101.5 m. Fernández et al. 

divided the radio link into two intervals, and each one had its 

own propagation exponent (Fernández et al., 2012). The LD 

model was fitted for digital TV applications in Lima, Peru 

and provided the best accuracy. 

Table V-2 :Accuracy comparison of PL models  

 
 

In conclusion, even if many researchers have studied 

the PL models for FWN, the LD model was not always 

included (Erceg et al., 2001), (Philips et al., 2011), 

(Milanoviĺ et al., 2010). The few researchers who considered 

this model did not do so for FWN applications (Sharma et al., 

PL models All SLSJ OUT LOS NLOS0.915 2.4 3.65 5.8

LD 27.35 28.2 25.6 16.9 33.3 40.72 28.58 21.64 22.30

LD data splitting 11.00 11.7 9.7 12.4 11.1 7.91 13.39 9.45 12.36

Okumura Hata 17.4 18.7 14.8 19.5 15.2 14.1 16.5 20.2 18.9

Cost231_hata 18.1 19.5 15.0 20.5 15.4 14.5 16.5 21.3 20.6

SUI 19.3 19.9 17.9 20.5 18.0 16.8 19.0 20.9 19.8

Ericson 23.8 26.6 17.3 28.2 18.8 20.3 22.4 30.1 24.9

free_space 51.0 49.1 54.5 46.4 55.0 48.6 52.3 47.3 50.0

ECC 33 154.6 158.8 146.3 164.5 144.7 119.5 145.7 167.5 174.5

3GPP_TR_38.901158.7 190.6 64.3 149.3 166.9 133.1 194.7 82.3 75.7

Region Obstruction Frequency (GHz)
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2010), (Chebil et al., 2011) and they used limited coverage 

ranges (Ma et al., 2018), (Jean Louis et al., 2014), (Kelner et 

al., 2018). 

V.4. Log distance model modifications  

V.4.1) LD model application  

The accuracy of the LD model is based on the root-

mean-square error (RMSE): 

ὙὓὛὉ
В ὖὒ ὖὒ

ὔ
        υ 

where N is the number of measurements, and ὖὒ  

and ὖὒ  are the predicted and measured PLs, respectively. 

Table 2 presents the RMSE comparison of the LD model with 

the most well-known PL models by considering its standard 

configuration and its data-splitting optimization. Its RMSE 

varies between 17 and 40 dB, which is almost poor compared 

to the signal sensibility (El Khaled et al., 2019). However, its 

data-splitting application is promising, as it improves the 

RMSE to 11 dB for the aggregated data. 

V.4.2) LD optimization with data splitting  

To optimize the model parameters (n, d0 and ὖὒ), 

the measurements have been classified according to the 

following criteria: region, LOS and frequency bands.  
Table 2 outlines the accuracy comparison between the 

standard LD model and its optimization according to data 

splitting for all data, regions, obstruction levels and 

frequencies. Its accuracy is improved considerably with data 

splitting, and the RMSE does not exceed 13 dB. 

Table V-3 : PL exponents according to classification criteria  

Classification criteria Path loss exponent 

All data 0.133 

Region 0.143 

LOS 0.093 

NLOS 1.915 

915 MHz 1.309 

2.4 GHz 2.197 

3.65 GHz 1.173 

5.8 GHz 0.255 
 

 

Fig. 4 compares the PL measurements with the 

standard LD model and its optimization according to various 

data-splitting criteria. Table 3 summarizes the PL exponents, 

n, extracted via the curve fit function of SciPy (Pauli et al., 

2020). The value extracted for region is close to the one 

extracted for all data, which proves the generalizability of this 

model. Note that n increases with the obstruction level, and 

its low value for higher frequencies is justified by their use 

for LOS links. And Table 4 summarizes the data splitting 

accuracy with an improvement of 16.35 dB RMSE.  

Table V-4 : Accuracy of data splitting optimization, the RMSE is 
computed for all data aggregated  

Splitting criteria  RMSE  

Classical application 27.35 

All data 11 

Region  11.007 

Obstruction 11.78 

Frequency band 12.63 

V.4.3) Multi -interval  Log distance  (MILD) model  

As long-range Wi-Fi links are wider than 18 km and 

the PL strongly depends on the distance of radio links, the 

dataset is divided according to the ascending link distances, 

into several intervals, to increase the accuracy. Then, each 

interval is independently optimized and has its own 

parameters (n, d0, ὖὒ) by using the curve fit function of 

SciPy (Pauli et al., 2020). The total intervalsô number is 

dynamically optimized to reduce the global RMSE. Hence, to 

assess the PL for a new radio link, the parameters of the 

interval including its distance are selected. The MILD 

expression is given by: 

ὖὒ ὖὒȟ ρπὲÌÏÇ
Ὠ

Ὠȟ
        φ 

where Ὠȟ, ὖὒȟ and ὲ are the ith intervalôs parameters, and 

the ith interval includes the distance of the new radio link to 

be predicted.  

Fig. 5 shows the optimization of the number of 

intervals. The optimal number is 10, and its RMSE is 10.1 

dB, which provides an improvement of 1 dB compared to the 

data classification optimization in Table 4. Fig. 6 presents the 

overfitting of this model if the number of intervals is 

increased above its optimum. Even if the RMSE continues to 

decrease, there are not enough samples to generalize for new 

links. 
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Figure V-5. The figure on the left depicts the extraction of the optimal number of intervals that corresponds to the minimal RMSE. The figure on the 
right shows the PL of the MILD model.  

 

 

 

Figure V-6. Overfitting of the MILD model for a higher number of intervals.  
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V.4.4) Antenna height effect: Log distance height 

(LDH) 

The proposed modification integrates antenna height 

in order to consider implicitly the obstruction level for the 

radio links, since higher antennas are better for obtaining 

clear LOSs. Therefore, in addition to the reference distance 

Ὠȟ×ÈÉÃÈ considers the effect of distance on the PL, two 

reference parameters are added for the AP and CPE antenna 

heights, namely ᾬὃὖ and ᾬὅὖὉ, respectively, to integrate 

the antenna height effect into the PL. Hence, two exponent 

values ὲ and ὲ are optimized as in the last section (Pauli et 

al., 2020) for the AP and CPE antenna heights, respectively.  

The new LD height (LDH) PL expression is given by: 

ὖὒ ὖὒ ρπὲÌÏÇ
Ὠ

Ὠ
ρπὲÌÏÇ

ᾬὃὖ

ᾬὃὖ

ρπὲÌÏÇ
ᾬὅὖὉ

ᾬὅὖὉ
        ψ 

where h_AP and h_CPE are the AP and CPE antenna heights, 

respectively, for the new radio link to be predicted, and ᾬὃὖ 
and ᾬὅὖὉ are the reference AP and CPE antenna heights 

for distance Ὠ link respectively.  

V.4.5) Antenna height elevation: LD height elevation 

(LDHE) 

This new modification of the LD model considers 

antenna heights and elevations together to integrate the 

geographical relief into the PL estimation, since higher 

elevations have an important impact on the LOS. The LD 

height elevation (LDHE) formula is then given by the 

following expression: 

ὖὒ

ὖὒ ρπὲÌÏÇ
Ὠ

Ὠ

ρπὲÌÏÇ
ᾬὃὖ ὩὰὩὺὃͅὖ

ᾬὃὖ

ρπὲÌÏÇ
ᾬὅὖὉὩὰὩὺὅͅὖὉ

ᾬὅὖὉ
        ω 

where elev_AP and elev_CPE are the AP and CPE antenna 

elevations, respectively, and n0, n1 and n2 are optimized as 

in previous sections (Pauli et al., 2020). Comparison between 

the LDH and LDHE models  

Table 5 compares the RMSEs of the two proposed LD 

model modifications and their corresponding PL exponents. 

It shows that the RMSE of the LDHE model is 1 dB better 

than that of the LDH model, 1.2 dB better than that of the data 

classification application model and 17.5 dB better than that 

of the standard LD model. The PL exponents of the standard 

LD are set according to state-of-the-art recommendations, 

whereas they are optimized freely for the other modifications 

via the least squares algorithm implemented with the curve 

fit function in the optimization module of SciPy (Pauli et al., 

2020). 

Table V-5 : RMSE comparison between  the standard LD model and its  
proposed modifications  

LD model configuration 
Path loss 

exponent 
RMSE 

Standard model 
LOS, n = 2 

NLOS, n = 5 
27.35 

Optimized exponent n n = 0.133 11.006 

LDH 

n0 = 0.318 

n1 = -0.559 

n2 = 0.533 

10.871 

LDHE 

n0  = 0.975 

n1 = -0.267 

n2 = -0.653 

9.811 

 

Fig. 7 shows the PL comparison among the LD 

models. As the LDHE is the closest to the measurements, its 

accuracy is explored by splitting the dataset into LOS and 

NLOS links, as shown in Fig. 8. Note that the PL of the 

NLOS LDHE model is higher than that of the LOS one, 

which was anticipated since the radio signal is highly 

attenuated for NLOS links.  

 

Figure V-7. Comparison between the measurements, the standard LD, 
the optimized PL exponent, LDH and LDHE.  

 

The RMSE and PL exponents (n0, n1 and n2) of the 

LDHE model obtained by splitting the data according to the 

obstruction level are illustrated in Table 6. The RMSEs for 

LOS and NLOS links are 11.21 and 9.2 dB, respectively. 

When the data is aggregated, the RMSE is 10.23, which is 1.5 

dB better than the 11.78 RMSE for the LOS-NLOS exponent 

n optimization of the classical LD mode recorded in Table 4. 
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Figure V-8. Comparison of the LDHE with the measurements done by 
splitting the dataset into LOS and NLOS links.  

 

Table V-6 : Comparison of the LDHE model by splitting the dataset 
according to the obstruction  

LDHE model 
Path loss 

exponent 
RMSE 

LOS 

n0 = 0.808 

n1 = -0.432 

n2 = 0.460 

11.21 

NLOS 

n0 = 0.525 

n1 = 0.207 

n2 = -0.518 

9.2 

LOS and NLOS data 

aggregation 
- 10.23 

V.5. Seasonal effects  

Previous researchers modelled the environmental 

effects on microwave propagation separately, including the 

effects of rain (Saxton et al., 1995), (Al-Nuaimi et al., 1994), 

snow (Islam et al., 1999), (Ketswal et al., 2014) and 

vegetation (Gunn et al., 1954), (ITU, 2007), (Ostrometzky, 

2015). These models were created in controlled environments 

where the signal path was on the order of several hundred 

meters and all parameters were known. Yet, in a real 

environment, the vegetation density and type and the portions 

of the path where the radio signal propagates through foliage 

or through free space are difficult to assess accurately, 

especially in wide deployment networks or hard-to-access 

areas or when the link range extends many kilometers. The 

effects of weather are also difficult to assess, as they depend 

on the rain or snow rate, the type of dust particles, the 

composition of the snow, and so on. Furthermore, for wide 

range links, the rain or snow rate is not uniform along the 

pathway.  

Therefore, there is a need to create an easy, fast and 

comprehensive PL empirical model for seasonal 

environmental effects that last for many months. To our 

knowledge these effects have not been explored for the LD 

PL model. Consequently, the model is tuned and extended 

according to two groups of measurements: measurements 

taken in the summer, when the weather is hot and rainy and 

vegetation is growing, and measurements taken in the winter, 

when the weather is cold, and leaves are falling. Other 

environmental effects, such as rain, snow and wind, are not 

considered since they are time-limited events, and their 

effects on the PL can be neglected for frequencies below 5.8 

GHz (El Khaled et al., 2020). 

V.5.1) Seasonal effects in the LD model  

The seasonal PL variations can be included in the LD 

model by splitting each of the winter and summer 

measurements into two groups, one each for the LOS and 

NLOS links. Next, each group is optimized according to the 

frequency band. Table 7 presents the extracted PL exponents. 

Note that they are higher during the summer due to the 

vegetationôs effect. Furthermore, they are greater for the 

NLOS links than they are for the LOS links.  

Table V-7 : Optimal PL exponents n extracted ac cording to obst ruction, 
frequency and season for the LD model.  

 
NLOS 

summer 

NLOS 

winter 

LOS 

summer 

LOS 

winter 

5 GHz 2.152 1.482 0.349 0.477 

3.65 GHz 1.019 0.795 0.598 1.079 

2.4 GHz 2.055 0.916 1.962 1.160 

900 MHz 3.115 0.485 1.178 NaN 
 

Fig. 9 compares the PL measurements with the LD 

model for the OUT region according to obstruction and 

frequency for the summer and winter seasons, respectively. 

The previously optimized model parameters for SLSJ are 

applied directly to the OUT region. The prediction curves still 

fit the measurements, and the model generalizes well. 

V.5.2) Seasonal effect s for the LDH model  

The LDH model is optimized in the same manner used 

previously. Fig. 10 compares the predicted PL and 

measurements for the OUT region. Note that the model is still 

accurate even though it has been optimized for a different 

region. 

V.5.3) Seasonal effect s in LDHE model  

The LDHE model is optimized in the same manner 

that the LD and LDH models were. Fig. 11 presents the 

comparison between the predicted PL and measurements for 

OUT region. The model is still accurate when used in the 

OUT region.
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Figure V-9. Comparison of LD model to measurements in the OUT region according to obstruction, frequency , and season.  

 

V.5.4)  Comparison of the LD model modifications  

Table 8 summarizes the RMSEs of the various 

configurations of the LD model and its suggested 

modifications. First, the classical LD model is presented for 

the SLSJ and OUT regions, then the data is classified 

according to the LOS and NLOS links as the result of its 

state-of-the-art recommendations. Later, its exponents are 

optimized for each data classification and for its suggested 

modifications by considering antenna heights and elevations 

for the SLSJ and OUT regions. There was an important 

improvement, and modification had a good generalization 

capability compared to the classical LD.  
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Figure V-10. Comparison of LDH model with  the measurement s in the OUT region according to obstruction, frequency , and season.  
 

V.6. Conclusion  

Fixed wireless networks provide easy connectivity to 

the internet in rural areas. Path loss models are essential for 

efficient planning, optimization and predicting their quality 

of service. Despite the diversity of existing path loss models, 

many reviews have confirmed the lack of accurate 

predictions, and their landscape is still precarious. 

Furthermore, research activities are focused on urban areas 

and mobile technologies. This paper examines the accuracy 

of the Log distance path loss model and its possible 

extensions since it is quite simple to use. The target is to 

improve its accuracy for fixed wireless networks in the harsh 

propagation environments found in rural areas. For this aim, 

the measurements of the wide FWN of an internet service 

provider from two different rural regions of Canada are used. 

The measurements of the first region are used for design and 

optimization, then the second set of measurements is used for 

testing and validation. 

The RMSE of the LD model is 27.35 dB over the 

whole dataset. After splitting the measurements according to 

the LOS and NLOS links, the RMSEs for the LD model are 

16.88 and 33.24, respectively. After optimizing the path loss 

exponent and splitting the data according to region, line of 

sight and frequency bands, the RMSE improves 

considerably, as its worst value is 12.43 dB. Next, the dataset 

is split into many intervals according to the ascending radio 

signal paths. The optimal number of intervals is 10 and the 

corresponding RMSE is 10.1 dB. Two modifications are 

instituted by considering antenna heights and elevations. The 

resulting RMSEs are 10.8 and 9.8 dB, respectively. Finally, 

we consider seasonal variation, and the RMSE reaches 6 dB 

for many cases. 
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Figure V-11. Comparison of LDHE with the measurements in the OUT region according to obstruction, frequency , and season.  

Table V-8 : RMSE comparison for the configurations of the LD model and its suggested  modifications  

 
LD 

SLSJ 

LD 

OUT 

LD 

(LOS, NLOS) 

classification 

LD optimal 

n SLSJ 

LD optimal  

n OUT 

LDH  

SLSJ 

LDH  

OUT 

LDHE  

SLSJ 

LDHE  

OUT 

          

NLOS_summer_5G 

28.23 25.61 

33.24 

11.47 20.30 11.13 22.06 15.75 14.64 

NLOS_summer_3G 17.07 8.71 14.63 22.65 15.8 17.93 

NLOS_summer_2G 12.82 10.27 12.75 10.41 9.6 8.03 

NLOS_summer_900M 9.78 11.37 8.03 17.59 6.4 7.29 

LOS_summer_5G 

16.88 

12.19 8.18 12.10 9.20 11.05 10.22 

LOS_summer_3G 8.16 11.63 7.89 12.07 7.77 14.41 

LOS_summer_2G 9.08 14.44 8.86 13.74 7.92 10.51 
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LOS_summer_900M 6.19 10.45 6.19 10.45 6.19 10.45 

NLOS_winter_5G 

33.24 

9.35 11.11 9.25 10.92 9.19 12.43 

NLOS_winter_3G 9.36 7.84 8.29 9.61 10.39 34.75 

NLOS_winter_2G 9.27 8.89 9.11 9.31 10.19 10.16 

NLOS_winter_900M 8.31 4.88 7.46 7.22 8.02 8.86 

LOS_winter_5G 

16.88 

11.73 11.55 11.48 12.58 8.24 12.56 

LOS_winter_3G 7.15 11.77 7.08 11.88 6.97 11.5 

LOS_winter_2G 8.65 9.77 8.47 10.41 8.64 13.21 

LOS_winter_900M N/A N/A N/A N/A N/A N/A 
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CHAPITRE VI. Modèle empirique précis de perte de propagation  des 

réseaux sans fil fixes pour les  fréquences inférieures à 5 .8 GHz 
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Résumé  : De nombreux modèles empiriques des pertes de propagation (PPs) ont été 

développés pour évaluer les performances des réseaux sans fil. Cet article étudie l'état de l'art 

des modèles empiriques ainsi que les effets de la végétation sur les PPs. Ensuite, un modèle 

empirique précis de PP est proposé pour les réseaux sans fil fixes dans des conditions de 

propagation rurales difficiles. Ce modèle a été testé sur les données d'un fournisseur canadien 

de services dôInternet sans fil dans les bandes libres 900 MHz, 2.4 et 5.8 GHz et la bande 

licenciée 3.65 GHz. Il prend en compte plusieurs paramètres, tels que lôobstruction de la ligne 

de vue, la bande de fréquence, le partage des liens radio en fonction de la distance et les 

variations saisonnières. Il surpasse les autres modèles en matière de précision selon nos 

données, et il est parmi les plus précis lorsqu'il est testé sur des données en libre accès pour 

les communications mobiles en Angleterre. 

 

Préambule  : Cet article est déjà publié dans un journal scientifique.  Dans ce chapitre, 

nous proposons une approche méthodologique pour concevoir et évaluer un nouveau modèle 

empirique de PL pour les réseaux FWNs en contexte rural, vu sa forte dépendance des 

paramètres des systèmes de communication et de leurs environnements. Les sujets abordés 

sont les suivants : 

- La précision des modèles existants  

- Les paramètres pertinents pour une estimation précise de la PL  

- La conception, lôoptimisation et lô®valuation des performances du mod¯le propos® 

- Lô®valuation des effets du changement de la saison 
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- Lô®valuation du mod¯le propos® selon des donn®es en acc¯s libre en Anglettre 

 

La précision des modèles existants est étudiée selon le RMSE en fonction de la 

fr®quence, de la r®gion et de lôobstruction. Les paramètres pertinents sont identifiés parmi 

plusieurs dizaines de paramètres par une étude de corrélation. Par la suite, le modèle proposé 

est optimisé en fonction de la r®gion, de la fr®quence, de lôobstruction et de la saison en utilisant 

l'algorithme des moindres carrés implémenté via la fonction d'ajustement de courbe dans le 

module d'optimisation de SciPy. Ainsi, notre technique de modélisation de la PL par répartition 

des liens radio en fonction de la distance est approfondie. Le modèle proposé surpasse les 

autres modèles existants.  

 

Contribution associée   (Impact Factor  = 3.7): 

Z. EL Khaled, W. Ajib et H. Mcheick, «An Accurate Empirical Path Loss Model for 

Heterogeneous Fixed Wireless Networks Below 5.8 GHz Frequencies,» IEEE Access, vol. 8, 

p. 182755ï182775, 2020. 
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ABSTRACT  Great progress has been made in providing convenient wireless 

communications with easy connectivity for users everywhere. Many empirical path 

loss (PL) models have been developed to assess the performance of new radio 

networks. This paper first studies the state-of-the-art of empirical PL models, along 

with vegetation effects on radio signal propagation. Next, an accurate empirical PL 

model is proposed for fixed wireless networks under challenging rural propagation 

conditions. The proposed model is based on a Canadian dataset from a wireless internet 

service provider, using the Wireless-To-The-Home technology in the unlicensed 900 

MHz, 2.4 and 5.8 GHz ISM bands and in the licensed 3.65 GHz band. The proposed 

model considers several parameters, such as line-of-sight obstructions, frequency 

bands and dynamic link distance splitting, in addition to seasonal variations in PL 

attenuation. It outperforms other models in terms of accuracy when tested on a dataset 

from a different Canadian region, and it provides excellent and steady accuracy when 

tested on a largely different open-access dataset for mobile communication technology 

from seven different regions in England. 

INDEX TERMS radio signal propagation conditions, propagation empirical models, 

path loss, seasonal effect. 
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VI.1. Introduction  

Wireless communication networks are a good alternative for 

providing connectivity in rural regions thanks to their 

robustness, easiness of deployment and low costs. However, a 

serious challenge remains in terms of predicting the radio 

signal attenuation caused by environmental parameters, such 

as ground relief or vegetation. Many wireless standards are 

used by WTTH (Wireless-To-The-Home) providers, such as 

IEEE 802.11 (particularly the wide-range Wi-Fi versions), 

which attracted a lot of interest due to its practical advantages 

[1]. A successful deployment of wireless networks requires 

careful planning due to radio signal impairments caused by the 

surrounding environment, resulting in propagation path loss 

(PL) and limiting the quality of service (QoS). Accurate PL 

estimation is crucial for network planning and troubleshooting. 

This estimation can be made either with PL propagation 

modeling or with costly and complex propagation 

measurements. The PL propagation models can be used for 

feasibility studies, resource allocation and performance 

prediction. The choice of the appropriate model depends on the 

geographic location (e.g., urban, rural) and radio link 

parameters (e.g., operating frequency). Empirical models are 

used most frequently because they provide a good compromise 

between accuracy, computational efficiency and complexity 

[2]. Consequently, this work focuses on empirical PL modeling 

and studies its applicability for fixed wireless access (FWA) 

networks. 

Empirical PL models have been traditionally designed for 

frequencies lower than 2 GHz and for mobile networks in 

urban areas. With the emergence of new wireless standards, 

it has become necessary to update or extend them to consider 

the recently diversified technology parameters. Each 

empirical model is usually designed for a specific 

environment and has its own validity range of radio 

parameters (e.g., operating frequency, coverage, antenna 

heights). Consequently, this work examines the accuracy of 

these models for our studied environment, in order to select a 

convenient PL model or design a new one.  

Despite the redundancy of empirical PL models, just a few 

are handling rural environments and frequencies less than 6 

GHz. In addition, empirical PL models have specific validity 

intervals (distance, frequency, environment type, and so 

forth), and their performances outside these intervals have not 

been fully investigated. Previous PL models have, in general, 

been tested on a single (or two, at most) frequency band or a 

single technology. Thus, wireless engineers need assistance 

and guidelines with regards to how to choose a convenient 

PL model. This work is a step towards dealing with these 

problems. 

The main contributions of this paper can be summarized as 

follows: 

1) We survey the state-of-the-art PL empirical models and 

focus on the vegetation effect. 

2) We study the accuracy of listed PL models by 

comparing their predictions based on our dataset in four 

frequency bands below 6 GHz for outdoor Wi-Fi 

WTTH in Canadian rural regions. 

3) We establish the effect of long-term seasonal variations 

on radio signal PL attenuation. 

4) We propose a new PL empirical model based on 

obstruction level, frequency band, dynamic distance 

splitting and long-term seasonal variation.  

5) We test and validate the proposed model on datasets 

from different regions and countries. 

The paper is organized as follows: Section II presents the 

state-of-the-art of empirical PL models. In Section III, 

quantitative performance metrics for PL model accuracy are 

detailed. In Section IV, the data collection and measurement 

are presented, and the accuracies of listed PL models are 

compared. The proposed PL model is detailed in Section V. 

In Section VI, seasonal PL variations have been integrated 

into the proposed model. Section VII presents the model 

validation conducted via independent international 

measurements. Finally, conclusions and future work are 

provided in Section VIII. 

VI.2. State-of -the-art  

VI.2.1) Related work s 

Many research papers have studied existing PL models. In [3], 

Sicker et al. described and implemented 30 propagation 

models proposed over the last 70 years for urban and rural 

areas. They found that the landscape of PL models is 

precarious. Furthermore, they affirmed that PL modelling 

achieves, at best, 8 to 9 dB Root Mean Squared Error (RMSE) 

in urban environments and around 15 dB RMSE in rural ones. 

The authors of [4] developed a new taxonomy by conducting a 

deep survey covering more than 60 years of continuous 

research. They stated that the next generation of PL models 

will be data-centric, that attempt to extract information from 

directed measurements. Phillips et al. analyzed 28 PL models 

by using a large set of data from a wireless network in rural 

New Zealand [5]. They demonstrated that: "the state-of-the-art, 

even for the ñsimpleò case of rural environments, is 

surprisingly ill-equipped to make accurate predictions." The 

best accuracy they achieve is a 12 dB RMSE.  

Sarkar et al. [6] reviewed various propagation models for 

both indoor and outdoor environments and summarized their 

advantages and disadvantages. Sun et al. [7] presented 

mmWave propagation measurements and PL models for 

outdoors and indoors, then investigated their performances 

across 5G networks. Erunkulu et al. [8] surveyed existing 

techniques and mechanisms for network coverage prediction. 

They provided an up-to-date review of existing PL models, 

along with a comparative analysis, to aid in the planning and 
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implementation of cellular networks. Wang et al. [9] compared 

the prediction performances of several channel models in terms 

of three important metrics: the cell radius, spectral efficiency, 

and outage probability in both indoor and outdoor scenarios for 

Internet of Things (IoT) communications. Anusha et al. [10] 

surveyed different propagation models to calculate path 

attenuation in rural, suburban and urban areas.  

Most of the research considered PL modelling for mobile 

technologies in urban areas [11]. Whereas some works focused 

on empirical PL models for FWA in rural areas, but a good 

proportion of these studies were simulation-based only, with 

just a few including measurements. Moraitis et al. [12] 

examined the accuracy of PL models at 3.7 GHz for FWA 

Long-Term Evolution (LTE). They recommended the standard 

propagation model (SPM) as the best option for network 

dimensioning and planning. MacCartney et al. [13] studied 

rural macro-cell (RMa) propagation models and the current 3rd 

Generation Partnership Project (3GPP) RMa path loss models 

for frequencies from 0.5 GHz to 30 GHz. They used 

measurements in rural Virginia to develop a new RMa PL 

model for 73 GHz that is more accurate than the existing 3GPP 

RMa models and can be used for frequencies from 0.5 GHz to 

100 GHz. Chee et al. [14] studied the effects of carrier 

frequency, antenna height and season on a FWA network 

deployed in a rural area at 825 MHz and 3535 MHz. They 

found that the frequency dependence of a wireless channel 

varies strongly with the environment. El Chall et al. [15] 

investigated LoRaWAN radio channel in the 868 MHz band. 

Extensive measurement campaigns were carried out to develop 

a PL model for indoor and outdoor environments in urban and 

rural locations of Lebanon. Maurya et al. [16] studied the PL 

in urban and rural areas by considering several parameters, 

such as frequency, location and best fit. Guzman et al. [17] 

applied 3-ray PL analysis to evaluate the impact of variation in 

evaporation duct height and antenna height in rural coastal 

areas. Rakesh et al. [18] analyzed PL models at Global System 

for Mobile Communications (GSM) 940 MHz and IEEE 

802.16ôs WIMAX 3.5 GHz frequencies in different terrains 

including rural areas. 

Since Wi-Fi is classically used for indoor communications, 

most studies have considered its PL modeling for indoor 

applications. However, Wi-Fi-based long-distance networks 

have emerged as an alternative technology for providing 

Internet access in rural areas. Fendji et al. [19] compared slope-

based empirical PL models to measurements at 2.4 GHz using 

the 802.11n standard. They proposed a new model based on 

the Liechty model because the number of obstacles was known 

in their experiment. The Liechty model provided a better 

prediction in a non-line of sight (NLOS) scenario, while the 

new model outperformed in combined scenario (line of sight 

(LOS) and NLOS). In our context, it is impractical to apply this 

model since the link distance exceeds twenty kilometers, and 

the number of obstacles is unknown. El-Keyi et al. [20] 

updated the log-distance PL model for indoor Wi-Fi to take 

wall penetration, reflection, scattering, and diffraction effects 

into account. Oni and Idachaba [21] reviewed PL models and 

their adaptation to Wi-Fi indoor propagation environments. 

Rademacher et al. [22] conducted outdoor experiments to 

measure the PL for Wi-Fi links at distances of up to 10.3 km. 

They found that the Longley-Rice model provides accurate 

results. Hong et al. [23] estimated the signal loss of Wi-Fi at 

2.4 GHz to improve search and rescue operations after 

disasters. Brinkhoff et al. [24] studied the Wi-Fi signal range 

in agricultural crops environments. They proved that the 

coverage distance exceeded 1 km. We [25] investigated the 

Wi-Fi coverage for outdoor IoT applications, and we compared 

the predictions of many PL models. 

VI.2.2) Path loss empiri cal models  

Effective wireless network deployment requires accurate PL 

modeling to predict the coverage range and minimize required 

infrastructure. Many PL models have been developed for 

specific environments [2]. In this section, the most well-known 

empirical PL models and their pertinent parameters are 

revisited.  

3GPP TR 38.901 model  

This model was mainly designed for mobile networks [26], 

with a frequency bandwidth of 10% around the center value of 

no larger than 2 GHz. It considers LOS and NLOS links, and 

supports urban, indoor and rural links, but, in this paper, we 

focus only on its rural macro-cell configuration. It is described 

using the following formula [27]: 

ὖὒ
ὖὒ   ÆÏÒ ρπÍὨ Ὠ
ὖὒ   ÆÏÒ  Ὠ Ὠ ρπ+Í

  (1) 

Ὠ
ς“Ὄ ὌὪ

ὧ
 

ὖὒ ςπÌÏÇ ÍÉÎπȢπσὬȢ ȟρπÌÏÇὨ

ÍÉÎπȢπττὬȢ ȟρτȢχχ  πȢππςÌÏÇὬὨ  (2) 

ὖὒ  ὖὒὨ τπÌÏÇ   (3) 

ὖὒ ÍÁØὖὒ ȟὖὒᴂ   (4) 
For ρπÍὨ υ+Í 
ὖὒᴂ ρφρȢπτ χȢρÌÏÇὡ χȢυÌÏÇὬ

ςτȢσχ σȢχ ÌÏÇὌ

τσȢτς σȢρÌÏÇὌ ÌÏÇὨ σ ςπÌÏÇὪ

σȢςÌÏÇρρȢχυὌ τȢωχ  (5) 

where d is the distance, f is the frequency, ὖὒ  and 
ὖὒ  are the macro-cells path losses in rural areas for 
the LOS and NLOS links respectively, Ὠ  is the break-point 
distance, h is the average building height, W is the average 
street width, c is the free space propagation velocity, Ὄ  is the 
receiver height, and Ὄ  is the access point (AP) height. This 
model is valid for frequencies of 0.5ï100 GHz, receiver 
heights of 1ï10 m, AP antenna heights of 10ï150 m, average 
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building heights of 5ï50 m, street widths of 5ï50 m and link 
distances of 0.01ï10 km for LOS links and 0.01ï5 km for 
NLOS links. 

Free space and log -distance models  

The free-space model describes the radio signal power loss in 

LOS links and is written as [2]: 

ὖὒ σςȢτυ ςπÌÏÇὨ ςπÌÏÇὪ (6) 
The log-distance model considers NLOS links and random 
shadowing effects. It is given by [28]: 

ὖὒ ὖὒ ρπὲÌÏÇ …  (7) 

where n is the path loss exponent, ὖὒ is the PL in dB at the 
reference distance Ὠ, and ʔ is the shadowing effect, which is 
zero-mean Gaussian distributed with a standard deviation 
between 5 and 16 dB [29]. 

Okumura model  

This model was built using data collected in the city of Tokyo, 

Japan [30]. It considers urban, suburban and open areas. The 

urban area model is the most widely used in cities without tall 

blocking structures. It is given by [30]: 

ὖὒὕ ὖὒ ὃ ὪȟὨ ὋὌ ὋὌ Ὃ  (8) 
where ὖὒὕ is the median PL, ὃ ὪȟὨ is the median 
attenuation relative to free space, ὋὌ  is the gain due to 
the AP antenna height, ὋὌ  is the gain due to the receiver 
or Customer Premises Equipment (CPE) antenna height, and 
Ὃ  is an environment-related correction factor. Okumura 
developed a set of curves for ὃ ὪȟὨ, in an urban area over 
quasi-smooth ground with an Ὄ  of 200 m and Ὄ  of 3 m, 
and vertical omnidirectional antennas on both the AP and the 
receiver sides. The values of ὃ ὪȟὨ and Ὃ  are 
obtained from Okumuraôs empirical plots, ὋὌ  and ὋὌ  
are described as follows: 

ὋὌ
ρπÌÏÇ     ÆÏÒ Ὄ σπ Í

ςπÌÏÇ     ÆÏÒ σπ Ὄ ρπππ Í
 (9) 

 

ὋὌ
ρπÌÏÇ     ÆÏÒ Ὄ σ Í

ςπÌÏÇ     ÆÏÒ σ Ὄ ρπ
 (10) 

This model is restricted to the 150ï1920 MHz frequency 
range, receiver heights of 1ï3 m, AP antenna heights of 30ï
100 m and link distances of 1ï100 km. 

Okumura -Hata model (OH)  

This model [31] is based on the graphical information obtained 

in the Okumura model but considers the effects of the 

diffraction, reflection and scattering caused by city structures. 

Additionally, it applies corrections for suburban and rural 

environments. The PL in urban areas is given by: 

ὖὒὕὌ φωȢυυ ςφȢρφÌÏÇὪ ρσȢψςÌÏÇὌ

ττȢω φȢυυÌÏÇὌ ÌÏÇὨ ὅ  (11) 

where 

ὅ

ừ
Ử
Ừ

Ử
ứ
πȢψ ρȢυφÌÏÇὪ ρȢρÌÏÇὪ πȢχὌ   

 ÆÏÒ ÓÍÁÌÌ ÏÒ ÍÅÄÉÕÍ ÃÉÔÉÅÓ
ψȢςωÌÏÇρȢυτὌ ρȢρ  

 ÉÆ ρυπὪ σππ -(Ú ÆÏÒ ÌÁÒÇÅ ÃÉÔÉÅÓ

σȢςÌÏÇρρȢχυὌ τȢωχ  
 ÉÆ σππὪ ρυππ -(Ú ÆÏÒ ÌÁÒÇÅ ÃÉÔÉÅÓữ

Ử
Ữ

Ử
ử

 (12) 

the path loss in suburban areas is given by: 

ὖὒὕὌ ὖὒὕὌςÌÏÇ υȢτ (13) 

and the path loss in open areas is given by: 

ὖὒὕὌ ὖὒὕὌτȢχψÌÏÇὪ ρψȢσσÌÏÇὪ

τπȢωτ (14) 
where ὅ  is the antenna height correction factor. This model 
is restricted to frequencies of 150ï1500 MHz, receiver heights 
of 1ï10 m, AP antenna heights of 30ï200m and link distances 
of 1ï20 km. 

Extended COST -231 Hata model  

COST is a European Union forum for cooperative scientific 

research, which developed this model based on measurements 

in multiple European cities. It extends the urban Okumura-

Hata model to cover frequencies of up to 2 GHz [32]. It is most 

often cited as the COST 231 model, but it also referred to as 

the Hata Model PCS extension. It is given by [33]: 

ὖὒ ὃ ὃÌÏÇὪ ὃÌÏÇὌ ὄ

ὄÌÏÇὌ ὄ Ὄ ÌÏÇὨ ὥὌ ὅ

 (15) 

where A1, é, B3 are the Hata parameters described below: 

ὃ
φωȢυυ    ÁÔ ωππ -(Ú
τφȢσ   ÁÔ ρψππ -(Ú

 

ὃ
ςφȢρφ   ÁÔ ωππ -(Ú
σσȢω   ÁÔ ρψππ -(Ú

 

ὃ ρσȢψ 

ὄ ττȢω 

ὄ φȢυυ 

ὄ π 

where, ὥὌ  is the receiver antenna height correction 

factor, it is calculated as: 

ὥὌ

ừ
Ử
Ừ

Ử
ứ
πȢψ ρȢυφÌÏÇὪ ρȢρÌÏÇὪ πȢχὌ   

 ÆÏÒ ÓÕÂÕÒÂÁÎ ÏÒ ÒÕÒÁÌ ÅÎÖÉÒÏÎÍÅÎÔÓ
ψȢςωÌÏÇρȢυτὌ ρȢρ  

 ÉÆ Ὢ σππ -(Ú ÆÏÒ ÌÁÒÇÅ ÃÉÔÉÅÓ

σȢςÌÏÇρρȢχυὌ τȢωχ  
 ÉÆ  Ὢ σππ -(Ú ÆÏÒ ÌÁÒÇÅ ÃÉÔÉÅÓữ

Ử
Ữ

Ử
ử

 (16) 
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ὅ is a correction factor that is equal to 0 dB for suburban or 
rural environments and 3 dB for urban areas. At 900 MHz, 
according to this model, the PL is: 

ὖὒ φωȢυυ ςφȢρφὰέὫὪ ρσȢψςὰέὫὌ  

ττȢω φȢυυὰέὫὌ ὰέὫὨ ὥὌ ὅ (17)  
For a frequency of 1800 MHz, the PL is: 

ὖὒ τφȢσ σσȢωÌÏÇὪ ρσȢψςÌÏÇὌ

ττȢω φȢυυÌÏÇὌ ÌÏÇὨ ὥὌ ὅ 

 (18) 
This model is restricted to frequencies of 1500ï2000 

MHz, receiver antenna heights of 1ï10 m, AP antenna heights 
of 30ï200 m and link distances of 1ï20 km. 

Okumura -Hata extended model (ECC -33 

Model)  

This model was developed by the Electronic Communication 

Committee (ECC) and extrapolated from the original Okumura 

measurements. It subdivides urban areas into ólargeô and 

ómediumô categories. Since the characteristics of a highly built-

up area such as Tokyo are quite different from those found in 

European suburban areas, the use of the ómedium cityô model 

is recommended [34]. It can be stated as [35]: 

ὖὒ Ὠὄ ὖὒ ὃ Ὃ Ὃ 

 (19) 

where ὖὒ, ὃ , Ὃ  and Ὃ are the free space attenuation, 

the basic median PL and the AP and receiver antennasô height 

gain factors, respectively. They are expressed as: 

ὖὒ ωςȢτ ςπÌÏÇὨ ςπÌÏÇὪ 

 (20) 

ὃ ςπȢτρ ωȢψσÌÏÇὨ χȢψωτÌÏÇὪ

ωȢυφÌÏÇὪ  

Ὃ ÌÏÇ
Ὄ

ςππ
ρσȢωυψυȢψÌÏÇὨ  

Ὃ τςȢυχ ρσȢχÌÏÇὪ ÌÏÇὌ πȢυψυ 

Ὃ πȢχυωὌ ρȢψφς for medium cities  
 
This model is restricted to frequencies Ò 2000 MHz, 

receiver heights of 1ï10 m, AP antenna heights of 30ï200 m 
and link distances of 1ï20 km. 

Stanford University Interim (SUI) Model  

This model is an extension of the Hata model for frequencies 

above 1900 MHz. It introduced the PL exponent ɔ and the weak 

fading standard deviation S as random variables obtained 

through a statistical procedure. It was originally proposed for 

FWA networks in the 3.5 GHz band [36]. It divided geographic 

areas into three types of terrains: A, B and C. Terrain A has the 

highest PL for hilly areas with moderate to dense vegetation, 

so it can be considered for densely populated urban areas. 

Terrain B has an intermediate PL, and it is used for hilly 

terrains with sparse vegetation or flat terrains with moderate to 

high tree densities, making it suitable for suburban 

environments. Terrain C used for flat or rural terrain with light 

vegetation. The model is given by [37]: 

ὖὒ ὃ ρπ‎ÌÏÇ ὢ ὢ Ὓ (21) 

ὃ ςπÌÏÇ
τ“Ὠ

l
 

‎ ὥ ὦὌ
ὧ

Ὄ
 

ὢ φÌÏÇ
Ὢ

ςπππ
 

ὢ ρπȢψÌÏÇ  for terrains A and B 

ὢ ςπÌÏÇ  for terrain C, 

where Ὠ=100 m, and S is a log-normally distributed factor 
for the shadow fading of trees and other clutters. It is capped 
at 8.2 dB for rural environments, 9.6 for suburban 
environments, and 10.6 dB for urban environments. Xf is a 
correction factor for frequencies larger than 2 GHz, ὢ is a 
correction factor for the receiving antenna height and A is the 
intercept parameter. The PL exponent ɔ is set to 2 in free 
space, 3ï5 in an urban NLOS and greater than 5 inside 
buildings. Parameters a, b, and c depend on the terrain and are 
given in Table I.  

Table VI-1 :  THE SUI MODEL PARAMETERSô VALUES.  

Parameter Terrain A  Terrain B Terrain C 

a 4.6 4 3.6 

b(1/m) 0.0075 0.0065 0.005 

c(m) 12.6 17.1 20 

This model is restricted to frequencies Ò 11 GHz, receiver 
antenna heights of 2ï10 m, AP antenna heights of 10ï80 m 
and link distances of 0.1ï8 km. 

Ericsson (9999) Model  

This model was also built on the modified Okumura-Hata 

model according to the propagation environment. Sometimes 

it is called 9999 model. Regardless, it is given by [38]: 

ὖὒ ὥ ὥÌÏÇὨ ὥÌÏÇὌ

ὥÌÏÇὌ ÌÏÇὨ σȢςÌÏÇρρȢχυὌ ὫὪ

 (22) 
where 

ὫὪ ττȢτωÌÏÇὪ τȢχψ ÌÏÇὪ  
The constants ὥ, ὥ, ὥ and ὥ are given in Table II. 

Table VI-2 : VALUES OF ERICSSON MODEL PARAMETERS.  

Environment  a0 a1 a2 a3 

Suburban 43.20 68.93 12 0.1 

Urban 36.2 30.2 12 0.1 

Rural 45.95 100.6 12 0.1 
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This model is restricted to frequencies Ò 11 GHz, receiver 
antenna heights of 2ï10 m, AP antenna heights of 10ï80 m 
and link distances of 0.1ï8 km. 

Walfisch -Ikegami (WI) propagation model  

This model was developed by the COST-231 project. Four 

additional factors are included for better prediction within the 

urban context: heights of buildings, widths of roads, building 

separations and road orientations. As a result, its applicability 

in rural area with vegetation is doubtful. It considers only 

vertical buildings and distinguishes LOS and NLOS situations 

[39]. The LOS PL is given by: 

ὖὒ τςȢφ ςφÌÏÇὨ ςπÌÏÇὪ      (23) 
 
where d is in km, and f is in MHz. For NLOS situations, the 
PL is: 

ὖὒ
ὖὒ ὖὒ ὖὒ ÕÒÂÁÎ ÁÎÄ ÓÕÂÕÒÂÁÎ

ὖὒ όὶὦὥὲ ÉÆ ὖὒ ὖὒ π 
 (24) 

 
where ὖὒ  is the rooftop-to-street diffraction, and ὖὒ  is 
the multi-screen diffraction loss. This model is restricted to 
the frequencies of 800ï2000 MHz, AP antenna heights of 4ï
50 m, receiver antenna heights of 1ï3 m and link distances of 
0.02ï5 km. 

Standa rd Propagation Model (SPM)  

This model is based on Hata PL formulas but it ignores the 

effects of diffraction, clutter, and terrain. It is appropriate for 

cellular technologies [40]. The PL is given by [41]: 

ὖὒ ὑ ὑÌÏÇὨ ὑÌÏÇὌ

ὑÌÏÇὌ ÌÏÇὨ ὑ Ὤ ὑÌÏÇὬ     (25) 

where ὑ, é, ὑ are the SPM parameters. They are given 
according to Hata models as follows: 

ὑ ὃ ὃÌÏÇὪ σὄ 

ὑ ὄ 

ὑ ὃ σὄ 

ὑ ὄ 
The correction function for the receiver antenna height was 
also ignored for Ὤ Ò 1.5 m since it has negligible values in 
that range. 

ὑ ὑ π 
For Ὤ > 1.5, ὑ is the same as in the Hata model, namely, 

ὑ ὥ 
For 900 MHz and Ὤ Ò 1.5 m, the PL is given by [42]: 

ὖὒ ρςȢυ ττȢωÌÏÇὨ υȢψσÌÏÇὌ

φȢυυÌÏÇὌ ÌÏÇὨ 
For 1800 MHz and Ὤ Ò 1.5 m, the PL is given by [42]: 

ὖὒ ςς ττȢωÌÏÇὨ υȢψσÌÏÇὌ

φȢυυÌÏÇὌ ÌÏÇὨ 

This model is restricted to frequencies of 150ï1500 MHz, 
receiver antenna heights of 1ï10 m, AP antenna heights of 30ï
200 m and link distances of 1ï20 km. 

VI.2.3) The impact of vegetation  

Radio signal attenuation through vegetation is traditionally 

assumed to increase exponentially with the crossed distance 

through foliage [43]. In the literature, we can find essentially 

two groups of models: empirical models based on observations 

and measurements, and analytical models based on 

propagation theory. Foliage empirical models have attracted a 

lot of attention since they provide a good compromise between 

accuracy and simplicity. In the literature, we can find many 

such models, including the modified exponential decay [44], 

Weissberger [45], ITU-R [46], COST 235 [47], FITU-R [48] 

and maximum attenuation [49] models. In general, the foliage 

PL can be described with the following exponential decay 

model: 

ὒ ὃ Ὢ Ὠ     (26) 

where the parameters A, B and C are fitted empirically 
according to the foliage type. Here, f is the frequency, and d is 
the distance crossed through vegetation. 

During our literature search, we noticed that most research 

studies were done in controlled laboratory-like environments. 

Hence, the distance crossed through foliage must be known for 

an accurate estimation of the vegetation loss to be formulated. 

Unfortunately, such information is difficult to obtain, 

especially in rural environments where the locations and types 

of trees and the densities of the vegetation (in-leaf and out-leaf 

propagation) are not uniform within the radio signal path. In 

addition, available models cover only relatively short foliage 

distances (400 m), while radio links may exceed 10 km.  

Furthermore, there are other parameters that affect the 

vegetation loss, such as the presence or absence of leaves on 

deciduous trees, and the humidity of the vegetation, as they are 

involved in the estimation of trees' dielectric constants 

(permittivity and conductivity) [50]. In general, high humidity 

increases the propagation loss, but the amount of loss is still 

difficult to predict, as it depends on the tree types, frequency, 

humidity level, rainfall rate, and so on.  In general, isolated 

trees do not represent an important problem, but dense 

vegetation has a major effect on a wireless signal. In addition, 

the CCIR report [51] has assessed the vegetation attenuation 

per meter through foliage for many frequencies for greater 

simplicity. It is about 0.05, 0.1, 0.2, 0.3 and 0.4 dB/m for 0.2, 

0.5, 1, 2 and 3 GHz, respectively. At low frequencies, the 

horizontal polarization has less attenuation than the vertical 

one due to scattering from tree trunks, but this difference 

vanishes above 1 GHz [52].  

Finally, as the vegetation PL requires a wide set of 

parameters and existing models are not practical for real and 

rural deployments, it is important to establish a more accurate 

and easier-to-use PL model for rural areas. With this aim in 
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mind, we integrate the vegetation effect implicitly through the 

PL empirical modeling for NLOS links because vegetation is 

the major source of obstructions in rural areas. 

VI.2.4) Discussion  

According to our review, the most relevant parameters for PL 

estimation are the AP and receiver antennas heights, link 

distance and frequency band. As the PL increases with 

frequency band and link distance, it is important to choose the 

lowest possible frequency to raise the radio signal coverage 

and the quality of NLOS links.  On the other hand, the PL is 

inversely dependent on the antennasô heights since taller 

antennas decrease the effect of obstructions on the radio signal. 

Most existing empirical modelsô validity intervals were 

developed to respect mainly GSM applications. In this context, 

fixed wireless applications have not been investigated well, 

and not enough measurements have been made to confirm the 

accuracy of these models in such applications.  

Table III compares many research studies according to the 

relevance of the existing PL empirical models to their 

measures. When a new model is proposed by the authors to fit 

their measures, it is listed as ñauthor proposedò in the ñfitted 

path lossò column. This table lists the frequency band, 

coverage distance, area type, main wireless technologies and if 

the mobility is considered in each study. It also indicates 

whether the measurements were taken in a controlled 

environment. It is noticed that most existing research papers 

consider the PL for mobile technologies and urban areas. In 

most cases, the coverage distance does not exceed 1 km for Wi-

Fi. The locations of these experiments are mostly controlled. 

Wi-Fi is often considered for indoor or small outdoor areas 

such as university campus. Recently, this technology has been 

used for outdoor long-range links to bring cheap and 

convenient broadband fixed Internet access to rural or difficult-

to-access areas.  Furthermore, only one wireless technology or 

two frequencies are considered at most. While with the 

diversification of services and applications, many 

communication technologies can be offered in the same area to 

satisfy various communication needs. 

Unfortunately, it is difficult to find research papers dealing 

with FWA for long-range Wi-Fi in rural areas that include 

several frequency bands or several technologies. It is also 

difficult to get any agreement concerning the best PL model to 

use for a given area, technology or frequency. A PL model 

cannot be blindly used in a given environment unless its 

inherent parameters are well tuned to that environment. 

Furthermore, propagation in rural areas is considered less 

challenging since it is assumed that there will be a clear LOS 

or free space. This observation is not true, in general, due to 

high vegetation densities and the differences inherent in 

seasonal propagation conditions. Hence, this paper explores 

the applicability of existing empirical PL models for FWA in 

rural areas for Wi-Fi long-range radio links with many 

frequency bands. 

Table VI-3 :  Comparison of research studies on path loss empirical models according to their relevance to the measurements.  

Ref Year Freq. (GHz) 
Distance max. 

(Km) 
Area Fitted path loss Mobility  Main technology 

Controlled 

environment 

[53] 2005 3.5 2 
rural, 
suburban, 

urban 

SUI, COST-231 No FWA Yes 

[54] 2016 2.4, 5.8 0.1 
university 
campus 

SUI Yes Wi-Fi Yes 

[55] 2014 2.4 0.55 rural Liechty Yes Wi-Fi Yes 

[56] 2016 0.8 3 urban 
COST 231, author 
proposed 

Yes LTE No 

[57] 2013 3.5 4 
urban, 

suburban 

ECC HATA, author 

proposed 
No WiMAX  No 

[58] 2010 3.5 6.2 
rural, urban, 

suburban 
SUI Yes WiMAX  No 

[12] 2020 3.7 12 rural SPM No LTE No 

[59] 2020 2.1 3.5 
rural 

mountainous 
Hata  Yes 3G No 

[13] 2017 73 11 rural 3GPP RMa No FWA No 

[14] 2012 0.82, 0.35 2 rural COST-231 WI No WiMAX  No 

[15] 2019 0.86 45 
rural 
urban 

author proposed No LoRaWAN No 

[60] 2019 3.5 1.3 
rural, urban, 

suburban 
3GPP RMa Yes 5G No 

[19] 2019 2.4 0.55 rural 
Author proposed, 

Liechty 
No Wi-Fi Yes 

[22] 2016 2.4, 5.8 10 rural Longley-Rice No Wi-Fi Yes 

[24] 2017 2.4 1 rural Log-distance No Wi-Fi Yes 

[1] 2019 2.41 0.55 outdoor Ericson No Wi-Fi Yes 
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VI.3. Performance metrics  

In order to compare the prediction accuracies of PL models 

quantitatively and efficiently, many performance metrics are 

used [61], [62]. The prediction error is given by: 

‐ ὖὒ ὖὒ   (27) 

where ὖὒ  and ὖὒ  are the measured and predicted 

PLs, respectively, and i is the index of each PL sample. The 
mean error is then given by: 

‐Ӷ В ‐  (28) 

where N is the total number of observations. The mean 
absolute error (MAE) expresses the mean shift between the 
measurements and the predictions and is given by: 

ȿ‐ȿ В ὖὒ ὖὒ В ȿ‐ȿ  (29) 

The root mean squared error is among the most important 
metrics with which to assess prediction accuracy and is 
perceived as the shadow factor.  It is provided by: 

ȿ‐ȿ В ὖὒ ὖὒ В ‐  

 (30) 

The standard deviation of a given PL model is given by: 

„ В ὖὒ ὖὒ  (31) 

where ὖὒ is the path loss model at a given index, and ὖὒ is 
the mean. The cumulative distribution function (CDF) of a 
PL evaluated at a given value, say x, is the probability that 
the PL will take a value less than or equal x. It is given by:  

 

ὅὈὊὼ 0ÏÒÂÁÂÉÌÉÔÙὖὒ ὼ  (32) 

The five-number summary can be deduced from the CDF: the 
maximal and the minimal PL values, the lower and the upper 
quartiles and the median value. The maximal PL value ὖὒ  
is given by: 

ὖὒ ὓὃὢὖὒȟὖὒȟȣὖὒȟȣὖὒ   (33) 

The minimal PL value ὖὒ  is given by: 

ὖὒ ὓὍὔὖὒȟὖὒȟȣὖὒȟȣὖὒ   (34) 

The path loss median value (PL%50) separates the ordered PL 
values into two equal intervals and is given by:   

ὖὒ ὖὒ   (35) 

The lower quartile ὖὒ Ϸ divides the interval between the 
minimal and median PL values into two equal halves and is 
expressed as: 

ὖὒ Ϸ ὖὒ   (36) 

The upper quartile ὖὒ Ϸ divides the interval from the 
median to the maximal PL values into two equal halves and 
is expressed as: 

ὖὒ Ϸ ὖὒ   (37) 

The coefficient of determination or ñR squaredò assesses the 
ability of a given model to predict a given observation. In the 
best case, Ὑ ρ, the model fits the measures perfectly. 
When Ὑ π, the model predicts mostly ὖὒ . A negative 
value means that the model fails in its predictions. Ὑ  is 
expressed by: 

 Ὑ ρ
В

В
  (38) 

 The statistical dependence between two parameters, x and 
y, is given by the cross-correlation coefficient, also referred 
as the sample Pearson correlation coefficient. It evaluates 
whether the relationship between these two variables can be 
described with a linear function. Hence, this function can be 
used to extract the parameters that influence the path loss the 
most. It is defined as: 

”
В Ӷ

В Ӷ В

  (39) 

where ὼӶ and ώ are the mean values of x and y, and N is the 
total number of observations. Since the measurements 
include thousands of observations, a logarithmic regression 
is used to ease and clarify the visualization. Hence, the cloud 
of observations can be simplified via a logarithmic curve. Its 
equation is given by: 

Ὢὼ ὃ ὄÌÏÇὅὼ Ὀ   (40) 

where A, B, C and D are tuned for the best fit according to f, 
and x is the input variable.  For example, if logarithmic 
regression is used to clarify the curve of the measures 
according to distance, then these variables are fitted 
according to the measured PL and the corresponding 
distance. In the same manner, the listed PL models produce a 
cloud of points that are difficult to visualize according to each 
pertinent parameter (e.g. distance). The use of logarithmic 
regression can simplify and clarify the visualization of a 
given PL model according to a pertinent parameter. 

VI.4. Data collection and measurement methods  

The measurements were provided by an Internet service 

provider servicing two different rural regions with FWA 

networks: SLSJ and OUT in Quebec, Canada. Figures 1 and 2 

present the distribution of the wireless links in the two regions. 

The signal paths contain hills, plains and lakes and are largely 

covered by trees. The propagation environment varies 

between two conditions: (i) extremely cold, snowy weather 

with coniferous trees during the winter, and (ii) hot, rainy 

weather with deciduous leaves during the summer. 

Essentially, the networks consist of Wi-Fi long-range links 

based on the 802.11 standard, as previously presented in [1], 

[63]. The networks include thousands of CPE units connected 

to hundreds of APs.  

Measurements include relevant information such as 

transmitted and received signal power, data rates, signal-to-

noise ratios, noise floors and so forth. Operating frequencies 

correspond to the ISM bands: 915 MHz, 2.4, and 5.8 GHz as 
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well as the licensed 3.65 GHz band. These frequencies are 

diversified to provide various penetrations capabilities. 

Bandwidths range between 5 and 80 MHz for diversified 

throughput options. AP and CPE antennas of various types and 

gains are used. Many transmitted powers are used for various 

radio link configurations. Additional pertinent information 

includes antenna gains and heights, link distances and 

obstruction type (LOS or NLOS). Only links within the AP 

coverage are used. CPE nodes are mostly installed on rooftops 

of houses, whereas APs are installed on communication 

towers, churchesô steeples or the rooftops of houses. Hence, the 

effects of ground reflection and moving objects can be 

neglected. The proposed model is always tuned according to 

the SLSJ region and tested separately in the OUT region to 

verify the generalizability of our assumptions. 

 

Figure VI-1. Distribution of the wireless links in the SLSJ region.  

 

 

Figure VI-2. Distribution of the wireless links in the OUT region.  

 
 The PL is computed with the Friis link budget formula 
[64]: 

ὖ ὖ Ὃ Ὃ ὒ  (41) 

where Pr and Pt are the received and transmitted signal 
powers, respectively; Gt and GCPE are the AP and CPE 
antennasô gains, respectively; and L is the total link loss, 
which includes the PL and the total losses of the internal 
devices ὒ  for the APs and CPE units. As all variables are 
known through data sheets (Lint, Pt, Gt, Gr) and measurements 
(Pr), the PL is assessed via the following formula: 

ὖὒ ὖ Ὃ Ὃ ὖ  ὒ  (42) 
 Figure 3 presents the PL measurements and their 
logarithmic regressions (Eq. 40) for easy visualization. The 
distance varies between 0.05 and 18 km, and the PL interval 
is within 70 and 150 dB. 

 

Figure VI-3. PL measure ment s and the logarithmic regression curve for easy visualization  
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VI.4.1) Measurement comparisons with path 

loss models  

Each listed PL model has many configurations depending on 

area (e.g., urban, rural), frequency, antenna heights and radio 

link distances. Their accuracies are assessed according to their 

RMSEs. Then the best configuration in terms of the RMSE of 

each listed PL model is used in Fig. 4.  The logarithmic 

regression of each model configuration is added to clarify the 

curves. According to this figure, urban or big-city 

configurations are mostly retained, which confirms the 

inaccuracies of the rural or open-area configurations of most of 

the listed PL models since they considered rural areas to be 

low-obstruction areas, whereas radio signals are highly 

attenuated by the increased vegetation density. To obtain a 

more detailed picture of these PL modelsô accuracies, the 

RMSEs of all their configurations are compared in Table IV. 

This table presents the RMSEs for all the aggregated data in 

the first column, then measurements are grouped according to 

regions (SLSJ and OUT), line of sight obstruction (LOS and 

NLOS) and frequency bands (0.915, 2, 3.65, 5.8 GHz). The 

orange lines are for the LOS configurations of PL models. 

These configurations exhibit better performances for LOS 

links than for NLOS links since they are optimized for low 

obstruction. The LOS configuration of Walfisch PL model is 

the most accurate for LOS links, with an RMSE of 12.85 dB. 

The large-city configuration of the urban Okumura Hata model 

predicts the NLOS links best, with an RMSE of 15.24 dB. 

When the measurements are split according to regions, the 

Walfisch LOS and suburban Okumura Hata models are the 

most accurate, yielding RMSEs of 16.50 dB for SLSJ region 

since most of links have lower obstructions in this region. 

Whereas, in the OUT region, the urban Okumura Hata model 

does best due to the higher vegetation density in this region, 

yielding an RMSE of 14.77 dB. This modelôs configuration is 

still accurate for the 0.915 and 2.4 GHz bands since it has 

RMSEs of 14.12 and 16.51 dB for these frequencies, 

respectively (sub 2.4 GHz frequencies are generally used for 

obstructed NLOS links). For the 3.65 and 5.8 GHz frequencies, 

the Walfisch LOS is the best, turning in RMSEs of 13.9 and 

15.29 dB respectively. This result is to be expected since 3.65 

and 5.8 GHz frequencies are mostly used for direct LOS links. 

Note that the listed PL models are not accurate enough in the 

context of this study since the best RMSEs vary between 12.85 

and 17 dB, all high compared to the receiver sensitivity. At an 

accuracy in this range, a radio link can easily be predicted to 

be feasible while proving impossible to deploy in a real 

environment. In the remainder of this paper, a new, accurate 

PL model is proposed and optimized according to many data 

types and scenarios. Then its accuracy and statistical 

performance metrics are compared with the listed PL models 

to highlight the improvements it brings.  

VI.5. Proposed path loss empirical model  

The advantage of empirical PL models is their good balance 

between the low computing complexity and the improved 

prediction accuracy. Once generated, the proposed PL model 

is similar in terms of computational complexity to any other 

mathematical formula that involves arithmetic operations with 

few input parameters. Regarding the input parameters, the PL 

models are generally dependent on the following ones: 

distance, frequency band and antennasô heights. This finding 

was confirmed by the previous review on PL models, where 

most listed models are dependent on these parameters. Table 

V contains the cross-correlation coefficients (see Eq. 39) of the 

PL measurements with the pertinent parameters. Note that link 

distance and AP antenna height are highly correlated, as higher 

APs cover, in general, wider distances. Hence, the proposed 

model must contain both parameters in the same term. The PL 

cross-correlation with frequency is -0.01, which is low due to 

the non-uniform data distribution. This finding is confirmed by 

the LOS linksô measurements, which are uniformly scattered 

according to frequency bands, which have a cross-correlation 

with frequency of 0.17. Antennasô heights are negatively 

correlated to PL measurements, which means that when 

antennasô heights rise, the PL generally decreases. This 

conclusion reflects the expectation that since higher antennas 

can better clear LOS obstructions, they can consequently 

decrease the PL attenuation. Whereas, distance is positively 

correlated to PL, which increases logically for wider radio 

links. 

Table VI-4 : Cross -correlations of PL with its pertinent parameters  

 
AP antenna 

height 
PL  

CPE height - -0.14 

AP antenna height - -0.22 

Distance 0.61 0.37 

Frequency - 0.17 

 
 Fig. 5 presents the PL measurements versus the 

pertinent parameters: frequency, distance, AP and CPE 
antennasô heights, respectively. The logarithmic regressions 
are added for better visibility of the relationships and the 
variability between the PL and various pertinent parameters. 
The PL variability with frequency is low due to non-uniform 
data distribution as discussed earlier. When the dataset is 
conveniently scattered according to frequency, as for LOS 
links, the PL variability improves considerably, and the cross-
correlation increases from -0.01 to 0.17. According to the 
logarithmic regression curves, the PL variability with distance 
is within the range of 105ï130 dB, whereas it is 114ï122 dB 
and 115ï122 dB for AP and CPE heights respectively. 

 Since the PL can be logarithmically approximated by 
pertinent parameters, as in Figure 5, and by considering the 
previous arguments, the proposed model is expressed as 
follows: 
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ὖὒ ὃ ὃὰέὫὪ ὃÌÏÇὨ
ὃÌÏÇὌ ὃÌÏÇὬ ὃÌÏÇὌ ÌÏÇὨ

 (43) 
where f, d, HAP and Hr are the frequency, link distance and AP 
and CPE antennasô heights, respectively. A0, A1, A2, A3, A4, and 
A5 are model parameters that are tuned for better accuracy. 
More precisely, A0 is the intercept parameter. A1 is the 
frequency dependent tuning parameter, logically it must have 
a positive value since the PL increases for higher frequencies.  
A2 is the distance dependent tuning parameter, its value is 
positive as the PL increase for wider radio links. A5 is the 
tuning parameter for the correlated distance and AP antenna 
height term. A3 and A4 are respectively AP and CPE heightsô 
tuning parameters. They have negative values since higher 
antennas are better to clear the line of sight and decrease the 
propagation PL. 

VI.5.1) Model optimization obtained by 

splitting data  

Model parameters are extracted by using the least squares 
algorithm implemented via the curve fit function in the 
optimization module of SciPy [65]. The extraction is done with 
SLSJ measurements and tested directly with the OUT ones in 
order to verify its generalizability. Three optimization criteria 
are used: region, line of sight obstruction (LOS, NLOS) and 
frequency bands (0.9, 2.4, 3.65 and 5.8 GHz). Hence, seven 
sets of parameters are shown in Table VI. Parameters extracted 
according to LOS links are smaller than those extracted 
according to NLOS links since there are fewer obstructions in 
the LOS case. Frequency dependent parameters vary slightly 
with the frequency bands since the PL is less correlated with 
frequency (e.g., Table VI). The 5.8 GHz band has the largest 
parameters since the radio signal is the most highly attenuated 
in this band.  

 

Figure VI-4. Comparison of PL measurements with the best configurations of all listed  PL models. Their logarithmic regression curves are added for 
greater clarity  
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Table VI-5 : Comparison of the RMSEs of all listed PL models  

 

  
 

 

Figure VI-5. Path loss dependence on pertinent param eters: measurements and logarithmic regression curves.  

 

Path_loss_models All SLSJ OUT LOS NLOS 0.915 2.4 3.65 5.8

Walfisch_LOS 17.04 16.49 18.03 12.85 20.16 19.28 17.99 13.90 15.29

OH_U_large_cities (300 < f < 1500) 17.40 18.65 14.77 19.47 15.24 14.12 16.51 20.16 18.88

OH_SU_large_cities (300 < f < 1500) 17.77 16.50 19.95 15.37 19.74 17.11 18.95 14.97 16.10

Cost231_hata_large_cities(300 < f) 18.05 19.48 14.99 20.49 15.44 14.47 16.51 21.31 20.56

SUI_terrainB_suburbain 19.25 19.93 17.91 20.50 18.02 16.77 18.96 20.94 19.79

SUI_terrainC_rural 20.15 18.48 22.96 17.47 22.34 20.01 21.60 16.65 17.91

Log_distance 20.70 19.00 23.57 16.90 23.70 16.41 21.51 17.22 20.90

SUI_terrainA_urbain 22.61 24.50 18.52 25.28 19.82 19.30 21.59 25.88 24.19

Ericson_Urban 23.79 26.61 17.25 28.16 18.85 20.28 22.41 30.06 24.91

OH_O_large_cities (300 < f < 1500) 33.21 30.62 37.60 28.69 36.91 31.73 34.63 27.84 32.10

Ericson_Suburban 43.74 49.90 28.76 50.86 35.90 39.20 41.16 52.56 46.66

Extended_cost231_hata_SU_rural 44.18 41.42 48.98 39.33 48.26 39.46 45.29 43.62 42.97

OH_U_small_med_cities 47.36 44.80 51.84 42.97 51.10 39.56 47.89 47.37 47.86

free_space 51.04 49.13 54.47 46.45 54.96 48.57 52.32 47.31 50.04

OH_SU_small_med_cities 59.77 57.46 63.88 55.85 63.19 48.96 59.58 60.03 62.30

Ericson_Rural 60.15 68.75 39.10 69.56 49.85 53.41 56.47 70.24 65.30

OH_O_small_med_cities 80.04 78.00 83.77 76.60 83.12 66.89 79.17 80.53 84.43

ECC_33_big_cities 154.56 158.76 146.30 164.47 144.74 119.52 145.66 167.50 174.48

3GPP_TR_38.901_Rma 158.66 190.61 64.26 149.27 166.91 133.11 194.65 82.32 75.71

ECC_33_medium_cities 204.74 209.87 194.70 215.66 194.05 165.75 194.76 219.24 227.49

Region Obstruction Frequency (GHz)
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Figure VI-6. Comparison of PL measurements and the proposed model for the SLSG and OUT regions.  

 

 

 

Figure VI-7. Comparison of PL measurements and the proposed model for the SLSG and OUT regions ; data is split between LOS and NLOS links.  
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Figure VI-8. Comparison of PL measurements and the proposed model for the SLSG and OUT regions according to frequency bands.  

 

 

 

Figure VI-9. Comparison of PL measurements and the DDS model for the SLSG and OUT regions.  



 

Figure 6 presents the measured and the predicted PLs for the 

SLSJ and OUT regions. The link distances in the OUT region 

are smaller due to the vegetation obstructions. As the links in 

OUT have more obstructions, the proposed model slightly 

underpredicts the PL in comparison to the predictions made for 

the SLSG region. Figure 7 illustrates the measured and 

predicted PLs by splitting the data between LOS and NLOS 

links for the SLSJ and OUT regions. The predicted PLs for the 

NLOS links are around 6 to 7 dB higher than those predicted 

for the LOS links. Figure 8 presents the measured and 

predicted PLs by splitting the data according to frequency 

bands for the SLSJ and OUT regions. The 5.8 GHz band has 

the highest PL values since it is the most sensitive to 

obstruction. The proposed model generalizes well since it still 

accurate for a different region (e.g., OUT). 

Table VII contains the RMSEs for the various optimization 

criteria. The total RMSE by region is 10.15 dB, which 

corresponds to an improvement of 6.89 dB compared to the 

best of listed PL models. The RMSE difference between the 

SLSJ and OUT regions is due to the high vegetation density in 

the OUT region. When splitting regionsô measurements 

according to obstruction or frequency bands, an additional 

improvement of 0.33 dB is obtained since model has been 

tuned with more specific data. 

Table VI-6 :  ZEK model parameters  

Splitting 

criterion  
A0 A1 A2 A3 A4 A5 

Region 137 1 2 -2 -15.9 6 

LOS 138 1 2.26 -2 -16 6 

NLOS 141 1.22 2 -2 -14 6 

5.8 GHz 137 1 4 -2 -15.46 6.28 

3.65 GHz 137 1 2 -2 -16 6 

2.4 GHz 137 1 2 -2 -15.85 6 

0.915 GHz 137 1 2 -2 -16 6 

Table VI-7 : RMSEs of proposed model under various data splitting 
criteria  

 
Splitting 
criterion 

SLSJ OUT Total 

Region Region 9.94 10.52 10.15 

Obstruction 

LOS 9.79 10.43 9.96 

NLOS 10.42 8.67 9.67 

All data 10.06 9.37 9.82 

Frequency 
band 

5.8 9.23 10.38 9.38 

3.65 9.28 10.73 9.8 

2.4 10.62 9.54 10.13 

0.915 7.24 8.17 7.51 

All data 9.86 9.74 9.82 

VI.5.2) Dynamic Distance Splitting (DDS)  

Since the PL is highly dependent on the radio link distance, 

which can exceed 18 km for long-range Wi-Fi, the available 

measurements are dynamically split into many intervals 

according to the path distance to improve the PL prediction 

accuracy. Hence, each data interval is optimized separately to 

extract its own parameters A0, é, A5. The number of intervals 

is optimized to minimize the overall RMSE. To predict the PL 

of a new link, the interval parameters that include the link 

distance are used. The new PL expression is then: 

ὖὒ ὃȟ ὃȟὰέὫὪ  ὃȟÌÏÇὨ 
 ὃȟÌÏÇὌ   ὃȟÌÏÇὬ  
 ὃȟÌÏÇὌ ÌÏÇὨ 

(44) 
where A0,i, A1,i, A2,i, A3,i, A4,i and A5,i are the PL model tuning 
parameters for the ith interval. Figure 9 presents the 
comparison between the PL measurements and DDS model 
results for the SLSJ and OUT regions. The DDS is tuned 
according to the SLSJ measurements and applied directly to 
the OUT region. It generalizes well despite the differences 
between regions in terms of vegetation and terrain and shows 
an additional improvement of 0.16 dB RMSE in the OUT 
region according to Table VIII.  

Table VI-8 :  Comparison of the RMSEs for the proposed and the DDS PL 
models  

 PLzek PLDDS 

SLSJ 9.94 9.81 

OUT 10.52 10.36 

Figure 10 presents the extraction of the optimal number of 

intervals by comparing the RMSE for the SLSJ region (training 

set) to the RSME for the OUT region (testing set). Its value is 

6, and the corresponding RMSE for OUT is 10.36 dB. When 

the number of intervals exceeds this optimal value, the DDS 

model becomes overfitted since the RMSE continues to 

decrease in the SLSJ region, whereas it increases in the OUT 

region. Therefore, the DDS model progressively loses its 

generalizability as it memorizes the learning set. 

 

 

Figure VI-10. Extraction of the optimal number of intervals  

 

Figure 11 compares the CDF of the PL measurements to the 

values obtained from the proposed PL models. The PLdds 
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model produces values closer to the measurements because 

splitting the available paths into many intervals increases the 

prediction accuracy. Furthermore, the proposed PL modelsô 

values vary faster than the measurements around their mean 

values since their standard deviations are bigger.  

 

 

Figure VI-11. CDF of PL measurements and values obtained from the 
proposed PL models  

VI.5.3) Comparison with other models  

The comparison of the RMSEs of the proposed PL models and 

the most accurate configurations of the listed PL models is 

presented in Table IX by region, obstruction level, frequency 

bands and whole datasets. The DDS algorithm improved the 

RSME of the proposed PLzek model by 0.2 dB for the whole 

dataset, while the proposed PLzek modelôs RSME is better than 

those of existing models by at least 6.8 dB. When the data are 

split according to regions, the RMSE for the proposed model 

PLzek is 6.6 and 7.5 dB better for SLSJ and OUT regions, 

respectively. For the LOS links, the improvement is 2.4 dB, 

while it is 6.5 dB for the NLOS links. The 0.915 GHz 

frequency band showed an improvement of 5.9 dB, while the 

accuracy improved by 7.0, 3.2 and 4.9 dB for the 2.4, 3.65 and 

5.8 GHz frequency bands, respectively.  

 Table VI-9 : Comparison of the RMSEs of the proposed PL models with 
the most accurate configurations of the listed PL models.  

 

An additional statistical analysis is carried out in Table X, 

where the proposed PL model values are compared to the PL 

measurements and to the values obtained through the best 

configurations of the listed PL models in terms of the 

coefficient of determination (R2), mean, standard deviation, 

MAE, min, max, and so on. The proposed models have 

positive coefficients of determination since their predictions 

are closer to the measurements, while the other models have 

negative R2s due to their high prediction errors. The same 

observation holds for the other statistical parameters, where the 

mean, standard deviation, min, max, and so forth are closer to 

those for the measurements than the statistical parameters 

obtained via other listed PL models. The mean absolute error 

(MAE) of the proposed PLzek model is 8.1 dB, which means 

that when designing new radio links, there can be a difference 

of 8.1 dB, on average, between the PL prediction and the real 

PL value. When LOS-NLOS or frequency splitting is 

considered, the MAE improves to 7.8 dB. 

 

Table VI-10 :  Descriptive Statistics for the proposed PL models and the 
best configurations of listed PL models.  

 

 

Figure VI-12. CDF of the PL measurements, proposed PL model values , 
and the most accurate listed PL model values.  

Figure 12 compares the CDFs of the values generated by the 

proposed PL models and the most accurate listed PL models 

PL models All SLSJ OUT LOS NLOS0.915 2.4 3.65 5.8

PLzek 10.2 9.9 10.5 10.4 8.7 8.2 9.5 10.7 10.4

PLdds 10.0 9.8 10.4 10.3 8.6 6.4 9.8 10.1 10.9

Walfisch 17.0 16.5 18.0 12.8 20.2 19.3 18.0 13.9 15.3

Okumura Hata 17.4 18.7 14.8 19.5 15.2 14.1 16.5 20.2 18.9

Cost231_hata 18.1 19.5 15.0 20.5 15.4 14.5 16.5 21.3 20.6

SUI 19.3 19.9 17.9 20.5 18.0 16.8 19.0 20.9 19.8

Log_distance 20.70 19.0 23.6 16.9 23.7 16.41 21.51 17.22 20.90

Ericson 23.8 26.6 17.3 28.2 18.8 20.3 22.4 30.1 24.9

free_space 51.0 49.1 54.5 46.4 55.0 48.6 52.3 47.3 50.0

ECC_33 154.6 158.8 146.3 164.5 144.7 119.5 145.7 167.5 174.5

3GPP_TR_38.901158.7 190.6 64.3 149.3 166.9 133.1 194.7 82.3 75.7

Region Obstruction Frequency (GHz)

R2 Mean Std Min 25% 50% 75% Max MAE

Plzek 0.19 117.80 6.90 96.90 113.00117.80122.00 136.7 8.1

PLdds 0.21 118.20 7.20 92.50 114.70118.70122.40 136.9 8.0

PL measures 1 119.17 11.40 72.36 112.64120.64127.33 148.7 0.0

Walfisch 0.0002 116.04 16.65 67.61 103.54117.62128.78 150.6 13.2

Okumura Hata -1.5 125.43 17.79 64.07 112.78126.15138.92 174.7 14.1

Cost 231 Hata -1.7 126.13 18.18 65.41 113.04126.60139.83 177.2 15.0

SUI -1.9 123.50 20.82 46.94 108.70124.98139.52 192.6 15.9

Log distance -2 102.16 11.35 65.71 94.15 102.36109.49 174.9 16.5

Ericson -3.8 136.28 18.31 76.05 123.36135.55148.54 185.1 19.7

Free space -18.3 69.76 10.45 38.67 62.79 69.82 76.97 101.7 49.4

3GPP TR 38.901 -180.3 158.45 154.26 67.98 106.7 122.6 143.1 1920.4 51.6

ECC 33 -196.6 272.20 24.19 191.40255.13271.29287.54 398.8 152.7
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with measurements. It clearly confirms the findings of the 

previous statistical analysis, especially for higher PL values, 

where the link distances and the vegetation obstructions are 

large. The differences between the measurements and the 

values generated by the other listed PL models are high since 

these models are developed and tuned for urban areas with 

more obstructions. Furthermore, their rural configurations are 

less accurate since they consider radio links to be mostly LOS 

links, contrary to the high vegetation densities in these areas. 

VI.6. Seasonal effect  

In the rural Canadian context, the extreme propagation 

conditions can be split according to the seasons into two 

groups: cold and hot. Since our research considers only long-

term extreme PL seasonal variations that last throughout entire 

cold or hot seasons, snow and rain falling are not accounted 

for, as they are of limited duration and their impact is reduced 

in our operation frequencies [66], [67]. The main long-term 

seasonal effects are the PL difference due to leaf growth during 

the hot season and snow accumulation and leaves falling 

during the cold season. During the hot season, the attenuation 

includes vegetation and buildings (for NLOS links) added to 

the free space effects. Thus, the hot season attenuation ὃ  is: 

ὃ ὃ ὃ ὃ   (45)  

where  ὃ , ὃ  and ὃ  are the free space, vegetation and 

building attenuations, respectively. During the autumn, leaves 

fall progressively, and the total vegetation attenuation 

decreases progressively to reach its value for the cold season. 

During the winter, the conifers, buildings and accumulated 

snow (for NLOS links) and free space attenuations are 

considered. The cold season attenuation ὃ  is given as 

follows: 

ὃ ὃ ὃ ὃ ὃ         (46)  

Where ὃ  and ὃ  are the conifers and the accumulated 

snow attenuations, respectively. Furthermore, most researchers 

have used laboratory-like environments, where all the 

influencing parameters are under control, and the path distance 

is many hundred meters. Yet, in wide-deployment networks or 

hard-to-access rural areas, most of these parameters are 

difficult to assess accurately. Consequently, in this paper, an 

easy and comprehensive PL model is developed by 

considering long-term extreme seasonal variations in PL 

measurements during winter and summer. 

Figure 13 presents the PL during the summer when the 

leaves are present and during the winter when the leaves have 

fallen and snow has accumulated. The PL difference between 

the two seasons is presented in the figure below; the total mean 

difference is about 3.92 dB, which means that when installing 

a wireless link during the winter, a margin of at least 3.92 dB 

must be considered for the PL attenuation increase during the 

summer. After splitting the radio links according to obstruction 

levels, the mean seasonal differences in the PL are 1.22 and 

5.14 dB for the LOS and NLOS links, respectively. Hence, 

margins of 1.22 and 5.14 dB should be considered for the 

summer. Figure 14 presents the CDFs of the PL measurements 

for the summer and winter seasons for the entire dataset and 

for when the data are classified according to line of sight 

obstructions (LOS, NLOS). It reflects the expectations that the 

margin for NLOS links between summer and winter should be 

bigger than the one for the LOS links. Furthermore, the 

minimal and maximal PL means are sorted logically in the 

following ascending order: Winter LOS, Summer LOS, Winter 

all data, Winter NLOS, Summer all data and Summer NLOS.  

 

Figure VI-13. Path loss variation in the summer and the winter seasons.  

 

 

Figure VI-14. CDFs of PL measurements by season and obstruction.  
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VI.6.1) Model optimization according to 

seasonal variation  

To model the long-term PL variations between summer and 

winter, the measurements are split into the two corresponding 

groups. Then each group is split according to the obstruction 

level (LOS, NLOS). Later, the proposed model is tuned for 

each group by using the least squares algorithm implemented 

by the curve fit function in the optimization module of SciPy 

[65]. Therefore, four groups of parameters are obtained: LOS 

Summer, LOS Winter, NLOS Summer and NLOS Winter. 

They are presented in Table XI, where the NLOS and Summer 

parameters are generally greater than LOS and winter ones. 

Table VI-11 : The proposed mo del parameters for seasonal variations  

 A0 A1 A2 A3 A4 A5 

Summer LOS  137 0.01 4 -2 -14.94 6 

Winter LOS  137 0.01 3.96 -2 -16 6 

Summer NLOS  141.06 0.1 2 -1 -14 6 

Winter NLOS  138.4 0.1 2 -2 -14 6 

Similarly, Figure 15 presents four groups of curves, where 

each one compares the measured and predicted PLs according 

to seasonal variations, line of sight obstructions (LOS and 

NLOS) and regions (SLSJ and OUT). The predicted PLs 

during the summer are higher, as leaves are growing. Similarly, 

the PL seasonal variation is bigger for NLOS links than it is for 

LOS ones. This variation increases for greater distances since 

more vegetation can be present along the signal path. 

Table VI-12 : RMSEs for the prop osed model with seasonal variations in 
the SLSG and out regions  

 Winter Summer Total 
PLzek 

(No seasonal effects) 

SLSJ 9.21 9.71 9.44 9.94 

OUT 9.39 9.58 9.50 10.52 

All data - - 9.46 10.15 

Table XII shows that our model accuracy has been 
improved by 0.69 dB (in terms of the RMSE) when seasonal 
effects are considered. The RMSE for the entire dataset is 
about 9.46 dB, whereas it is 10.15 dB without taking seasonal 
effects into consideration. When taking the seasonal effects 

into consideration, the MAE drops to 7.5 dB, whereas the 
MAEs are 8.1 and 8 for the PLzek and PLdds models, 
respectively. 

VI.7. Validation with international independent 

measurements  

In order to verify the generalizability of our model, it is tested 

with independent and open PL measurements for mobile 

communication technology from seven different regions in 

England with radio link distances of over 25 km. 

Measurements were made during summer and winter, and they 

include rural, urban and suburban areas with various 

obstructions, such as vegetation, buildings, hills, and so on. 

Frequency bands range from 449 MHz to 5850 GHz. A 

complete description of the measurements is available in [68]. 

Table XIII presents a comparison of the RMSEs between our 

proposed model and the most accurate PL models among all 

the models listed in this paper. In each location, all the 

configurations of the proposed PL model are compared to all 

listed PL models, but, for the sake of simplicity, only the most 

accurate configurations have been included in this table.  This 

comparison includes many frequency bands, the obstruction 

type and the season for all concerned regions. According to this 

comparison, our model is among the most accurate, with a 

steady performance in various environments despite the 

following issues: 

1) The differences between technologies: our model has 

been optimized for Wi-Fi technology, whereas the test 

measurements were taken for mobile GSM. 

2) The difference between countries: our model has been 

optimized in Canada, whereas the other measurements 

were made in England. 

3) The diversity in topography: dense urban, suburban, 

dense rural, high vegetation, mountainous, and so forth. 

4) The difference in antennasô heights: various heights 

were used for our model, and 1.5 m was used for the 

receiver antenna heights in England dataset. 

5) The heterogeneous nature of our measurements and the 

homogeneous test data. 

6) The wide frequency range, which is extended from 450 

MHz to 5.8 GHz. 

 

Table VI-13 :  Testing proposed PL model with international measurements for mobile communication technology from seven different regions i n 
England.  

Region 
Line of 
sight 

Season Model 
Frequency (MHz) 

449.425 915.950 1802.50 2695 3602.5 5850 

Scar Hill NLOS 
Mostly 
summer 

PLZEK LOS 19.05 16.35 18.83 17.77 23.76 29.12 
PLZEK NLOS 21.19 16.61 16.76 15.05 20.87 25.75 

PLZEK winter_NLOS 18.22 16.68 20.5 19.89 26.01 31.76 
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PLZEK summer_NLOS 20.18 16.39 18.01 16.84 22.88 28.28 

PL_log_distance 14.39 14.46 16.02 9.63 13.58 22.95 
Ericson urban 26.72 22.20 16.31 14.61 13.61 12.04 

London NLOS 
Winter - 
summer 

PLZEK LOS 11.69 13.97 17.34 - 22.19 25.74 
PLZEK NLOS 12.36 12.64 14.89 - 19.07 22.25 

PLZEK winter_NLOS 11.92 15.21 19.09 - 24.42 28.24 
PLZEK summer_NLOS 11.99 13.22 16.21 - 21.04 24.62 

Ericson urban 12.96 11.78 8.32 - 7.82 9.63 

Boston LOS 
Mostly 
winter 

PLZEK LOS 17.72 15.29 - 13.09 15.48 19.36 
PLZEK NLOS 20.40 16.65 - 12.56 13.75 16.9 

PLZEK winter_LOS 16.13 14.31 - 13.74 16.92 21.33 
PLZEK summer_LOS 16.27 14.33 - 13.62 16.76 21.15 

Walfish_LOS 11.43 14.65 - 15.53 17.65 18.93 

Merthyr 
Tydfil  

NLOS 
Winter - 
summer 

PLZEK LOS 16.09 18.04 19.22 17.96 26.26 30.13 
PLZEK NLOS 16.65 16.59 16.55 15.02 22.89 26.55 

PLZEK winter_NLOS 16.23 19.27 21.17 20.16 28.73 32.84 
PLZEK summer_NLOS 16.33 17.33 18.18 16.95 25.23 29.22 

Log_distance 41.91 37.74 29.86 22.504 36.52 33.91 
COST 231 suburban 

rural 
- - 21.92 - - - 

OH suburban 14.91 13.26 - - - - 

Nottingham 
LOS - 
NLOS 

Winter - 
summer 

PLZEK LOS 18.61 13.11 15.67 15.71 21.71 25.37 
PLZEK NLOS 21.68 14.4 13.98 13.55 18.67 22.00 

PLZEK winter_LOS 16.79 12.56 17.17 17.63 24.24 28.28 
PLZEK winter_NLOS 17.21 12.9 17.13 17.5 23.94 27.89 
PLZEK summer_LOS 16.96 12.56 17.02 17.46 24.05 28.08 

PLZEK summer_NLOS 20.27 13.61 14.94 14.91 20.74 24.47 

 22.60 
(OH suburban) 

18.71 
(OH suburban) 

24.40 
(COST 231 

suburban rural) 

27.59 
(Log 

distance) 

45.71 
(Ericson 

suburban) 

24.53 
(Log 

distance) 

ericson_urban 26.98 21.48 15.03 14.78 12.38 12.01 

walfish_LOS 
9.82 

(OH open area) 
13.37 

(OH open area) 
26.04 24.13 29.34 29.88 

Southampton 
LOS - 
NLOS 

Winter - 
summer 

PLZEK LOS 12.3 17.00 18.55 18.07 25.90 30.98 
PLZEK NLOS 13.46 15.64 15.96 15.20 22.61 27.39 

PLZEK winter_LOS 11.65 17.88 20.68 20.54 28.59 34.05 
PLZEK winter_NLOS 12.22 18.18 20.37 20.14 28.26 33.62 
PLZEK summer_LOS 11.64 17.74 20.50 20.35 28.39 33.85 

PLZEK summer_NLOS 12.84 16.31 17.49 17.04 24.86 30.04 

Log_distance 
10.04 

(OH suburban) 
9.61 

(OH suburban) 

15.20 
(COST 231 

suburban rural) 

27.75 34.41 22.98 

ericson_urban 14.44 12.31 9.27 8.91 9.77 11.27 

walfish_LOS 
14.62 

(OH open area) 
20.21 

(OH open area) 
32.16 29.33 34.06 36.01 

Stevenage NLOS 
Winter - 
summer 

PLZEK LOS 19.61 15.51 18.27 17.59 25.86 31.22 
PLZEK NLOS 22.50 16.25 15.87 14.82 22.49 27.53 

PLZEK winter_NLOS 18.36 15.59 20.02 19.63 28.26 33.92 
PLZEK summer_NLOS 21.18 15.78 17.29 16.59 24.80 30.29 

Log_distance 
19.56 

(OH suburban) 
15.52 

(OH suburban) 

18.48 
(COST 231 

suburban rural) 

26.47 29.59 23.37 

ericson_urban 21.68 
(COST 231 urban) 

18.15 
(COST 231 urban) 

11.23 10.74 10.46 11.20 

walfish_LOS 
10.09 

(OH open area) 
16.41 

(OH open area) 
30.46 27.70 33.81 35.93 
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Figure VI-15. Comparison of PL measurements and predictions for seasonal variations of NLOS and LOS links in SLSJ and OUT regions  

VI.8. Conclusion  

Wireless networks operating below 6 GHz present an attractive 

solution for connecting people in rural regions. Therefore, 

wireless engineers need assistance in choosing a convenient PL 

model for their purposes from among the many available 

models. This paper provides a step towards dealing with this 

issue. 

This paper reviews the available PL models and discusses 

the effects of vegetation on radio signal attenuation. In 

addition, long-term extreme PL seasonal variations that last 

throughout entire cold or hot seasons are considered since this 

issue has not been covered well in the literature. The accuracies 

of best known PL models are characterized for FWAs of 

various frequencies and configurations in two different rural 

regions in Canada. Then the light is shed on how to derive a 

useful PL model for the rural area by proposing a new PL 

model. The improvement brought by this new model is about 

7.2 dB in terms of the RSME. Taking the seasonal effect into 

consideration adds an additional improvement of 0.69 dB. The 

model is tested on datasets from different regions in England, 

and it provides predictions with very high accuracy. The 

proposed model is valid for frequencies below 6 GHz, CPE 
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heights of 3-81 feet, AP antenna heights of 3-220 feet and link 

distances below 34 km. Future research could consider a 

solution for the user association and AP selection in order to 

improve the QoS in difficult rural environments. 
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Résumé  : La planification et l'optimisation des liens sans fil impliquent plusieurs 

paramètres difficiles à estimer. Dans cet article, nous proposons deux algorithmes basés sur 

l'apprentissage automatique supervisé qui prédisent le succès de lôassociation des utilisateurs 

au réseau FWN par l'analyse de la satisfaction des utilisateurs et de leurs statuts 

dôabonnements, en plus de plusieurs autres informations combinées avec les paramètres 

radiofréquences classiques. Le premier algorithme est basé sur le concept du proche voisin, 

où une nouvelle fonction de distance est proposée en fonction des distances géographiques 

entre les utilisateurs voisins. Lors du deuxième algorithme, nommé le proche voisin profond, 

nous extrayons la fonction de distance par un réseau de neurones artificiels. La précision de 

ces algorithmes est de 86 % selon les données recueillies auprès d'un vaste FWN au Canada. 

De plus, nous concevons un schéma de sélection dôAP basé sur lôapprentissage par imitation 

profonde pour prédire la réussite d'une association utilisateur-AP. Ce modèle a une meilleure 

précision, soit de 94%, car il considère une grande variété de paramètres et de conditions. 

 

Préambule  : Cet article est accepté pour publication dans un journal scientifique selon 

les modifications demandées. Les performances des liens radio dépendent, en plus de la perte 

de propagation, dôune large variété de paramètres hétérogènes. Lôobjectif sp®cifique est alors 

dôoptimiser lôassociation des utilisateurs et la s®lection dôAP, puis extraire les intervalles de 

validité des liens sans fil en fonction de ces paramètres. Les sujets abordés sont les suivants 

: 
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- Les paramètres qui entrent en jeu 

- Le traitement des données 

- La conception, lôoptimisation et la validation des algorithmes propos®s  

En premier lieu, nous proposons une approche simple dôassociation dôutilisateurs 

bas®e sur lôalgorithme du proche voisin. Deux m®thodes sont ensuite utilis®es. La premi¯re 

est empirique qui optimise les poids des voisins selon leurs distances géographiques. La 

deuxième est basée sur la ML. Elle extrait la fonction de distance par un réseau de neurones 

artificiels (en anglais Artificial Neural Network ou ANN) qui a fait ses preuves dans plusieurs 

domaines. Par la suite, nous traitons le choix dôAP en utilisant lôapprentissage par imitation 

profonde. Nous déduisons la nécessité des paramètres supplémentaires, qui décrivent les 

utilisateurs, le réseau et le service, en plus des paramètres radio classiques qui évaluent la 

qualité des liens radio.  
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Association and Access Point Selection in Heterogeneous Fixed Wireless Networks », 
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ABSTRACT  Fixed Wireless Networks (FWNs) provide an alternative means of 

establishing easy internet connectivity for consumers in rural and harsh propagation 

environments. Intensive technical expertise is therefore crucial for the planning and 

optimization of such wireless links, as this involves multiple parameters that are 

difficult to estimate. It should be noted that a connection to a convenient Access Point 

(AP) to an FWN is necessary to the establishment of efficient communication services. 

In this paper, we propose two algorithms that predict the success of a user association 

within an FWN via the analysis of user feedback and subscription status, in 

combination with radio frequency parameters. These approaches are based on 

supervised machine learning and data collected from a wide FWN in Canada. The first 

algorithm is based on the Nearest Neighbor concept, for which a new distance function 

is proposed. In the second algorithm, named Deep Nearest Neighbor, we extract the 

distance function with an artificial neural network. The accuracy of these algorithms is 

86% each. Additionally, we develop an AP selection scheme based on deep imitation 

learning to predict the feasibility of a user-AP association. This model has a better 

accuracy of 94% since it combines a wide variety of parameters, use cases and 

conditions. 

INDEX TERMS user association, access point selection, fixed wireless networks, 

nearest neighbor, artificial neural networks, deep imitation learning. 
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VII.1. Introduction and context  

Fixed Wireless Networks (FWNs) can effectively provide 

amenities to populations in remote and rural areas and facilitate 

essential services, such as health care, as well as economic 

activity. Advanced techniques have been developed to satisfy 

their requirements and allocate limited resources efficiently 

[1]. In addition, FWNs can be implemented easily under the 

difficult propagation conditions found in rural areas as well as 

extreme circumstances and disasters [2], [3]. Due to its 

numerous advantages, many internet providers are shifting 

their focus toward FWN, such as Bell Canada with their 

Wireless Home Internet technology [4]. 

Efficient planning and deployment of FWNs is a complex 

and costly process in terms of time and resources. 

Regrettably, it is not a well-covered subject, as most studies 

within the field focus on mobile networks. Convenient 

planning allows Access Points (APs) to cover given areas for 

optimal resource allocation, while satisfying the required 

quality of service (QoS) for subscribers. Many pertinent 

parameters are involved, such as AP location, antenna 

selection and power consumption. In mobile networks, these 

parameters are typically optimized on the AP side before 

deployment since few of them can be tuned later [5]. 

Whereas, in FWN, these parameters can be tuned on both 

sides (i.e., subscriber and AP). Hence, FWNs require 

additional investments on the user side to deploy convenient 

receiver equipment with a given user-AP association (UA) 

policy. However, if the required QoS is not respected, the 

transmission performance drops and investments are lost. 

Therefore, a prediction method is required, not only for AP 

but also for the success of FWN access given a target QoS on 

the subscriber side. 

Such a prediction method must focus on subscribers whose 

signals are not powerful enough to easily confirm their 

subscriptions but not weak enough to unsubscribe them due 

to lack of QoS. For such power levels, other parameters may 

influence the QoS and the subscription decision, such as 

antennas heights, line-of-sight obstruction, the number of 

connected users, the link distance and so forth. In such a 

situation, since the subscribers can best judge the quality of 

their service, their quantified feedback (e.g., number of 

assistance calls, number of maintenance or support requests, 

and so on) and subscription statuses are important indicators 

when evaluating QoS satisfaction. This study combines the 

well-known radio signal parameters (e.g., received signal 

power) with subscribersô information to obtain automated 

and accurate subscription success predictions. 

When considering performance analyses and 

improvements to wireless networks, Machine Learning (ML) 

is an invaluable asset because it can deal with complex issues, 

infer knowledge, and learn rules from input datasets without 

explicit programming, e.g., for resource management, 

mobility and UA policy [1]. For designers, deep learning is 

more accessible than ever due to advancements in data 

storage and computer architecture as well as the availability 

of convenient datasets. Artificial Neural Networks (ANNs) 

can provide approximate performances with highly complex 

algorithms, as wireless networks are sensitive to 

environmental changes. Furthermore, ANNs allow a userôs 

quantified feedback to be mixed with radio signal parameters 

in order to provide a prediction of FWN subscription success. 

For an in-depth study of the application of supervised, 

unsupervised and reinforcement ML algorithms in wireless 

networks, refer to Zappone et al. [6]. 

This paper proposes ML-based approaches for UA and AP 

selection by considering the subscription statuses, feedback 

and pertinent information of users in the QoS assessment of 

an FWN. The target is to predict whether a subscriber with a 

required QoS can be satisfied and associated with the FWN, 

then later select the most convenient AP. A new area can be 

outfitted with FWN through the use of the proposed 

algorithms in the selection of convenient configurations. 

Samples of the FWN dataset for two remote locations in 

Canada provided by a large-scale internet service provider 

are used to develop the approaches. There are two main user 

classifications: satisfied and unsatisfied. Members of the 

former group maintain their subscription statuses, while 

members of the latter group request disconnections. Two 

supervised UA algorithms are investigated. The first one 

relies on the Nearest Neighbor algorithm for which the 

distance function is based on the geographical distance 

between neighboring users. In the second algorithm, named 

Deep Nearest Neighbor, we extract the distance function with 

an ANN. Next, a new scheme based on deep imitation 

learning is proposed to select the most convenient AP that can 

be associated with and satisfy a given FWN subscriber. By 

using this scheme, the connectivity conditions, which depend 

on several conditions and parameters, making them difficult 

to ascertain, are estimated according to many performance 

indicators. 

Our main contributions are summarized as follows: 

Å We compare the accuracies of several ML-based UA 

algorithms within the context of our study. 

Å We propose two UA algorithms based on Nearest 

Neighbor and ANN. The first one is named the Weighted 

Geographical Radius K-Nearest Neighbor (WGRKNN) 

algorithm. The second algorithm is named Deep Nearest 

Neighbor (DNN). 

Å We describe a new deep imitation learning-based AP 

selection scheme that optimizes resource allocation in 

rural areas for a heterogeneous FWN.  

Å We extract the boundaries between connected and 

disconnected users according to a wide range of 

parameters with many performance indicators. 
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To the best of our knowledge, we are the first to combine 

subscriber subscription status and feedback information with 

traditional QoS indicators to optimize FWN UA and AP 

selection. 

This paper is organized as follows: Section II introduces the 

state of the art. In Section III, we provide details on FWNs, 

data collection and processing, use scenarios and the system 

model. In Section IV, we present two new UA algorithms. 

Section V explains the deep imitation learning to be used for 

AP selection. Finally, conclusions are drawn in Section VI. 

VII.2. State of the art  

In order to efficiently distribute the load between APs covering 

the same area, many UA algorithms have been proposed [1]. 

For instance, Zoppone et al. [6], analyzed the performance of 

a ANN transmitter-receiver UA assigner with six hidden layers 

(HLs). Maghsudi et al. [7] proposed a UA rule based on mean-

field, multi-armed bandit games to solve the uplink cell 

association problem in ultra-dense small cells. Li et al. [8] 

proposed a distributed UA algorithm for balancing loads in 

vehicular networks that employed online reinforcement 

learning. Zhao et al. [9] developed a distributed optimization 

framework based on multi-agent deep reinforcement learning 

to maximize the long-term overall cellular network utility 

while guaranteeing usersô downlink QoS. Kim et al. [10] 

developed several UA policies for wireless networks by 

focusing on balancing flow-level cell loads under spatially 

heterogeneous traffic distributions. Attiah et al. [11] provided 

a survey of UA mechanisms and spectrum-sharing approaches 

for mmWave networks. 

In Wi-Fi networks, UA is mostly used in densely deployed 

AP networks. Many scenarios have been studied according to 

specifications, services, applications or QoS [12], [13]. Xu et 

al. [14] studied UA in densely distributed Wi-Fi APs from an 

energy efficiency perspective with the goal of turning off as 

many APs as possible without compromising QoS. Kafi et al. 

[15] presented an online centralized UA scheme based on 

reinforcement learning to minimize subscriber dissatisfaction. 

Xu et al. [16] considered channel assignments and UA to 

balance the loads of APs operating on different channels. The 

authors of [17] and [18] made use of reinforcement Q-Learning 

for designing UA algorithms that considered different 

scenarios. Lye et al. [19] concluded that the literature is limited 

regarding proposals for efficient large-scale AP deployment. 

They proposed an energy-efficient APs management (ON or 

OFF) by using the historical association records of a wide Wi-

Fi system. Theoretical optimization framework and 

approximation algorithms of resource allocation in dense Wi-

Fi networks are provided in [20] and [21]. The UA is also 

investigated in multiple radio access technologies (multi-RAT) 

networks such as in [22] and [23]. Bojovic et al. [24] outlined 

an AP selection scheme with an ANN trained on Wi-Fi 

measurements and throughput performance provided by a 

simple wireless router. Tang et al. [25] optimized the 

throughput over the Wi-Fi network through joint AP selection 

and bandwidth allocation. The authors of [26] proposed a novel 

approach that halts exploration when a suitable AP is found 

and resumes it after some unsatisfactory association periods, 

and the authors of [27] optimized the AP association through a 

centralized potential game. Zheng et al. [28] formulated 

channel selection and UA as an adversarial problem, which 

captures the uncertainty of channel states, along with 

individual parameters of APs and stations. 

Khalili et al. [29] studied UA and resource allocation in a 

HetNet to maximize the data rates of small cell users while 

protecting macro-cell users via a threshold on cross-tier 

interference. Chaieb et al. [30] formulated a joint optimization 

problem to maximize the number of associated users while 

minimizing the number of allocated timeslots in a hybrid 

HetNet. Zhang et al. [31] focused on maximizing energy 

efficiency while respecting the QoS under interference and 

power limitations for an mmWave NOMA HetNet. Huang et 

al. [32] considered optimizing UA in a HetNet via utility 

maximization. They reformulated the optimization problem as 

a cross-entropy minimization aiming to learn the probability 

distributions of the variables in the optimal association. An 

efficient solution using stochastic sampling is introduced to 

solve the learning problem. 

VII.2.1) Discussion and motiv ation  

Existing UA and AP selection techniques are mainly 

investigated for mobile networks, densely deployed Wi-Fi 

local area networks, and multi-RAT networks, where an 

inappropriate configuration could result in AP overloading, 

resource underutilization or excessive interference. Since, 

traditionally, receiver terminals tend to connect to the AP with 

the highest received signal, many approaches have been 

proposed to optimize criteria such as latency, throughput, 

power consumption, channel allocation, traffic load, etc. To the 

best of our knowledge, none of these approaches have 

considered all possible real-life constraints simultaneously. 

Since the conventional procedure starts with an objective 

function to be optimized according to a unique scenario, the 

pertinent network parameters are tuned according to the QoS 

indicators to maximize the parameter being considered. 

Objective functions include the optimization of radio resource 

allocations, latency, interference, power consumption, load 

balancing, RAT cohabitation and the number of APs. The 

network parameters and performance indicators are diversified 

and cannot be included together in one optimization problem. 

Hence, relaxation techniques and multi-objective 

optimizations have been used [20], [21], [30] [32]. The 

proposed algorithms have been validated by simulations only, 

and they are rarely used in real-life implementations. 
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UA is seldom used in FWNs since APs are manually 

selected during on-site tests of the installation. This operation 

requires the mobilization of several technicians, increasing 

the network deployment costs and wasting investments if 

tests do not lead to subscriptions. Furthermore, many tests 

produce doubtful results that complicate usersô network 

subscription decisions. More precisely, if users fail to 

subscribe to the service, then all investments are lost, while, 

if they do subscribe, they may be unsatisfied with the QoS. 

Whereas UA techniques can automate this decision and 

prevent useless operations. Therefore, mixing usersô 

feedback with well-known radio parameters may avoid 

unfavorable outcomes because users are in the best position 

to judge the QoS of their wireless connections. The 

heterogeneous nature of these two information streams 

makes an ANN the obvious solution for mixing them to 

produce accurate predictions of UA with less computation 

complexity.  

 The AP selection is often based on the received signal 

power or signal-to-noise ratio (SNR). Whereas, in real life, 

many other parameters are involved, such as the frequency 

band efficiency, number of connected users, line of sight, and 

synchronization rate. Unfortunately, it is difficult to consider 

these parameters simultaneously while trying to ensure the 

QoS of a radio link, especially in the case of a difficult 

subscription decision. Furthermore, after customer-premises 

equipment (CPE) installation, some conditions may change. 

For instance, more users can be connected to the same AP, 

decreasing individually supplied bandwidths. Furthermore, 

leaves may decrease the received signal power during warm 

seasons, affecting the whole AP traffic, even in places where 

good radio signals are present. Moreover, interference may 

become a problem when APs are deployed in the same area 

or new radio devices are installed by users, such as wireless 

thermometers and cameras. For mobile networks, advanced 

network optimizations or AP upgrades are used to combat 

these issues since service providers do not control the user 

side. Whereas, in FWNs, CPEs can be modified or 

delocalized. However, if a user is unsatisfied, their 

subscription may be dropped, resulting in the loss of all 

investments.  

In order to overcome these challenges, we use ML 

techniques to predict whether a given user with a required 

QoS can be satisfied (and then subscribed). For this aim, two 

ML-based UA algorithms are proposed, and the scenario is 

simplified into a binary decision to connect or not connect a 

potential user based on his GPS coordinates and connection 

speed. Then an AP selection scheme is proposed through a 

deep imitation learning agent trained with a wide variety of 

APs, users, and service information from a wide FWN used 

in two different rural regions in Canada. Hence, by using a 

supervised ML based on quantified usersô feedback, real 

radio parameters measurements, pertinent feature selection 

among tens of parameters and a convenient tagging policy, a 

wide variety of practical implementation challenges and 

optimization scenarios can be considered simultaneously. 

VII.3. Preliminaries  

VII.3.1) Fixed Wireless Networks (FWNs)  

A typical fixed radio link for an FWN is presented in Fig. 1. 

The AP supports long-range Wi-Fi, or LTE communication, 

with many CPEs providing broadband internet connectivity to 

fixed locations [3]. It can be installed in a high place, such as a 

communication tower, tree or roof of a house, with a good line 

of sight (LOS) toward the area to be covered. A CPE can be 

installed on a high spot, such as a roof, or tree, then hardwired 

to usersô inside equipment, such as wireless routers or 

computers. The lines of sight contain hills, plains, and lakes, 

and they are mostly covered with trees. The propagation 

environment varies between two extreme conditions during the 

winter and the summer: extremely cold and snowy weather 

with conifers, and hot and rainy weather with deciduous leaves, 

respectively.  

 

 
Figure VII-1.Typical fixed wireless radio link between a given AP and a 
CPE 

 

The heterogeneity of FWN depends on the frequency bands 

915 MHz, 2.4 GHz and 5.8 GHz, in addition to the licensed 

3.65 GHz band, for diverse radio signal penetration. Higher 

frequencies are mostly used for LOS links, whereas lower ones 

are used for non-LOS (NLOS) links, as they have better 

penetration. The bandwidth ranges between 5 and 80 MHz for 

diversified throughput options. Antenna heights range from 

few feet to more than one hundred feet. Many AP and CPE 

antennasô gains, GAP and GCPE, respectively, and radio 

transmitted powers PAP and PCPE, respectively, are used for 

various radio link configurations. They have one or two 

streams for multiple input-multiple output (MIMO) diversity. 

The distance between radio links ranges from a few meters up 

to 34 km. More details are provided in our previous works [3] 

and [33].  
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Figure VII-2. Typical FWN deployment in a rural area  

 

Fig. 2 shows a typical FWN deployment in rural area. In this 

scenario, many APs are deployed to deliver broadband internet 

to all the houses in the target region. Since wireless links can 

be obstructed, some houses cannot pick up coverage, even 

when they are inside the coverage area. In some cases, 

subscribers can experience decreases in QoS due to a variety 

of reasons, including interference and path loss attenuation, 

that lead them to unsubscribe. In other cases, a given house 

might be situated in an overlapping coverage area, where many 

APs operate at the same time, or an area with decreased signal 

power. Consequently, prediction algorithms are required to 

decide if a given location can be subscribed to an FWN with a 

given QoS, then select a convenient AP or configuration that 

guarantees this QoS.  

VII.3.2) Data collection  

The collected data was extracted from the database and radio 

link measurements of an internet service provider for two rural 

regions of Quebec Province in Canada: Saguenay-Lac-Saint-

Jean (SLSJ) and Outaouais (OUT). Fig. 3 and 4 show the 

distributions of thousands of wireless links in these two 

regions. The dataset describes user profiles, provided services 

and network deployment. Firstly, it was cleaned to remove 

inaccurate sample points and ensure the reliability of the 

collected data. As an example, validity intervals are verified, 

for instance, the height of an antenna installed on a house 

cannot exceed 50 feet. In addition, it is adapted to the used tools 

such as replacing special character. It is also transformed as 

needed, such as the transformation of distances from km to 

meters. Some missing information is inferred, such as the 

distance between two GPS coordinates, the season and the 

subscription duration beyond a set date. Next, the data is scaled 

with the Scikit learn library in Python to improve the ML 

algorithmôs convergence [34]. 

 

  
Figure VII-3. Distribution of wireless links in the SLSJ region  

 

Despite the advantages of using a real-life dataset, many 

challenges are present due to the recurrence of human 

operatorsô mistakes and the lack of certain information due to 

the fact that the industrial environment is constantly changing. 

Therefore, some pertinent information was not collected in the 

past because it was not relevant at that time. For example, the 

Google API was used to extract GPS coordinates for civic 

addresses since they had not been collected, even though they 

are necessary for the calculation of distances. In addition, the 

radio links are upgraded regularly, but sometimes their 

information is not updated due to human error; in such cases, 

the dataset is updated by inference. Likewise, suspicious 

sample points are eliminated. For instance, some radio links 

are established on the secondary radiation patterns of APs, so 

only the links included in their main lobes are retained. Eighty 

percent of the dataset is used to train the learning algorithms, 

while the remaining 20% is used for testing. 

 

 

Figure VII-4. Distribution of wireless links in the OUT region  
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VII.3.3) Wireless link prediction scenarios  

Two scenarios are considered in this paper. The first one is 

illustrated in Fig. 5; it aims to predict a successful subscription 

to the FWN for a given connection speed at a given location. 

Traditionally, this scenario requires a wireless planning 

software to establish AP coverage; such software requires 

considerable resources to cover license costs, simulation times, 

computing complexity and storage. Furthermore, a manual 

field test is then needed, which involves many qualified 

technicians in the field and head office. This scenario can be 

simplified greatly with supervised ML algorithms trained with 

the GPS coordinates and the connection speeds of all the 

sample points in the coverage area. Output classes correspond 

to subscription statuses. After training, a new locationôs 

subscription status (connected or not) is predicted through its 

GPS coordinates and the required connection speed, which 

reflects the satisfaction of the potential user with the QoS of 

his wireless link. To do so, the algorithm uses distances to 

neighboring users. Generally, the smaller the distance, the 

greater the similarity between users, and two ML algorithms 

based on Nearest Neighbors and ANN are optimized to exploit 

this assumption. 

Algorithm 
Scenario 1

User information:
GPS coordinate

Service information:
Connection speed

Subscribed 
/ 

Unsubscribed

 

Figure VII-5. Scenario 1ôs scheme 

 

The second scenario, which is presented in Fig. 6, predicts 

whether a given AP leads to an acceptable QoS level for a 

given user. Traditionally, such a prediction is made with the 

received signal power or the SNR of all APs covering the 

location. Whereas, in real life, many parameters are involved 

in the QoS estimation, and many cases lead to doubtful QoS 

indicators, as explained previously. Hence, the ML algorithm 

must consider and mix real-life information with classical 

radio signal parameters to accurately predict the success of a 

given user-AP association. For this aim, it is trained with users, 

APs, service information and usersô subscription statuses as 

outputs. This approach has better accuracy than previous ones, 

as it includes user feedback. This quantified feedback is 

collected through usersô interactions with support services 

(e.g., calls, support and maintenance requests). Consequently, 

good QoS ensures the satisfaction of users, who then maintain 

their subscriptions. Whereas bad QoS lead to unsatisfied users 

who unsubscribe and lost investments.  

The algorithm for this scenario can also be used as a 

recommendation system for the best AP equipment to use to 

cover new areas, as it is able to infer the probability of success 

for a given AP configuration. Thus, the AP leading to the 

highest probability of success is maintained. The same process 

can be used to infer the best CPE configuration leading to the 

highest subscription probability for a new user.  

Algorithm 
Scenario 2

User information

Service 
information

Link 
success

AP information 
 

Figure VII-6. Scenario 2ôs scheme 

VII.3.4) System model  

Let fi ρȟςȟσȟȣȟὯȟȣȟὑ , + ρȟςȟσȟȣȟώȟȣȟὣ and 

ꜞ ρȟςȟσȟȣȟὦȟȣȟὄ denote the sets of available users, 

their subscription statuses and network APs, respectively. Each 

user is either subscribed and satisfied with the QoS or 

unsubscribed due to bad QoS. In the first scenario, each user is 

described by their GPS coordinates and connection speed. Let 

ד ρȟςȟσȟȣȟὶȟȣȟὙ and ꞉ ρȟςȟσȟȣȟὫȟȣȟὋ ÂÅ the 

sets of connection speeds and the GPS coordinates, 

respectively, where each GPS coordinate consists of latitude 

and longitude, i.e., Ὣ ὥȟέ. Each potential user has a set of 

ascending distances with all their neighboring users, namely, 

꜠ ρȟςȟσȟȣȟὨȟȣȟὈ , that is computed based on the GPS 

coordinates set ꞉.  

Most UA and resource allocation systems are based on the 

data rate and SNR [9], [29], [30], [31], [32]. The data rate Ὑ of 

user k, in its most basic form, is given by: 

Ὑ ὡÌÏÇρ 3.2 , (1) 

where W is the bandwidth. The SNR computation hides some 

complications, such as the estimation of the received signal 

power, which depends on the type of area (e.g., urban, rural); 

LOS obstruction; frequency band and so on. The noise can be 

generated by any radio signal that disturbs the main signal. 

Some researchers consider thermal noise only, while others 

also consider the interference. In the latter case, the signal-to-

noise and interference ratio (SNIR) is considered. An accurate 

assessment of this ratio is important when attempting to predict 

the data rate, but it requires a detailed estimate of all possible 

interference in addition to the path loss propagation. This 

assessment is difficult since the radio environment is 

ñpollutedò with many kinds of interfering signals, especially 

since the FWN frequency bands are mostly open and the path 

loss propagation is dependent on many difficult-to-predict 

parameters. To ensure QoS expectations are met despite the 

SNIR complications, we use the measured data rates of 

potential users and infer subscription classes according to 

scenarios 1 and 2.  
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VII.3.5) Rule-based data tagging  

The aim of rule-based data tagging is to support the dataset in 

providing the optimal UA solution. Since the output classes for 

ML algorithms are based on usersô subscription statuses, this 

tagging need only reflects QoS fulfillment. For instance, some 

satisfied users may unsubscribe for a better price or seasonal 

leave, which is irrelevant as user feedback regarding QoS. 

Hence, the optimal solutions of ML algorithms can be obtained 

by paying special attention to the output classes in order to 

remove random and irrelevant effects on QoS. 

Basic 
speed

Connect 
tagging

RX > -55 
dBm

YES

RX > -60 dBm
And LOS

NO

NO

YES

YES

RX > -65 dBm
And 

subscription > 700 day
And LOS

NO

YES

Original 
tagging

NO

Data

 

Figure VII-7. Rule-based tagging scheme  

 

Rule-based tagging is presented in Fig. 7, where 

subscriptions are split into three groups according to their 

connection speed: basic, medium and high. Medium and high 

subscriptions are tagged as Connect since they have a good 

QoS. Users with basic speed and signal power higher than -55 

dBm are tagged as Connect as well. If the signal power is 

between -55 and -60 dBm with a direct LOS, the tag will also 

be Connect. For a signal power between -60 and -65 dBm, a 

direct LOS and a subscription of more than two years, a 

Connect tag is assigned as well since these users have had time 

to unsubscribe if unsatisfied with the QoS. At the end, a 

minimal margin of 5 to 10 dB is provided according to the 

sensitivity of the highest data rate [3] and the seasonal 

propagation variation [35].  

 

VII.4. User association  

VII.4.1) Comparison of machine learning 

algorithms  

Since the No Free Lunch Theorem establishes that when all 

possible data-generated distributions are averaged, all ML 

algorithms will have the same performance [36]. Table I 

presents the accuracy of many ML algorithms before and after 

rule-based tagging. It identifies the most accurate algorithms to 

be improved later according to our dataset. We notice that the 

Nearest Neighbor and ANN algorithms are the most accurate. 

The accuracies of the Support Sector Machine (SVM) and 

Gaussian Radial Basis Function (RBF) algorithms are both 

0.862 after rule-based tagging. The Quadratic Discriminant 

Analysis (QDA) algorithm has the lowest precision at 0.345. 

Table VII-1 :  Accuracy comparison for most known ML algorithms  

ML algorithm  Original tagging  Rule-based tagging 

Nearest Neighbors 0.764 0.865 

Artificial Neural Net  0.703 0.862 

Linear SVM 0.703 0.862 

RBF SVM 0.703 0.862 

Gaussian Process 0.760 0.862 

Random Forest 0.746 0.862 

Decision Tree 0.759 0.861 

AdaBoost 0.763 0.856 

Naive Bayes 0.611 0.345 

QDA  0.718 0.345 

VII.4.2) Nearest Neighbors  

The Nearest Neighbor algorithm is characterized by its 

conceptual and implementation simplicity [37]. It basically 

identifies sample points with features similar to those of 

unlabeled data and then assign their tag to them by a majority 

vote. Many distance functions that assess this similarity are 

proposed [38], and many technics have also been inspired by 

this concept [39]. Its basic form requires Ƀ(ЖtҞ) iterations, 

where Ж is the number of neighbors, t is the number training 

sample points and Ҟ is the data dimensionality.  

Its accuracy for UA for FWNs is shown in Fig. 8 and was 

obtained using the Scikit learn library in Python [34]. The 

maximum of 0.872 is achieved for Ж = 9 in the K-Nearest 

Neighbor (KNN) classification scheme, which labels data 

according to a majority vote. For Radius Nearest Neighbor 

(RNN), only sample points having distance values within the 

radius participate in the vote; its accuracy is 0.865. RNN is 

better than KNN at detecting uncovered zones or unavailable 

connection speeds inside a given area since its radius can be 

tuned accordingly. 
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Figure VII-8. Accuracy of KNN with Euclidean distance function  

VII.4.3) Weighted Geographical Radius K -

Nearest Neighbor (WGRKNN)  

The Weighted Nearest Neighbor algorithm assigns larger 

weights to the nearest or most similar sample points. For 

example, weights inversely proportional to distance could be 

assigned. The geographical location is important in the context 

of our research and for context-aware applications, in general 

[40]. This proposed algorithm considers only the first K sample 

points with the smallest distances within a given radius. Their 

votes are weighted by their geographical distances and scaled 

so that the sum of the weights is equal to 1 to reflect the 

prediction certainty. Here, 

ὡȟ  
ȟ

В
ȟ

,    (2) 

where ὡȟ is the weight and Ὠȟ is the geographical distance 

between the jth training sample point participating in the vote 

regarding the ith testing sample point (potential user). The 

predicted class is presented according to the WGRKNN 

equation: 

ώ  В ὡȟ  ὣ ,    (3) 

where ώ is the predicted class of the ith testing sample point 

and ὣ is the class of the jth training sample point. 

  

This algorithm is presented in Fig. 9. It avoids the 

weaknesses of KNN and RNN, as it makes a better selection of 

and it controls their number and their radius maintaining the 

same asymptotic time complexity. First, it detects whether the 

potential user (testing sample points) is within the coverage 

area (see Fig. 2), then it predicts whether the required 

connection speed is available. If one of these conditions is not 

satisfied, the subscription status is directly labeled as 

disconnect. If the two conditions are satisfied, then the 

subscription status is predicted by the WGRKNN equation. 

Fig. 10 presents its accuracy by the radius and the number of 

neighbors (Ж). This accuracy increases with the number of 

neighbors until reaching its maximum of 0.868 for a radius of 

9 km and Ж = 20, decreasing afterwards since a greater number 

of neighbors will not help. However, it remains within the 

range of the state-of-the-art, i.e., between 63 and 98%, 

depending on the dataset used [41], [42]. The hyperparameters 

(Ж and the radius) are optimized with a parameter sweep. 

 

Figure VII-9. WGRKNN scheme   

 

Figure VII-10. WGRKNN algorithm accuracy  
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VII.4.4) Neural network optimization  

 ANN has been used as a universal approximator in many 

technical fields, such as wireless networks [1], to approximate 

the behavior of iterative and optimization algorithms for 

various classification problems [43]. Therefore, an ANN is 

optimized for UA for the first scenario (see Fig. 5) by using the 

TensorFlow library in Python. GPS coordinates and 

connection speeds are the input parameters. They are 

normalized and scaled before being injected into the input 

layer. Various HL configurations have been tried, and one HL 

with 10 neurons works fine in our classification problem. The 

output layer is composed of one neuron for connection tagging. 

Other hyperparameters, such as batch size, epoch number and 

learning rate, are optimized with grid searches according to 

Fig. 11, Fig. 12 and Fig. 13. The maximal accuracy is 0.862, 

and convenient hyperparameters are a learning rate of 0.05, a 

batch size of 4, and 20 epochs. 

 

The neural networks used during our research are trained by 

using the learning rate decay which provides a better 

convergence [44]. At first, the learning rate is set with a large 

value to accelerate the training and prevent its blockage in a 

local bad optimum. Then, it decreases progressively to provide 

the convergence toward the optimal solution and prevent the 

oscillation. The convergence of ANN is analyzed earlier in 

many research such as [45] and [46]. It is also proved through 

the simulations and results that are presented in the remaining 

of this paper. Bienstock et al. [47] studied the computational 

complexity of many types of ANN. The minimal 

computational time complexity for ANNôs offline training is 

of O(t.wl), where t is the training data size, l is the number of 

HLs and w is the number of neurons per HL [48]. When the 

training is repeated during e epochs, the time complexity is 

O(e.t.wl).  

 

Figure VII-12. Loss function according to HLôs number of neurons and 
epochs  

 

Figure VII-13. Loss function according to batch size and number of 
epochs  

VII.4.5) Deep Nearest Neighbors (DNN)  

The Deep Nearest Neighbor algorithm extracts the distance 

function through an ANN trained with the geographical 

distances between the testing sample points and their Ж 

neighbors. Hence, the input layer has as many neurons as there 

are neighbors. The output layer has one neuron for connect or 

disconnect tagging. The number of HLs and the number of 

neurons in each layer are optimized for better accuracy. The 

optimization is limited to two HLs, as that number is sufficient, 

in general [49], [50]. Hyperparameters are optimized in a 

manner similar to that used in the previous section. The 

distance function is extracted and applied to the Nearest 

Neighbor algorithm, as shown in Fig. 14. First, the 

hyperparameters, number of HLs, number of neurons in each 

layer, number of neighbors and the radius are initialized. For 

each combination of parameters, the ANN is trained with the 

distance vectors Ὀ  ὨȟὨȟȢȢȟὨ , where Ж is the number of 

Figure VII-11. Loss function according to the  learning rate 
and number of epochs  
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neighbors. After training, the weights are extracted and applied 

to the neighborsô corresponding classes. The process is 

repeated for all testing sequences, then the accuracy is 

computed. Finally, the configuration that leads to the best 

accuracy is retained. 

As justified previously, the ANN training requires a time 

complexity of O(e.t.wl). After the extraction of the distance 

function, it is applied to the KNN algorithm requiring Ƀ(ЖtҞ) 

iterations. Hence, the training of a single configuration of the 

algorithm requires O(t(ewl+ ЖҞ)) iterations. Complete 

optimization requires many iterations according to the 

hyperparametersô dimensionality. Therefore, the total time 

complexity is O(ht(ewl+ ЖҞ)), where h is the number of 

hyperparameter combinations, to find its optimal 

configuration. 

 Initialize parameters 
and hyperparameters

Compute geographical distances of 
each test sample with whole training 

set according to radius and K 

Training ANN according to 
geographical distances

Extracting ANN weights

Apply NN according to 
extracted weights

Select parameters and 
distance function for 

maximal accuracy

New parameters

Yes

EndNO

Initialize ANN 

 

Figure VII-14. The DNN algorithmôs scheme 

 

Figure VII-15. Comparison between DNN and ANN for one HL  

 

Figure VII-16. Comparison between DNN and ANN for two HLs  

Figure VII-17. DNN algorithm with one HL, all parameters tuned  
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Fig. 15 and 16 show the improvement of the DNN algorithm 

over the ANN. They compare the accuracy of the DNN 

algorithm with ANNs having one HL and two HLs, 

respectively. The number of neurons in each layer is optimized. 

The number of neighbors and the radius are set to the optimal 

values extracted previously (Ж = 20 and the radius = 9 km). The 

maximal accuracy is 0.842 for both one HL and two HLs. In 

addition, a DNN with three HLs is optimized, and the maximal 

accuracy remains the same. Fig. 17 and 18 present the DNN 

accuracy for one HL and two HLs, respectively, where the 

number of neighbors and the radius are also tuned. Note that 

the optimal parameters have changed and the maximum 

accuracy is improved to 0.863. The configuration of the one-

HL DNN is Ж =10, radius = 6, and 80 neurons in the HL. The 

configuration of the two-HL DNN is Ж =25 and radius = 9, with 

one and 80 neurons in the first and second HLs, respectively. 

Note that the WGRKNN algorithm is a good alternative since 

it provides the same accuracy as the DNN and greater 

simplicity while requiring lower resources. 
 

  

Figure VII-18. DNN algorithm with two HLs, all parameters tuned.  

VII.5. AP selection with deep imitation learning  

When a user with a poor radio signal is connected to an AP, 

their data retransmission increases due to the increase in bit 

error rate. Consequently, the data exchanges of users with good 

radio signals can be delayed and the total available throughput 

of the concerned AP is reduced. The main challenge of AP 

selection is allowing only satisfiable users to access to the 

FWN through a given AP to avoid decreasing its throughput. 

This technique protects the QoS of satisfied users against users 

with poor radio signals. Thus, service providers focus on 

satisfiable users to save time and costs.  

In this section, we present a deep imitation learning (DIL)- 

based AP selection scheme for scenario 2. Thus, an ANN is 

trained to imitate the UA behavior of an FWN in order to 

predict the subscription success of a new radio link. For this 

aim, pertinent information concerning the AP, user and service 

is used as input, whereas the output classes consist of Connect 

and Disconnect labels. The target is to predict whether a given 

wireless link will have a good QoS satisfying its user, who will 

then remain a subscriber, or a bad QoS that will fail to satisfy 

this user, who will then unsubscribe. 

 

Figure VII-19. DIL scheme for FWN  

Nowadays, DIL has attracted attention in many fields, such 

as robotics [51] and wireless resource allocation [52], where 

advanced skills are learned through the observation of expert 

demonstrations. During these demonstrations, a convenient 

policy (“), which maps a given action (ꜝ) to an environment 

state (ה): “ה ,ꜝ is learned. The concept is similar to the 

supervised learning approach, where a machine can learn a 

wide variety of decisions and skills without explicit 

programming. The key element for the success of imitation 

learning is the availability of high-quality demonstrations that 

include all possible environmental states, which can be a 

difficult task. Once this condition is satisfied, DIL has 

remarkable advantages over traditional ML methods, including 

better accuracy, better performances for large datasets, fast 

inferences and easy deployment [53].  

Fig. 19 presents the DIL training and testing schemes, where 

the FWN radio link state ה is fed into DIL policy “, which 

corresponds to an ANN, to predict the subscription success. 

The ANN is trained offline by comparing its output ꜝ ᶻ with 

the output of the expert demonstration  ꜝ of the FWN 

subscription status. At the end of the training, the policy “ is 

able to provide convenient action ꜝ for the corresponding 

FWN radio link state ה and the shift between ꜝ and ꜝ ᶻ is 
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minimized to ideally reach zero. Once trained, the DIL process 

can make a pertinent direct online subscription decision 

according to the current FWN state. The more faithfully the 

state is represented, the closer the action is to reality. Hence, 

the challenge lies on the selection of the most pertinent 

parameters for representing the FWN radio link state faithfully. 

Table VII-2 :  Pertinent parameters used for AP selection  

FWN radio link state ה Action ꜝ  

AP User ANN Output 
Frequency band, AP 
height, connected 
users, antenna 
streams, received 
signal strength, client 
connection quality 
(CCQ) 

Received signal strength, LOS, 
link distance, data rate, antenna 
streams, support requests for 
levels 1 and 2, maintenance 
requests, calls, synchronization 
rate, SNR, CCQ, path loss 

Connect and 
Disconnect 
labels 

 

Classically, the most frequently used parameters are the 

received signal power, data rate and SNR. Yet, in real life, 

many scenarios come into play simultaneously, meaning that 

more parameters must be considered. The pertinent parameters 

presented in Table II were selected through a correlation study 

of a wide variety of FWNs and user information with 

subscription status. Fig. 20 presents the t-distributed stochastic 

neighbor embedding (TSNE) 2D dimensionality reduction of 

the AP selection dataset to ease its representation since it 

includes around twenty parameters. This technique aims to 

help with the visualization of high-dimension datasets, by 

reducing their dimensionalities while retaining only the most 

pertinent parameters [54]. The TSNE representation of the 

whole and test datasets are illustrated in Fig. 20 and Fig. 21, 

respectively. Fig. 22 shows the TSNE after minority class up-

sampling with the KMeansSMOTE up sampler to correct for 

any imbalance [55]. During our research, in a test involving 

many up samplers, the KMeansSMOTE up sampler provided 

the best accuracy. Fig. 23 presents the TSNE of the up-sampled 

test dataset after its transformation with the MaxAbsScaler of 

the Scikit learn library in Python [34]. 

 

Figure VII-20. The dataset for AP selection with TSNE 2D dimensionality 
reduction  

 

Figure VII-21. The test dataset with TSNE 2D dimensionality reduction 
corresponding to 20 % of the complete dataset  

 

 

Figure VII-22. TSNE 2D dimensionality reduction of the test dataset after 
minority class up-sampling with the KMeansSMOTE up sampler to 
correct the dataset imbalance  

 

 

Figure VII-23. TSNE 2D dimensionality reduction of the up -sampled test 
dataset after its transformati on with the MaxAbsScaler
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VII.5.1) Deployment  

The deployment flow is subdivided into three main phases: 

dataset generation for o line demonstration, offline training to 

optimize the imitation policy and finally, the online 

subscription success predictions for potential users. First, 

accurate and reliable demonstrations are generated through 

measuring thousands of radio links in addition to gathering 

other relevant information from the central database, as 

presented in Table II. Then the dataset is pre-processed by 

removing irrelevant information and inferring missing 

information. It is also up-sampled to correct for any minority 

class imbalance and then scaled for better ANN convergence.  

Figure VII-24. Offline training of deep imitation learning  

 

This information (Table II) is transformed into an input 

vector of states ה ȟהȟȟȣȟהȟȟהȟȟה , where the ith user 

has their own radio link state vector and subscription decision 

ὣ for the DIL output class. The DIL ANN policy model is 

trained offline to imitate the subscription patterns for the FWN, 

as shown in Fig. 24. During training, its coefficients are tuned 

through the backpropagation of the difference between the 

annotated output class (or action space )ꜝ and its prediction 

ꜝᶻ. The rectified linear unit (ReLU) is used conventionally as 

the activation function for the HLs, whereas the sigmoid 

function is used for the output layer. Binary cross entropy 

serves as the loss function and stochastic gradient descent 

(SGD) is used to optimize the ANN coefficients. The input 

layer has n neurons, with each one representing a state 

parameter, and the output layer has one neuron for making the 

binary decision. Since the DIL training process is essentially 

based on ANN, its time complexity is the same as that studied 

previously. 

At the end of the training, the predicted actions ꜝᶻ converge 

toward the true action space ꜝ, allowing the ANN policy 

model to infer the subscription decisions for new FWN users 

(ὣ) by providing their state vectors ה. AP selection is 

presented in Fig. 25. After initializing the optimal parameters 

and hyperparameters (e.g., batch size, learning rate and so 

forth), neighboring users of the location to be predicted are 

extracted in order to deduce information regarding potential 

APs. During the data inference step and for each extracted AP, 

the corresponding new state vector is applied to the trained 

ANN. When there is more than one prediction of success, the 

AP with the highest probability is selected since the DIL 

outputs probabilities of success for wireless links. The 

extraction of available APs is made with the nearest neighbor 

algorithm requiring Ƀ(ЖKҞ) iterations. The AP selection 

process injects possible APs into the trained ANN, then selects 

the AP with the maximal output. The ANN requires O(Ж.wl+ 

Ж) iterations. The total time complexity of the online 

deployment is O(ЖKҞ+ Ж.wl+ Ж).  

Initialization

Available AP

AP 
selection

Neighbors 
extraction

Data 
inference

 

Figure VII-25. Proposed AP selection online deployment  

VII.5.2) Optimization  

Since AP selection depends mostly on the ANNôs accuracy, 

many ANNs with various HLs have been tested. The maximal 
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