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RESUME

Les systemes de communication sans fil, ayant de nombreux avantages pour les zones
rurales, peuvent aider la population a bien s'y établir au lieu de déménager vers les centres urbains,

accentuantainsiles pr obl ~ mes ddepaidtionettd® h & b ia @t unegplanification et

un déploiement efficace de ces systémes, I'atténuation du signal radio et la réussite desliensd 6 ac ¢c s

doivent étre envisagées.

Ce travaidalspovigion ®d & sisterret sans fil dans le contexte rural canadien
caractérisé par sa végétation dense et ses variations climatiques extrémes vu que les solutions
existantes sont plus concentrées sur les zones urbaines. Pour cela, nous étudions plusieurs cas
d 6 envi r o mifielesefiettant les performances des systémes de communication. Ensuite,
nous comparons les systemes de communication sans fil les plus connus. Le réseau sans fil fixe
utilisantle Wi-Fiay ant | 6 o pue poréer estickoisilpaunfgurnir les communications aux zones
rurales. De plus, nous évaluons l'atténuation du signal radio, car les modéles existants sont congus,
en majorité, pour les technologies mobiles en zones urbaines. Puis, nous concevons un nouveau
modele empirique pour les pertes de propagation. Des approches ut i | i sant I
automatique sont ensuite proposées, afin de prédire le succés des liens sans fil, d dptimiser le choix

des points d'acces et d éablir les limites de validité des paramétres des liens sans fil fiables.

Les solutions proposées font preuve de précision ( j usqud” 94 % ettde
simplicité, tout en considérant une multitude de paramétres difficiles a prendre en compte tous
ensemble avec les solutions classiques existantes. Les approches proposées requiérent des
données fiables qui sont généralement difficiles & acquérir. Dans notre cas, les données de

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



TABLE DES MATIERES

RESUME 6ééeecééééceéééeceééececeééeeceééeece. | d.

ABSTRACT ééééééééécééeeceeeceeeeeeeeeeeeee.  ecia.

TABLE DES MATIERES ....oouiiiietieeeetetee ettt ne e iv
LISTE DES TABLEAUX ...ttt ettt a s e e e e e X
LISTE DES FIGURES ..ot Xii
LISTE DES ABREVIATIONS .....coouiiiiciiieeeietceee ettt XViii

DEDICACE ¢éééééééééeeccccéééééééeeeeeceééééeé. xx

REMERCIEMENTS ...ttt st es st s s s s es s s es e s e ssenbnnnnnennes XXi
INTRODUGCTION ..ottt 1
CHAPITRE I.  Problématiques, objectifs et méthodologie ...........cccvvviiiiiiiiii e, 4
0 S Y [0 1) V7= 11 (o] £ 1 PO PP PP PP PPRPPRPOY 4
[.2. ProblEmMatiQUES..........coouiiiiiiiiie ittt nbee e 4

1 T @ o] [=Tox 1] £ PP 7
4. MEIhOOIOGIQ.........cc o e e e e e e e e 8
L4.1) DONNEES....c.coi i aaaaaaaaa e 9
1.4.2) Logiciels et librairies UtIlISES..........ccuviiiiiiiiiiiiiie e 10
[.4.3)  ValIdATON........ouiiiiiiiiiiie e 10

1.5, CONHDULIONS......ciiiiie e e e e e e e e e aaaaa s 11
CHAPITRE Il. £t at die.. Bl 13
II.L1. Systémes de communication dans les environnements difficiles............... 13
[1.L1.1) LeS EtUAES T CAS.....ccuveeeeiiiiieeiiiite ettt ettt 13

L0 2 S Y/ 1 == SRR 14

II.2. Revue et choix des systémes de communication sans fil en zones ruraled4

11.2.1) Défis et exigences des systémes de communication dans les zones.rutdles



11.2.2) Les technologies de communication sansfil.................co oo 16

[1.2.3) Comparaison des systémes de communigatans fil..............cccccevneenn. 17
11.2.4) Critéres de choix des systemes de communication.............cccccccvvnnennnns 19
[1.2.5) SYNNESE.....ccoiii e e e e e e e e e e e 21
I1.3.  Internet sans fil fixe par VARI.........ccoccciiiiiiiiiiiiiiiieeee e e e e e e e 21
[1.3.1) Caractéristiques techniques du Wii.............cooceeieiiiiiieirie e 22
[1.4. Modéles empiriques de perte de propagation............cceeeveeerriieeeenieeeennnnes 22
[1.4.1) Calcule des pertes de propagation..............ceeeuiicrrmeeeeeenniiiieeee e 23
11.4.2) Modeles empiriques existants de perte de propagation............cccc.ee...... 23

11.4.3) Revue des rechercheardes modéles empiriques de perte de propagati®®

11.4.4) EffetS enVIrONNEMENTAUX. .......uuviiiiiieiiieeieiieeieeeeeee e e e e e e e e e e e e e e e e e e e e e 27
[1.4.5) SYNNESE......eeiiiiiiiii e 28
II.L5. Association des utilisateurs et sélection des APs pour les réseaux sans.fi2éixes
11.5.1) TypesR QF LILINB.Y. .0 A AL TS e 29
[1.5.2) ReVUe deS reChEICNES..........ccoo i 30
[1.5.3) SYNNESE......coiiiie e e e e e e aa e e e 31
[1.6. Conclusion et limites des Solutions exiStanies............cccceevvreeriiieeenniieeens 33

CHAPITRE lll. Etudes de cas des systémes de communication pendant les événements

extrémes : approches, faiblesses et limites pour améliorer la qualité de service..........ccccccvvveerrnnns 34
e O o1 o To [ Td 1 o o O RPTPP 37
111.1.1) Importance of communication systems in the context disasters............ 37
111.1.2) Communication breakdown effect during disasters.......cccccccevevvveneeen.... 37
[11.1.3) COPING WItN CrISIS....eeeiieeiiiiiiiiiie e 38
[11.1.4) Challenges restoring COMMUNICALION. .........cceeriiiiiiieiieeeeiiiiieee e 39
[11.1.5) Research ODJECTIVES ........c.uiiieieee e 39
1.2, Related WOIKS......cooii e e e e e e e aaaaaens 39
L ) N o U3 T o T 40
[11.2.2) Paper CoNtribULIONS. .........ocvvviiiieeiiiiiieiieee e esiinneeee e sinnneeee . A0
[11.3. Disasters and telecommuniCatioNS. .........cueevviviiiiiiieiieee e, 40
[11.3.1) The impact of extreme natural EVENLS...........ccuevveeeeiiiiiiiiieeee e 40
111.3.2) Losses and consequences due to telecommunication failure...............41

\Y



[11.3.3) How CS fails during diSASIELS.........ccuuviiiieeeiiiiiieeee e 42

[11.3.4) CS in DiSAStEr RECOVEIY.....cceiiiiiiiiiiie ettt 43
[11.4. Case studies: failures and SUCCESSES.........cuviiiiiiiieiiiiiee et 44
111.4.1) New York City World Trade Center attacks 2001.............ccccvvvvvvveenvnnnnnn 45
[11.4.2) Indian Ocean earthqUakeRA4.................cccvimriiiiiiiiiiieeeeeeeeree e e e e e 45
[11.4.3) Haiti earthquake 201Q.........ccoooiiiiiiiiiiieeeeie e 46
[11.4.4) Eastern Japan earthquake 2011..........ccooiiiiiiiiieeeiiiiiieeeeee e 47
[11.4.5) Nepal Earthquake 2015...........oooiiiiiiiieiiieee e 47
1.5, DISCUSSION.....cciuiiiiiiiiiieiiiiiee et essinee e snre e ssrne e e snneeessnneeessnneessnnneee e 49
[11.6. Attributes and characCteriStiCS..........ooouriiiiiiiieiriiie e 51
[1.7. Conclusion and fUtUre WOIK............ooouiiiiiiiieiiiice e 52
RETEIEINCES. ... e a e e e e 53

CHAPITRE IV. Caractérisation de la couverture du Wi-Fi pour les espaces intelligents..... 55

V.21, INErOTUCTION ...ttt e 57
IV.2. State Of the ArT.......cooiiiiieee e 58

IV.2.1) Related WOTKS. .......ooiiiiiiiiiiiiec et 58

IV.2.2) Wireless Internet Service (WIS)........oeevveiiiiiiiiiieee it 58

IV.2.3) Link quality and COVErage range........cccccvvvveiieeeeeeeee e, 60
V.3, SCENATO Of USE.....ciiiiiiiiiiiie ettt 61
IV.4. Validation and reSUlL...........c.oooiiiiioiiii e 61
IV.5. Consequences for 10T applicatiQnS...........ccuveiiieiiiiiiiiieee e 62
IV.6. Threats t0 ValIdItY.........ceviiieiiiiiiiee e 63
IV. 7. CONCIUSION......uiiiiiieiiite et e e eeee ] 63
RETEIENCES. ... 63

CHAPITREV. Léapplication du mod | e Log distance et s

pertes de propagation des réseaux sans fil fixes ruraux pour les fréquences inférieures a 5.8 GHz

66
AV % S [ 011 oo [0 Tox i (o o FA TSSO P PP OPPPPPP 69
V.2. Technical background..............oooeiiiiiiiiiiii e 69
V.2.1) NetWOrK MOUEL.....coiiiiiiiiiiiii et 69



V.2.2) MEASUIEIMENTS. .. .ceii ittt e e e e e e e e e e e e e e aaeaeaaaaaeeaaeaeaeasd 69

V.2.3) Path 10SS MOAEIS.......cccooiiiiiiiiiie e 70
V.3, StAteOf-the-art........oviiiiiiii i 70
V.4. Log digance model modifications..........ccccccuviviiiiiiiiiiiiiiiiieeceeceeee e 72

V.4.1) LD model appliCation............couvviiiieiieie e 72

V.4.2) LD optimization with data Splitting............cccooeiiiiiiiieriiiieeeeeeee e 72

V.4.3) Multi-interval Logdistance (MILD) model..........cccccveeiiiiiiiiiiiie. 72

V.4.4) Antenna height effect: Log distance height (LDH)............c.occciiieeeeinnns 74

V.4.5) Antenna height elevation: LD height elevation (LDHE)........................ 74
V.5, SeaSONaAl EffECES.....cciiiiiiiiiie et 75

V.5.1) Seasonal effects in the LD model.............coooooiiiiiiiiieeeeeeeeee e, 75

V.5.2) Seasonal effects for the LDH model............cccoviiiiiiiiniiiiiiiiieeeeenn 75

V.5.3) Seasonal effects in LDHE MQdel............occoiiiiiiiiiiiiiieece e 75

V.5.4) Comparison of the LD model modificatians...........cccccvvvviviriniirnveeeeennnn. 76
V6. CONCIUSION......etiiiiiiiiie ettt n e e 77
Yo (T 11 =T [ [ 1T o RSP 78
REFEIENCES. ... 79

CHAPITRE VI. Modéle empirique précis de perte de propagation des réseaux sans fil fixes

pour les frequences INFEMEUreS & 5.8 GHZ......ooouuiiiiiiiiii e s 81
VEL, INFOTUCTION ...ttt e e 84
VE2, StateOf-the-art ........oooiiiiiiiiiii e 84

VI.2. 1) Related WOIKS. . ..ot e e e e e e e e e e e e e e e e e e e e e e e e e 84
VI.2.2) Path loss empirical MOEIS............ooviiiiiiiiiiieeeee e 85
VI1.2.3) The impact of vegetation..............eevveiiiiiiieieee e 88
V1. 2.4) DISCUSSION. ....ceieeiiiiiiietee e e s ettt e st e e e e e e e e e e e e e e e e nnreee s 89
VI.3. PerformancCe MELIICS..........uuiiiiiiiiiiiiieee e 0
VI.4. Ddaa collection and measurement methods.............cccvvvvveeiiiiiiiiiiee e 90
VI.4.1) Measurement comparisons with path loss models.............ccccccvvinnnen. 92
VI.5. Proposed path loss empirical model...........cccouviiiiiiiiiiiiiiee e 92
VI.5.1) Model optimization obtained by splitting data.............ccccccoovviiviieeeennne 93
VI.5.2) Dynamic Distance Splitting (DD.S)......cuuueeeerimiiiiiiiiiiiieiiaeieaeeee e 97



VI.5.3) Comparison with other models............ccoooiiiiiiiiiiiiiee e 98

VI6. Seasonal €ffECL............oeviiiiiiiee e 99

V1.6.1) Model optimization according to seasonal variatian....................cc..ue. 100
VI.7. Validation with international independent measurements......................... 100
V8. CONCIUSION.......iiiiiiiiiiee ettt re e 102
ACKNOWIEAGMENT. ... 103
REIEIENCES. ... e e e 103

CHAPITRE VII. Approches basées sur l'apprentissage automatique pour l'association des

utilisateurs et la sélection des points d'accés dans les réseaux sans fil fixes hétérogénes ........... 105
VILL. INtroduction @nd CONTEXL........ccciiuriieiiiiiee ittt 108
VIL2. State Of the @rt.......c.eveiieeieiie e 109

VI1.2.1)Discussion and MOtIVALIQN. .........cc.uuviiieeiiiiiiie e 109
VIL3. Preliminari@s........cvveeeeee ettt e e 110
VII.3.1)Fixed Wireless Networks (FWNS).......cccoooociiiiiiniiiiiiiiiiieieee e 110
VI1.3.2)Data COIECHION.......ccee e e 111
VI1.3.3Wireless link prediction SCENANIQS..........ccoivveieeeieei e 112
VI1.3.4)SYStEM MOAEL......cciiiiiiiiiiii e 112
VII.3.5)Rulebased data tagging..........ccceiiiiiiiiiieeeiiiie e 113
VL4, USEI ASSOCIALION. ....cciiiiiiiieiieeeeiiite et e e e e ettt e e e s e e e e e e s b e e e e e e e annneees 113
VIl.4.1)Comparison of machine learning algorithms...........cccccvvevveeviieniinnnnnn... 113
VIL.4.2Nearest NeighbOrS........oovvviiiiiiii e 113
VIl.4.3Weighted Geographical RadiudNi€arest Neigbor (WGRKNN)............... 114
VIl.4.4Neural network optimization..............ceeeeiiiiiiieeiee e 115
VII.4.5Deep Nearest Neighbors (DNN)......ccooiiiiiiiiiieiinieccee e 115
VIL.5. AP selection with deep imitation learning...........ccccceeeeriiiiiieeeee e 117
V4130 1) B 7= ][0 0 1= o 1 OO 119
A1 IRST073 @] o] 111 4174 1[0 o PP 119
VIL5.3FWN performance prediClion............oiieeeeeeeiiniiieeeee e 121
VLB, CONCIUSION.....ciiiiiiiiitiii ettt e e s ee e s 122
ACKNOWIEAGIMENT. ..ottt e ee e s 122
REIEIENCES. ... e 125



CONCLUSION 127

Objectifs aCCOMPIIS........cooiii e a e 129
Avantages, limitations et orientations futures................cco oo, 133
BIBLIOGRAPHIE ... it e e e e e e e e e e s e et e e st eraa e et eeen 136
VIl.1. Bibliograph S RS f QAV.AUNB.RAZOOA.2. Yoo, 136

VIL2. . A6f A23NI LKA S...RS..£.QS.G. 0. .RS...£.Qk.NII138



LISTE DES TABLEAUX

TABLE II-1 : COMPARAISON ENTRE LES SYSTEMES DE COMMUNICATION SANS FIL ......... 18

TABLE II-2 : AVANTAGES ET INCONVENIENTS DES SYSTEMES DE COMMUNICATION SANS

TABLE 1I-3 : CHOIX DU SYSTEME DE COMMUNICATION POUR LES ZONES RURALES. ....... 21
TABLE II-4 : DESCRIPTION DES MODELES EMPIRIQUES DE PL LES PLUS CONNUS............ 24
TABLE Ill-1 :OVERVIEW OF RELEVANT DISASTER SCENARIOS AND THEIR ISSUES [26]..... 38

TABLE IlI-2 : DAMAGES TO COMMUNICATION NETWORKS DURING EXAMINED DISASTERS.

.................................................................................................................................................. 50
TABLE 111-3 : SUMMARY OF DISASTER CASE STUDIES........cocoiiiiiiiiii i1 52
TABLE V-1 : COMPARISON BETWEEN MOST POPULAR WIRELESS TECHNOLOGIES. ........ 59
TABLE V-2 : TECHNICAL CHARACTERISTICS OF MOST USED 802.11 STANDARDS............. 60

TABLE IV-3 : TRANSMIT POWER AND RECEIVER SENSITIVITIES FOR UBIQUITY ROCKET M2

RADIO [40] USING 802.11N (2.4 GHZ) WITH ONE MIMO STREAM. .....cccoiiiiiiiiiiieeiirieeeens 61
TABLE V-1 : PATH LOSS EXPONENT VALUES (SRINIVASA ET AL., 2009). .....cocovvriieeirieeeenne 70
TABLE V-2 :ACCURACY COMPARISON OF PL MODELS.........cooiiiiiiiiiiie e 71
TABLE V-3 : PL EXPONENTS ACCORDING TO CLASSIFICATION CRITERIA. ..., 72

TABLE V-4 : ACCURACY OF DATA SPLITTING OPTIMIZATION, THE RMSE IS COMPUTED FOR
ALL DATA AGGREGATED ...oeiiiiiii ittt ettt e e e e 72
TABLE V-5 : RMSE COMPARISON BETWEEN THE STANDARD LD MODEL AND ITS PROPOSED
MODIFICATIONS ... e e s eer e e e s 74
TABLE V-6 : COMPARISON OF THE LDHE MODEL BY SPLITTING THE DATASET ACCORDING
TO THE OBSTRUCTION L..ciiiiiiiiiieiiii ettt e e e e e s e s e e e e e e s s 75
TABLE V-7 : OPTIMAL PL EXPONENTS N EXTRACTED ACCORDING TO OBSTRUCTION,

FREQUENCY AND SEASON FOR THE LD MODEL. ........cccciiiiiiiiiiiiiienee e 75



TABLE V-8 : RMSE COMPARISON FOR THE CONFIGURATIONS OF THE LD MODEL AND ITS

SUGGESTED MODIFICATIONS ..ottt ettt e e 78
TABLE VI-1 THE SUI MODEL PARAMETERSAG..VALUES.. 87
TABLE VI-2 : VALUES OF ERICSSON MODEL PARAMETERS. .....cccoiiieiicee e 87

TABLE VI-3: COMPARISON OF RESEARCH STUDIES ON PATH LOSS EMPIRICAL MODELS

ACCORDING TO THEIR RELEVANCE TO THE MEASUREMENTS. ... 89
TABLE VI-4 : CROSS-CORRELATIONS OF PL WITH ITS PERTINENT PARAMETERS. .............. 92
TABLE VI-5 : COMPARISON OF THE RMSES OF ALL LISTED PL MODELS.........c.cccovviiiiiineenn, 94
TABLE VI-6 : ZEK MODEL PARAMETERS...... ..ottt 97

TABLE VI-7 : RMSES OF PROPOSED MODEL UNDER VARIOUS DATA SPLITTING CRITERIA97

TABLE VI-8 : COMPARISON OF THE RMSES FOR THE PROPOSED AND THE DDS PL MODELS

TABLE VI-9 : COMPARISON OF THE RMSES OF THE PROPOSED PL MODELS WITH THE MOST

ACCURATE CONFIGURATIONS OF THE LISTED PL MODELS. ......ccocviiiiiiiiiiiieee e 98

TABLE VI-10 : DESCRIPTIVE STATISTICS FOR THE PROPOSED PL MODELS AND THE BEST

CONFIGURATIONS OF LISTED PL MODELS.......coocitiiiiete et 98

TABLE VI-11 : THE PROPOSED MODEL PARAMETERS FOR SEASONAL VARIATIONS........ 100

TABLE VI-12 : RMSES FOR THE PROPOSED MODEL WITH SEASONAL VARIATIONS IN THE

SLSG AND OUT REGIONS ... 100

TABLE VI-13: TESTING PROPOSED PL MODEL WITH INTERNATIONAL MEASUREMENTS FOR

MOBILE COMMUNICATION TECHNOLOGY FROM SEVEN DIFFERENT REGIONS IN

ENGLAND. oo e e 100
TABLE VII-1: ACCURACY COMPARISON FOR MOST KNOWN ML ALGORITHMS ................ 113
TABLE VII-2 : PERTINENT PARAMETERS USED FOR AP SELECTION.......cccccceveiiiiiiiiiienee, 118
TABLE VII-3 : MAXIMAL ACCURACY ACCORDING TO THE NUMBER OF HLS..........cccvveeeee. 120

TABLE VII-4 : COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE OF RADIO

LINKS ACCORDING TO OTHER PERTINENT FWN PARAMETERS ..o 123

Xi



LISTE DES FIGURES

FIGURE II-1 : ARBRE DE DECISION POUR LE CHOIX DES TECHNOLOGIES DE
COMMUNICATION. ..ot en et ene e eneens s eneeenes 20
FIGURE III-1. 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 TEMPERATURE,
LANDSLIDES, DRY MASS MOVEMENTS, EXTRATERRESTRIAL IMPACTS, WILDFIRES,
VOLCANIC ACTIVITY AND EARTHQUAKES [32]. c...eoveeeeeoeeseeeseeeesseses s 41
FIGURE IlI-2. 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 [B2]. oot eeeeeee et ee e ee e se e 41
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].

.................................................................................................................................................. 41
FIGURE IV-1 : DEPLOYMENT EXAMPLE OF WIS NETWORK........cccoiiiiiiii e, 58
FIGURE IV-2 : A SCENARIO OF USE SCHEME. ......coiiiiiiiii e 61
FIGURE IV-3 : WIDE RANGE DEPLOYMENT MODEL FOR WI-FL. ...ooviiiiiiiiiiie e, 61
FIGURE IV-4 : DIAGRAM OF THE AP INSTALLATION. ..ottt 62

FIGURE IV-5 : COMPARISON OF MEASURED COVERAGE WITH PATH LOSSE MODELS...... 62

FIGURE IV-6 : ESTIMATED COVERAGE OF BEST-KNOWN MODELS OVER HEIGHT OF AP .. 62

FIGURE V-1. DEPLOYMENT EXAMPLE OF FWN. ...coiiiiiiiiiiiiiiteee ettt 69
FIGURE V-2. RADIO LINKS OF SLSJI REGION. ...ttt 70
FIGURE V-3. RADIO LINKS OF OUT REGION. ..ottt 70

FIGURE V-4. ACCURACY COMPARISON OF THE LD MODEL CLASSICAL APPLICATION WITH

MODEL OPTIMIZATION THROUGH DATA CLASSIFICATION. ....cooiiiiiiiiieeiiiiiieeiee e 71


file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780365
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780365
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780365
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780365
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780365
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780364
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780364
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780364
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780364
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780366
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780366
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780366
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780367
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780368
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780369

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........cccooiiiiiiiieeecen 73

FIGURE V-6. OVERFITTING OF THE MILD MODEL FOR A HIGHER NUMBER OF INTERVALS.

FIGURE V-7. COMPARISON BETWEEN THE MEASUREMENTS, THE STANDARD LD, THE
OPTIMIZED PL EXPONENT, LDH AND LDHE. ..ottt 74
FIGURE V-8. COMPARISON OF THE LDHE WITH THE MEASUREMENTS DONE BY SPLITTING
THE DATASET INTO LOS AND NLOS LINKS. ....oiiiiiiiiiiiieete e 75
FIGURE V-9. COMPARISON OF LD MODEL TO MEASUREMENTS IN THE OUT REGION
ACCORDING TO OBSTRUCTION, FREQUENCY, AND SEASON. ......ccccccvviiiiiiieiii, 76
FIGURE V-10. COMPARISON OF LDH MODEL WITH THE MEASUREMENTS IN THE OUT
REGION ACCORDING TO OBSTRUCTION, FREQUENCY, AND SEASON. ......ccccccceinnnnnns 77

FIGURE V-11. COMPARISON OF LDHE WITH THE MEASUREMENTS IN THE OUT REGION

ACCORDING TO OBSTRUCTION, FREQUENCY, AND SEASON. .....cccccoiiiiiiiiiieee e 78
FIGURE VI-1. DISTRIBUTION OF THE WIRELESS LINKS IN THE SLSJ REGION. ........cccccee..n. 91
FIGURE VI-2. DISTRIBUTION OF THE WIRELESS LINKS IN THE OUT REGION. .........ccccceeeeen. 91

FIGURE VI-3. PL MEASUREMENTS AND THE LOGARITHMIC REGRESSION CURVE FOR EASY
VISUALIZATION ...ttt e e s r e e e e s n s 91
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 ottt 93
FIGURE VI-5. PATH LOSS DEPENDENCE ON PERTINENT PARAMETERS: MEASUREMENTS
AND LOGARITHMIC REGRESSION CURVES. ........coiiiiiiiin e 94
FIGURE VI-6. COMPARISON OF PL MEASUREMENTS AND THE PROPOSED MODEL FOR THE
SLSG AND OUT REGIONS. .. ..ttt e e s e e e s 95
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................ 95



FIGURE VI-8. COMPARISON OF PL MEASUREMENTS AND THE PROPOSED MODEL FOR THE
SLSG AND OUT REGIONS ACCORDING TO FREQUENCY BANDS. .........ccocciiiiiiiii, 96
FIGURE VI-9. COMPARISON OF PL MEASUREMENTS AND THE DDS MODEL FOR THE SLSG
AND OUT REGIONS. ... .ttt r e e e s e e e e e e s annree s 96
FIGURE VI-10. EXTRACTION OF THE OPTIMAL NUMBER OF INTERVALS............oovviiiiinenn, 97
FIGURE VI-11. CDF OF PL MEASUREMENTS AND VALUES OBTAINED FROM THE PROPOSED
PLIMODELS ... 98

FIGURE VI-12. CDF OF THE PL MEASUREMENTS, PROPOSED PL MODEL VALUES, AND THE

MOST ACCURATE LISTED PL MODEL VALUES. ......ocoiiiiiiitee e 98
FIGURE VI-13. PATH LOSS VARIATION IN THE SUMMER AND THE WINTER SEASONS........ 99
FIGURE VI-14. CDFS OF PL MEASUREMENTS BY SEASON AND OBSTRUCTION. ................. 99

FIGURE VI-15. COMPARISON OF PL MEASUREMENTS AND PREDICTIONS FOR SEASONAL

VARIATIONS OF NLOS AND LOS LINKS IN SLSJ AND OUT REGIONS ........ccoocceveeiins 102

FIGURE VII-1. TYPICAL FIXED WIRELESS RADIO LINK BETWEEN A GIVEN AP AND A CPE 110

FIGURE VII-2. TYPICAL FWN DEPLOYMENT IN A RURAL AREA......ccciiiiiieee e 111
FIGURE VII-3. DISTRIBUTION OF WIRELESS LINKS IN THE SLSJ REGION..........cccceevviiirinen. 111
FIGURE VII-4. DISTRIBUTION OF WIRELESS LINKS IN THE OUT REGION...........ccccceoviiinnnen, 111
FIGUREVII-5.SCENARI O 106 S...SCHEME......ccccciii e 112
FIGUREVII-6.SCENARI O 20 S...SCHEME......cccccoi e 112
FIGURE VII-7. RULE-BASED TAGGING SCHEME ......ccociiiiiiii e 113
FIGURE VII-8. ACCURACY OF KNN WITH EUCLIDEAN DISTANCE FUNCTION ..........ccccvvnee. 114
FIGURE VII-9. WGRKNN SCHEME .........ooiiiiiii e 114
FIGURE VII-10. WGRKNN ALGORITHM ACCURACY ....ccoiiiiiriiiiiieeiiei e 114

FIGURE VII-11. LOSS FUNCTION ACCORDING TO THE LEARNING RATE AND NUMBER OF

E P O CH S e e e e e e e e s e e e e e e e aaaane 115

FIGURE VII-12.L OSS FUNCTI ON ACCORDI NG TO HL®S NUMBER OF NE!I

Xiv


file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780409
file:///D:/études/thèse%20canada/UQAC/Redaction%20thèse/rapport%20de%20thèse/Manuscrit%20de%20these%20Zayan%20EL%20KHALED%20UQAC%20-%20Depot%20final%20v7.docx%23_Toc88780409

FIGURE VII-13. LOSS FUNCTION ACCORDING TO BATCH SIZE AND NUMBER OF EPOCHS

................................................................................................................................................ 115
FIGUREVII-14. THE DNN ALGORI THMA.S...SSCHEME.........cocoiiiiiinn, 116
FIGURE VII-15. COMPARISON BETWEEN DNN AND ANN FOR ONE HL .......cccociiiveiiiiiinine, 116
FIGURE VII-16. COMPARISON BETWEEN DNN AND ANN FOR TWO HLS ........cccccccoiiiiiiinn, 116
FIGURE VII-17. DNN ALGORITHM WITH ONE HL, ALL PARAMETERS TUNED ............cceve. 116
FIGURE VII-18. DNN ALGORITHM WITH TWO HLS, ALL PARAMETERS TUNED. ................... 117
FIGURE VII-19. DIL SCHEME FOR FWN ....ciiiiiiiiiiiii e 117

FIGURE VII-20. THE DATASET FOR AP SELECTION WITH TSNE 2D DIMENSIONALITY

REDUGCTION L.ttt ettt e e et e e e e e e e s et e e e e s e s srnrreeeeeenaanne 118

FIGURE VII-21. THE TEST DATASET WITH TSNE 2D DIMENSIONALITY REDUCTION

CORRESPONDING TO 20 % OF THE COMPLETE DATASET ....cooooiiiiiiiiieee, 118

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 ....coii ittt e e reeen e e e s 118

FIGURE VII-23. TSNE 2D DIMENSIONALITY REDUCTION OF THE UP-SAMPLED TEST

DATASET AFTER ITS TRANSFORMATION WITH THE MAXABSSCALER ......ccccccceeiee 118
FIGURE VII-24. OFFLINE TRAINING OF DEEP IMITATION LEARNING. ...........cccoiiiiiiiiiiin, 119
FIGURE VII-25. PROPOSED AP SELECTION ONLINE DEPLOYMENT ......cccooviiiiiiiiieieiiiin, 119

................................................................................................................................................ 120
FIGURE VII-29. LOSS FUNCTION FOR THE OPTIMAL ANN WITH TWO HLS........cccceeviiiiinen. 121
FIGURE VII-30. ACCURACY FOR THE OPTIMAL ANN WITH TWO HLS.........cccciiiiieeeeri 121
FIGURE VII-31. NORMALIZED CONFUSION MATRIX FOR THE TWO-HL ANN ..........ccooiinneen. 121
FIGURE VII-32. THRESHOLD TUNING .....cooiiiiiiiiiiiii et 121



FIGURE VII-33. TSNE REPRESENTATION OF THE TEST DATASET AND CLASSIFIER
CONTOUR FOR THE TWO-HL NEURAL NETWORK ......ccoiiiiiiiiiiee e 122
FIGURE VII-34. THE CDFS OF THE PATH LOSSES FOR THE CONNECT AND DISCONNECT
SAMPLE POINTS; PREDICTIONS ARE COMPARED TO MEASUREMENTS................... 123
FIGURE VII-35. THE CDFS FOR RECEIVED SIGNAL POWERS FOR THE CONNECT AND

DISCONNECT SAMPLE POINTS; PREDICTIONS ARE COMPARED TO MEASUREMENTS

FIGURE VII-36. THE CDFS OF THE SIGNAL-TO-NOISE RATIOS FOR THE CONNECT AND

DISCONNECT SAMPLE POINTS; PREDICTIONS ARE COMPARED TO MEASUREMENTS

FIGURE VII-37. THE CDFS OF THE DATA RATES FOR THE CONNECT AND DISCONNECT
SAMPLE POINTS; PREDICTIONS ARE COMPARED TO MEASUREMENTS.................... 123
FIGURE VII-38. THE CDFS FOR CLIENT CONNECTION QUALITY FOR THE CONNECT AND

DISCONNECT SAMPLE POINTS; PREDICTIONS ARE COMPARED TO MEASUREMENTS

FIGURE VII-39. THE CDFS OF THE RADIO LINK DISTANCES FOR THE CONNECT AND

DISCONNECT SAMPLE POINTS; PREDICTIONS ARE COMPARED TO MEASUREMENTS

FIGURE VII-40. COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE ACCORDING
TO THE ALLOCATED THROUGHPUT FOR EACH USER.......ccccoiiiiiiiiiiiee e 124
FIGURE VII-41. COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE ACCORDING
TO THE FREQUENCY BAND ......ciiiiiiiiiiiite e 124
FIGURE VII-42. COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE ACCORDING
TO THE LINE-OF-SIGHT OBSTRUCTION ...ttt 124
FIGURE VII-43. COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE ACCORDING
TO THE NUMBER OF STREAMS OF AP AND CPE EQUIPMENT ......covviiiiiiiiiiiieiie e 124
FIGURE VII-44. COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE ACCORDING

TO THE NUMBER OF USERS CONNECTED TO AN AP ..ooiriiiiiiiie e 124



FIGURE VII-45. COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE ACCORDING
TO AP HEIGHT . ittt et e e st et e e e s e e e e e e s e naees 124
FIGURE VII-46. COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE ACCORDING
TO THE NUMBER OF USER CALLS TO SUPPORT SERVICES ... 125
FIGURE VII-47. COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE ACCORDING
TO THE NUMBER OF LEVEL 1 SUPPORT REQUESTS PER USER...........ooocciiiiiinies 125
FIGURE VII-48. COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE ACCORDING
TO THE NUMBER OF LEVEL 2 SUPPORT REQUESTS PER USER........cccccooiiiiiiiis 125
FIGURE VII-49. COMPARISON BETWEEN PREDICTION SUCCESS AND FAILURE ACCORDING

TO THE NUMBER OF MAINTENANCE OPERATIONS PER USER ......ccoooiiiiiiiiiiiiiees 125

XVil



LISTE DES ABREVIATIONS

5G

5émeGénération
ANNs

Artificial NeuraNetworks (en francais réseau de neurones artificiels)
AP

1 00Saa t2Ayld oSy FTNIycelAiada LR2AY(G RQlI 0084&a0
CPE

Customer Premise Equipment (en frangais équipement dans les locaux du client)
DL

Deep Learning (en francais apprentissage profond)
FWNs

Fixed Wireless Neiorks (en francais réseaux sans fil fixes)
loT

Internet of Things (en francais internet des objets)
LOS

Line of Sighfen francgais lien en visibilité directe)
LPWAN

LowPower WideArea Network (en francais réseau étendu a faible consommaliemergie)
LTE

LongTerm Evolution
LTEA

LTE Advanced
MAC

Medium Access Control (en frangais contrdle d'acceés au support)
MIMO

Multiple Input Multiple Output (en francais entrées multiples, sorties multiples)
ML

Machine Learning (en francais apprentissagematique)
multi-RAT

Multiple Radio Access Technology (en francais réseau a multiples technologies d'accés radio)
NLOS

NonLine of Sighfen frangais lien sans visibilité directe)



OFDM

Orthogonal Frequenepivision Multiplexing (en francaisultiplexage orthogonal de la fréquence)
ouT

Outaouais
PL

Path Loss (en francais Perte de propagation)
QAM

Quadrature Amplitude Modulation (en francais modulation d'amplitude en quadrature)
QoS

Quality of Service (en frangais qualité de service)
RMa

Rural Macrocells (en frangais macrocellules rurales)
RMSE

Root Mean Square Error (en francais racine de l'erreur quadratique moyenne)
SLSJ

Saguenay LaBaintJean
SNR

Signal to Noise Ratio (en francais rapport signal sur bruit)
SPM

Standard Propagation Ma&dl (en frangais modele de propagation standard)
TVWS

TV White Space (en frangais espace blanc du spectre de télévision)
UA

QD
w»
Z
<
Q)
Qx

20ALGA2Yy 0SYy FTNIyoerAia Faa20AlGA2y RQdziAf Aal
uwB
Ultra Wide Band (en francais ultlarge bande)
Wi-Fi
Wireless Fidelity
WIMAX

Worldwide Interoperability for Microwave Access

XiX



DEDICACE

Je dédie cette these al 6 ©me de @mmanchépe conpinte, a mes beaux enfants et a

ma familleé



REMERCIEMENTS

Alafin de mes études universitaires, mes r emer ci ements sodadressent
gui ont contribu®, de pr s ou de loin, ~° | 6dech veme
mon parcours. Les mots me manquent pour exprimer ma gratitude envers mes directeurs de thése,
les professeurs Hamid Mcheick et Wessam Ajib pour leur patience, leur soutien, leurs conseils, leur

confiance et leurs encouragements tout au long de ma these.

Je tiens a remercier I'Université du Québec a Chicoutimi, et, particulierement, le département
déinformati que e, treprélsentépa soh @GracietriBoptArtoine Jerry Ménélas. Ainsi
que tous les professeurs et les cadres de ce département de m'avoir donné l'opportunité de réaliser
mon ambition en poursuivant mes études de doctorat en technologie de l'information et en me

procurant un environnement de travail propice a la recherche.

Je suis également trés reconnaissant envers | 6 entrepri se Digicom repre@®
directeurs Gilles Boily et Christine Marion, a i n s i g u 6 ‘enteléquipe powr lewr eollaboration,
leur ouverture, leur ambiance conviviale et pour avoir mis a ma disposition les données techniques

du réseau sans fil.

JOexprime aussi m &t mes smdemsremercignemts aimia chére conjointe
d e mO6 supporié et encouragé tout au long de mon parcours. Ses prieres et son amour infini m'ont
apporté un précieux appui intellectuel et moral.

Enfin, je tiens a remercier ma famille et mes amis pour leur soutien et leur encouragement,

a tous, merci beaucoup du fonddemonc T ur é



INTRODUCTION

Au cours des derniéres années, les systéemes de communication sont devenus la pierre angulaire
de la société moderne a tel point qu'ils sont devenus indispensables pour évaluer le progrés d'un
pays. lls sont omniprésents pour faciliter | abcés aux services, ” infodnation et aux produits a 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 kilométres 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 a participer activement a la vie économique, sociale et politique de leur pays. Ainsi, ces moyens
de communication facilitent I'accés de cette population a l'information, a I'enseignement a distance
et aux services gouvernementaux. Ces moyens aident la population des zones rurales a 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 | 06indiff®rence ° | eu

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 co(t 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 systemes de
communication sans fil en matiére 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,

I'atténuation du signal radio est difficile a estimer avec précision. Cel a s 0 elapatureq u e

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 thése, nous nous intéressons aux défis de déploiement des
communications sans fil dans les environnements ruraux difficlesaf i n d6éam®I i.dlesr | eur s
important de soulignerqueleclimatet | 6 envi r on ne malans cesrégions canguiangest i o n
sont assez complexes. Par conséquent, nous faisons une revue de plusieurs cas des environnements
difficiles que les systémes de communication peuvent subir. Ensuite, nous étudions les technologies
sans fil les plus connues ainsi qué umodele de réseau pourf our ni r | 60 @ansdeszonesnt er net
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 modele empirique.

Plusieurs approches sont ensuite proposées en utilisant| 6 appr enti ssage automati q
Machine Learning ou ML) pour prédire le succes des liens sans fil, optimiser le choix des points
d'accés (en anglais Access Point ou AP) et établir les limites précises entre les liens fortement
perturbés a débrancher et les liens fiables a maintenir, et cela, tout en considérant ces effets

environnementaux difficiles et variés.

Ce manuscrit est composé de sept chapitres. Chacun, ™ | 6 e x ces ghapitresn et i, est un

article publié ou soumis a un journal ou & une conférence.

Le premier chapitre explique les motivations de la thése. Les problématiques et les objectifs sont
introduits, les méthodologies et les outils utilisés pour aborder les objectifs spécifiques sont

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

Le deuxieme c hapi t r e pr ®s e ndesesolutian®exiatantesdpeur lesdsystemes 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 modéles empiriques de PL les plus connus, puis les techniques de ML

pour |ladsEldction dAP.



Dans le troisieme chapitre, le comportement de plusieurs systémes de communication est étudié
pendant des environnements difficiles pour faire des recommandations qui améliorent leur fiabilité.
L6 i mp o ret lasnparmes de ces systemes ai n s i gue | 6effet de |l eur do®fa

humaines sont considérés.

Dans le quatrieme chapitre, nous présentons un modeéle du réseau sans fil pour les zones rurales
qui sert a concevoir et a tester notre modéle de PL de méme que les algorithmesdd UA et de s®I ect
d 6 Alkes caractéristiques du Wi-Fi sont illustrées; puis la PL des modeles existants est estimée

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

Le cinquieme chapitre présente | 6 ®t at dudneodele deapropagation Log-distance et ces
modifications. Ce modeéle est comparé aux autres modeéles, puis des modifications sont proposées

et testées pour améliorer ses performances.

Dans le sixieme chapitre, nous faisons une ®tude approfondie de | 6®t
empiriques de PL avant de proposer un nouveau modéle adapté aux zones rurales. Ce modéle est

optimisé et validé en fonction de nos données et des données libres d e Angléterre.

Dans le septieme chapitre nous investiguons la prédiction dé U ét le choix d&P selon une QoS
cible. Les paramétres pertinents sont présentés et traités pour une meilleure convergence. Les
al gor i t hsoatsongided ge basant sur 16 A N Nle @us proche voisin. La sélection d&AP est

baséesurl 6 apprenti ssage par i mitation profonde.

Enfin, la conclusion présente une synthese des idées principales de notre recherche. Nous
rappelons les points essentiels, les objectifs, les buts atteints, les résultats acquis et la recherche

future.



CHAPITRE 1. Problématique s, objectifs et méthodologie

I.1. Motivations

Les travaux de recherche en systéemes de communication sont concentrés sur le
déploiement en zones urbaines ou la majorité de la population est installée. Cependant, ces
systémes 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 problemes de
surpeupl ement, d' habi tLadcésatinfoentation daneliork esiactwiied
déja établies en zones rurales comme l'agriculture, et diversifie | 8 ®c onomi e en
nouvelles opportunités telles que le travail a distance et le tourisme [4]. Ceci aide la population

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

Les systémes de communication jouent aussi un réle important dans les soins de santé de
haute qualité en zones rurales. Les signes vitaux des patients sont alors surveillés a distance
depuis leurs domiciles ou pendant leurs activités de routine en temps réel [5]. En conséquence,
la surcharge des hopitaux peut étre réduite et la nécessité de nouvelles infrastructures est
allégée. Les erreurs médicales peuvent étre facilement évitées et les situations médicales

complexes peuvent étre traitées par téléconsultation auprés de spécialistes qualifiés.

De méme, les zones rurales sont exposées aux catastrophes naturelles telles que les
inondations, les glissements de terre et les incendies des foréts. Les systémes 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 16 al ar me

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

[.2.  Problématique s

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

| age.

d®vel or
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population urbaine doublera d'ici 2050 [3]. Ces enjeux peuvent étre allégés parl6 apposrt de



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 ou la majorité de la population y est installée. De  m° mavironrierdeat
rural canadien est caractérisé par rapport a | dveonnement rural ordinaire par plusieurs
difficultés comme sa végétation dense, la variation de son climat entre la grande chaleur
pendant | 6®t ® et ,baequagtitéacondidérabieae précipitatibn, saesurface
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 influencant le déploiement et la QoS des communications sans fil

dans les environnements difficiles des zones rurales.

L6 ®t u d gystéines de communication dans les environnements difficiles permet de faire
face a la diminution de leurs performances et d'illustrer les actions et recommandations pour
renforcer leur résilience. Alors, si un systéme de communication fonctionne correctement dans
des environnements difficiles, il fonctionnerait encore mieux dans les conditions normales.
Donc, nous étudions p | u s i e u emviromenwentsddificiles. Plusieurs critéres sont alors
considérés selon le type d'événement, la pénétration technologique, les zones géographiques
et la distribution temporelle. Ensuite, nous extrayons les caractéristiques des systemes de

communication procurant une performance résiliente et stable.

Malgré le progrés technologique, il n6 e x ipastde systemes de communication qui
répondent parfaitement aux exigences diversifiées sans faire face a un compromis. Ce dernier
peut étre établi par une compréhension approfondie des besoins requis et des caractéristiques
des systémes 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 codt,
leur facilité du déploiement, etc. Des solutions distinctes peuvent alors étre suggérées. Par
exemple, les réseaux étendus a faible consommation d'énergie (en anglais Low-Power Wide-

Area Network ou LPWAN) ont un trés faible débit de transmission, mais elles sont trés

5



avantageuses pour 6i nt er net des olbtgrreet f Thingsnou laT) ¢7]. &dss
technologies mobiles souffrent d 6 u corsommation d'énergie élevée et d 6 wébit insuffisant
pour les tendances actuelles des espaces intelligents [8]. Ainsi, les standards de la 5éme
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 codt, la faible
consommation d'énergie et la large couverture [1]. Par conséquent, nous nous concentrons
sur cette technologie pour fournir 16 a ¢ ¢~ s  enmzdnesrunakes avec des réseaux sans fil

fixes (en anglais Fixed Wireless Networks ou FWNSs).

Pour un déploiement efficace des systemes de communication, il est important de
considérer toutes les conditions environnementales afin d'éviter la dégradation ou la perte de
performance. Par exemple, pendant I'hiver, la végétation est moins abondante, le signal sans
fil est alors moins atténué et le lien sans fil est stable. A l'arrivée de I'été, les feuilles poussent
et la PL (Path Loss) augmente au-dela 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 étre choisies, ou bien
I 6utilisat eur souscrit mailensert.rLadiets t p aesld PLose fait par de la
modélisation ou par des mesures de propagation colteuses et complexes. Les modéles
empiriques offrent un bon compromis entre la précision, le co(t et la complexité. Ces modéles
sont traditionnellement congus pour des fréquences inférieures a 2 GHz et pour les réseaux
mobiles en zones urbaines [9]. En effet, une minorité considere les fréquences | u s geLGHIZ
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 a un accord de la communauté scientifique sur
le meilleur modele de PL a utiliser pour un contexte donné vu que chaque modele est

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

propose par la suite un modéle adapté a ce contexte.

Outre la PL, de nombreux autres paramétres sont impliqués dans la planification et le
déploiementdesr ®s e a u x sdn8 fi domt [essperformances sont incertaines, dans certains

cas, etla décisiondd a b o n n estrdifitile a prendre [12]. Alors, les avis des usagers doivent

étre considérés, en plus de plusieurs autres paramétres,v u q u 6 i | meeilleurs a jugerllae s

qualité de leurs services. De méme, aprés linstallation, l'environnement peut changer,
dégradant ainsi la performance et la QoS offerte. Une méthode de prédiction de succés de
laccés au FWN (dtassoci at i on (erddngldisiUsear Assdciationr ou UA)) et de
sélection d@\P, selon une QoS cible, est alors nécessaire. Ces techniques sont principalement
étudiées dans les réseaux mobiles, les réseaux locaux et les réseaux a multiples technologies
d'accés radio (en anglais Multiple Radio Access Technology ou multi-RAT) [13]. A 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 I&JA [15]. En effet, il est
une bonne alternative pour une prédiction précise del 6 associ ation des

sélection dAP [14].

I.3.  Objectifs
L dbjectif général de cette these est d @uslier et prédire le comportement ainsi que les
performances des systemes de communication sans fil dans un environnement rural difficile

pour améliorer leur QoS en plus de la fiabilité de leur déploiement.



Pour atteindre cet objectif général, nous nous sommes fixé les quatre objectifs
spécifiques suivants:
1- Etudier les effets des environnements difficiles sur les systémes de communication;
2- Etudier la pertinence des réseaux FWN a base de Wi-Fi pour le contexte rural et tester
leurs performances selon un simple scénario de connexion point-a-point;
3- Concevoir et évaluer un modeéele empirique pour la perte de propagation en zones
rurales;
4- Proposeretévaluerdes al gor i t h me sssatiatiompdestutiisatedrs ebde d 6 a
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 probléeme vers la connaissance des solutions existantes, puis
| 6adaptation, |l6®vadmuwae ptoino d ete,dofit ensti@nt lestconolusionsr o p o s
convenables [16]. En effet, chaque objectif spécifique de notre recherche est traité selon une
méthodologie bien définie. Les effets des environnements difficiles sur les systémes de
communication sont mis en évidence par une revue de littérature et par plusieurs études de
casr ®el s doenvi r on[h7g mha pettirence des réseaani HWE s base de Wi-Fi
pour le contexte rural est justifiée par une étude de littérature et par la conception d éwarbre
de décision incluant les technologies de communication les plus connues, cette technologie
est test ®e par l a mise en place n@pomt[IBji lmpl e sc®
modélisation de la perte de propagation en zones rurales est faite par la proposition de
plusieurs extensions du modeéle Log-distance caractérisé par sa simplicité [19], et par la
conception ddébun nouveau mod | e empirigue prenant
pertinents en zones rurales [20]. L &sociation des utilisateurs est traitée par apprentissage
automatique en utilisant les algorithmes le plus proche voisin et le réseau de neurones alors

que etlec h oi x estiféithpd apprentissage profond par imitation [21].



1.4.1) Données

Les données utilisées sontcellesd 6 u n  f o ulléteinet samsdilpar réseau FWN dans

deux régions rurales du Québec : le Saguenay Lac-Saint-Jean (SLSJ)et | 6 Out aouai

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 extrémement froid et
neigeux avec des coniféres pendant I'hiver, et (ii) un temps chaud et pluvieux avec des feuilles

caduques pendant I'été.

Les mesures sont prises tout au long de l'année pour prendre en compte la variation
saisonniere a long terme de la PL, tandis que la précipitation de la pluie et de la neige ainsi
gue 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 recus, 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
gue 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'accés 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 |
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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Loutil i sat i on estansprératemend gest erfirainertle manque de certaines
informations ou induire des informations erronées, en raison de la manipulation humaine et de
I'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,
lirdervalle de validité des données est vérifié. Atitr e d o e xsilnap lheaut eur dodune
installée sur un toit dépasse 50 pieds, 16 ® cntillan est supposé erroné et donc éliminé.
Déautres i nf causelnférées,rcamms la saison de prise du signal a partir de la
date. Al or s ¢ u enfodnatimns sont@jsutées, comme les coordonnées GPSquin 6 ®t ai en't
pas collectées, lutil de géolocalisation de Google est alors utilisé pour les extraire a partir des
adresses civiques. Il arrive aussi, dans certains cas, que les liens radio soient établis sur un
rayonnement secondaire d 8 une ant e n alers sellsrles ehsi deselobes principaux

sont retenus.

1.4.2) 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
logiciela | 6avantage de s upp germettant aing k& récoociiagion etFay t h o n ,
vi sual i sati on ddesdomée§, anplusdesisenticasieb pou télécharger des
données manquantes. Le langage de programmation Python est utilisé sur Jupyter Notebook
pour concevoir et tester les modéles et les algorithmes. Ce langage est trés 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

etTensor Fl ow pour | a r @gprédictionietdarclassificétionpt i mi sati on

1.4.3) Validation
Les algorithmes basés sur la ML sont entrainés en fonction de 80 % des données et validés
sur les 20 % restants. Le modele de perte de propagation est congu en fonction de la région

SLSJ,pui s test® s®par®ment sur | es messescapacitecde | a
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de généralisation. Ensuite, ce modele est comparé aux modeéles existants les plus connus
selon des données ouvertes en Angleterre [24]. |l 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 a avancer |l es connai s sden systdmessde r Il ut i
communication sans fil en zones rurales. Plusieurs contributions qui sont déja publiées (ou en

cours de publication) peuvent étre soulignées :

1. Nous identifions les approches et les recommandations pour faire face aux échecs des
systemes 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. Danslebutd 6 extr ai re | es a,peplimiatidne s exi st
ainsi que les principales caractéristiques des systemes de communication [17].
2. Nous caractérisons la couverture extérieure dé u n  r R/¥Neadase du Wi-Fi. Selon notre
revue de littérature, ce sont les communications sans fil qui sont les plus utilisées dans
plusieurs types d@&nvironnements difficiles. Notrerevued e | i tt ®r at ur e montre |
Wi-Fi par rapport aux autres technologies sans fil. Nous présentons alors un modéle de
réseau FWN & base Wi-Fi tout en mesurant sa couverture par une simple liaison externe
point-a-point pour valider la faisabilité de ce concept [18].
3. Nous proposons et appliguons des modifications pour améliorer la précision du modéle
Log-distance de perte de propagation. De nouveaux parameétres sont alors ajoutés et les
variations climatiques saisonnieres sont prises en compte [19].
4. Nous concevons et testons un nouveau modéle empirique de perte de propagation pour
les réseaux FWN a 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 modéles empiriques de PL les
plus connus sont étudiés. Par la suite, notre modéle est proposé et testé en fonction des
donn®es do6u ndlétemet sansifilscanadien et il est aussi évalué en fonction des
données v e n a n tAngkéterre [2@].
5. Nous concevons et évaluons deux algorithmes pourld associ ati on aeese utilis
technijue de s ®I| e c hpprentissadedafitBmatnaeren 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 étre satisfait selon une QoS cible, afin de
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| 6 a ®saon EWN via un AP convenable. Les algorithmes sont congus et testés en fonction
des données du fournisseur d laternet sans fil évoqué précédemment [21].

Nous déduisons les limites de validité des liens sans fil & conserver et les liens fortement
perturbés a débrancher en fonction des divers parameétres. Ces limites sont précisées
ddhabidgelondle protocol e de communication en
Cependant, lors des déploiements réels, plusieurs paramétres interagissent et ces limites

doivent étre mises a jour [21].

12

fonct.



CHAPITRE II. £tat de | dart

Dans ce chapitre, | 6®t at de | 6ar Au déhbut, nous s
abordons brievement le comportement des systemes 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 modeéles empiriques de PL,etld associ ati on aVecda sélection

d@P par apprentissage automatique.

II.L1. Systemes de communication dans les environnements difficiles

[1.1.1) Les études de cas

Dans notre recherche, nous choisissons des cas qui datent depuis le début de I'ére
numeérique, des événements qui ont causé d'importants dommages a 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 succés liés a I'utilisation des systemes de

communication ainsi que la maniere dont leurs échecs sont affrontés. Pour pl us doi

unétatdeldart d®t ai | dt®isieane chapitre. dans |

L'attague de New Yorkestuncas t ypi gque skéugtspanlétrmieumain dans un

pays développé[l]. El l e r®v | e | 6interop®rabilit® et

systemes de communication qui peuvent bloquer la communication méme si les dommages
physigues ne sont pas assez importants. Le tsunami de l'océan Indien est un événement a
grande échelle qui a frappé plusieurs pays principalement sous-développés [2]. Les principales
faiblesses révélées sont I'absence d'un systeme d'alarme efficace et des communications
avancées pour transporter | &rée| ainsi que l'inefficacité de la coopération entre les pays dans
la communication d'alerte. Le tremblement de terre d'Haiti est un exemple de catastrophes qui

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

noti o

sateur

nf or m

€XPoSs

transport et les communications sont complétement endommagés [3]. Léinterventior

secours dépendait principalement des données massives, telles que les réseaux sociaux, les



SMS et les données cartographiques. Le tremblement de terre au Japon est un exemple de
catastrophes qui ont attaqué un pays développé a I'ére numérique [4]. Le tremblement est
détecté et le systéme d'alerte aux tsunamis a alerté la population. Les solutions proposées
peuvent étre utilisées partout pour une préparation et une réponse efficace [5]. Le tremblement
de terre du N®pal est |l e plus grand en 80

[6]. La communication est rétablie inefficacement, les coupures de courant duraient prés de 12
heures par jour avant cette crise. La population majoritairement rurale était déja mal desservie
ayant de la difficulté a communiquer avec la capitale ou 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.

11.1.2) Synthése

Les systemes de communication sans fil sont le point commun a la majorité des
recommandations. Grace a leur facilité et a leur rapidité de déploiement, ils permettent de relier
les zones endommagées au reste du monde a travers des liens de secours. Leur faible co(t
les rend facilement accessibles aux pays en développement et aux régions rurales de faible
population. Pour cela, notre recherche vise a 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 systémes de communication sans fil en zones rurales

La diversité des besoins impose des contraintes considérables; chaque service a ses
propres spécifications qui peuvent étre comblées par un systéme de communication différent.
Par conséquent, un compromis entre la QoS requise et les ressources nécessaires doit étre
établi. Pour cela, il est important d'identifier les caractéristiques des systémes de

communicationvis-a-v i s | 6 e n v liural @nila somhdéployes.

[1.2.1) Défis et exigences des systemes de communication dans les zones rurales
Pour garantir la fiabilité et la qualité des communications en zones rurales, les systémes

de communication doivent posséder les caractéristiques suivantes [7], [8], [9], [10], [11] :
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1 Faible consommation : elle facilite les communications pendant les pannes d'électricité
causées par des dommages ddnfrastructures, de la pénurie de carburant ou de la

décharge des batteries.

1 Faible codt : 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.

1 Robustesse et ténacité : Les systemes de communication doivent répondre a des
conditions extrémes comme le climat, la température et la corrosion afin de garantir la
communi cation. Léinstallation dans des endroi

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

1 Interopérabilité : Malgré la normalisation des protocoles de communication,
l'interopérabilité continue de présenter de nombreux défis pour la transparence entre

les systemes de communication et la libre circulation des données.

1 Qualité de service : Les systemes 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 batiments.

1 Mobilité et accessibilité : La communication doit étre disponible partout ou les gens se
trouvent quotidiennement, déo% |l a n®cessit® d:¢

longue portée et la prise en compte des effets de végétation et d@&nvironnement.

1 Facilité de déploiement:Led®p | oi ement et | 6dinstallation i mp:¢
Ceci sbexplique par |l es terrains difficiles d
et | 6®t at des routes de transport

1 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.
1 existe dbébautres caract®ristiques communes
sont indépendantes de la zone de déploiement, comme la sécurité, la gestion des données, la

popularit® ainsi que | a facilit® de configuration
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[1.2.2) Les technologies de communication sans fil
De nombreux travaux de recherche ont exploré les enjeux des systemes de
communication sans fil pour mieux estimer leurs performances. Les sous-sections suivantes

résument brievement les principales technologies sans fil pour ce contexte.

11.2.2.a) Wi-Fi

Les fabricants de l'alliance Wireless Fidelity (Wi-Fi)assurent | 6i nt er op®r abil it ®
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 allantj us qu 6~ 1 Gb/ s. Sa couv
atteindre plusieurs dizaines de kilométres [12]. Son omniprésence, son utilisation courante,

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

11.2.2.b) Espace blanc du spectre de télévision (TVWS)

Les normes 802. 11af biabcd8dpettre2d@téléision(ed anglgsary e
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 kilomeétres et le débit

atteint plusieurs dizaines de Mb/s [14].

11.2.2.c) LoRa

C'est une technologie facile a déployer de Semtech Corporation dont la bande varie entre
868 et 915 MHz. Elle a un faible colt et une capacité a relier des milliers d'appareils avec un
débit de 0.3 & 27 kb/s pour une largeur de bande de 125 kHz et une couverture de 5 & 15 km

[15]. Ses avantages justifient son utilisation pour les solutions 10T [16].

[1.2.2.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 a 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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[1.2.2.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 problémes d'interférence, car la bande libre 2.4 GHz est
largement utilisée pour la plupart de ses applications [18]. Le Bluetooth remplace les cables
dans les périphériques d'ordinateurs [18] etfournits ouvent | 6i nternefl9pour | e:c
L6 UWB per me tle 480nMb/d @obriles applications multimédias selon une distance
allant jusqu'a 70 m. La nature impulsive du signal étend sa largeur de bande jusqu'a 500 MHz
[20]. Zigbee a une portée de 10 a 100 meétres et un débit typique de 250 kb/s [21]. Il supporte

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

I1.2.2.f) Technologies mobiles

Elles of frent de bonnes performances, en mati re
doéef f ispearald, toMpte tenu de leurs fréquences licenciées. La génération 2G est la
premiére version numérique, elle offre un débit jusqu'a 384 kb/s [23]. Le débit de la 3&me
génération peut atteindre 52 Mb/s [24]. Les technologies de la 4éme génération sont WiMAX
(Worldwide Interoperability for Microwave Access) et LTE (Long-Term Evolution). WiIMAX
fonctionne entre 2 et 5.8 GHz [25], avec une couverture allant de 30 a 100 km et un débit
jusqu'a 350 Mb/s [26]. Le LTE fonctionne de 700 MHz & 3.8 GHz, les performances de pointe
de sa version LTE Advanced (LTE-A) atteignent jusqu'a 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 loT [28]. Le 5G permet des connexions massives
d'utilisateurs mobiles et un débit allant jusqu'a 10 Gb/s avec une faible latence et une faible

consommation [29]. Il prend en charge les applications de la ville intelligente et [30]61 o T

[1.2.3) Comparaison des systéemes de communication sans fil
Une comparaison détaillée des systemes 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 co(it et MIMO. Certaines

caractéristiques, telles que le colt et la couverture, sont décrites qualitativement (faible, tres

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

pr®ci sent sbi

| est

b o n qoalitatidanmés a i s

déavoi

Table 1I-1 : Comparaison entre les systémes de communication sans fil

r

un

IEEE 802.15 Wi-Fi et TVWS loT Technologies mobiles
Bluetooth | UWB | Zigbee WI-FI TVWS LORA SIGFOX | WIMAX | LTE 5G
Fréquence 2.4 3.1- 0.86, 0.9, 24,1005 -109 24,|09 2-11 045-37|06-71
(GHz) 10.6 091,24 | 3.65,5.8 0.862 5
LI/ UN UN LI UN UN LI/UN UN UN LI/ UN LI LI
Largeur de |1 >500 | 0.3, 0.6, | 5,10,20, 6,7,8 0.125, 0.0002 <20 <20 <800
bande (MHz) (L) (VH) | 2(L) 40,80,160 | (M) 0.25,0.5| (VL) (M) (M) (VH)
(H) L
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
Coat 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] 7l 2], [31] | [7].[13].[14] | [35], [15] | [35], [16] | [25), [26] | [7).[38.[27], | [7). [11],
[32], [33] [34] [16], [36], | [17], [36] 31, 32, | [28] 28], [30]
[60] [33], [37]
LI : Licencié VL:Tres Faible | L Faible M Moyen | H Elevé VH : Tres
élevé
UN : Non licencié Bon Neutre Mauvais

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

5G. Les basses fréquences assurent une large couverture et une bonne pénétration a 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 codt et une meilleure popularité. Une large bande fréquentielle permet un débit plus

élevé au dépit de 16 i mmucoritré I®terférence. La norme IEEE 802.15 est la moins chére,
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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 cheres, car leurs fréquences sont souvent
licenciées et elles nécessitent daénfrastructures et de spécialistes qualifiés. Les technologies
restantes ont un co(t moyen, a part le Wi-Fi qui a des fréquences libres. Le débit de la norme
IEEE 802.15, a part UWB, est faible en raison de sa faible largeur de bande. Sa couverture est
la plus faible, car elle est congue pour les communications entre périphériques. La portée des
technologies mobiles esttrées grande,c ar el |l es autori sent des ,pui ssan
la norme 5G consomme moins d'énergie pour supporter I'loT. Lora et Sigfox ont une large
portée, vu leurs faibles débits et fréquences. En conclusion, pour un débit donné, la couverture
est proportionnelle a la puissance émise, et inversement proportionnelle a la fréquence radio.
Pour augmenter le débit selon une couverture donnée, il y a besoin de plus d'énergie, d uine

bande de fréquence plus large,oudwwn f i |l trage de bruit et doéinterf

[1.2.4) Criteres de choix des systemes de communication

La consommation, le débit et la couverture sont essentiels pour classer les systéemes de
communication sans fil. Un compromis entre ces trois paramétres doit étre établi, car on ne
peut en améliorer que deux au détriment du troisieme. Par exemple, pour une couverture et
un débit élevé, la consommation augmente pour améliorer la portée du signal. De plus,
I'accessibilité et la mobilité précisentsilé al i ment at i on se f apatbateger pri se
Par exemple, pour les capteurs, une tres 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 I 6i nt € latoRstebation de.la nBdulatiore kamplitpde en
guadrature (en anglais Quadrature Amplitude Modulation ou QAM) (QAM 256 ou QAM 1024)
augmente, |l e d®bi tdépendamme®tl de arcansommation etde l6i nt er f ®r enc e.
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 c 0 mp e natténuatioh 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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, Coverage
V= | range | VH
L H
Data rate Data rate Data rate V= Data rate v

|— (Throughput) _l (Throughput) |_ (Throughput) —| (Throughput)
L M I M H T

L H
I I I I | .

Power Power Power Power Power Power Power Power
consumption consumption consumption consumption consumption consumption |_ consumption—| consumption
I [ [ | | I |
L L L L L VL H VH M
I | | | | | | | |
Channel Channel Channel Channel Channel Channel Channel Channel Channel
bandwidth bandwidth bandwidth bandwidth bandwidth I_ bandwidth_l bandwidth bandwidth| | bandwidth
IL VIH L M H VL L ITI M VH

Cost Cost Cost | Cost | | Cost | | Cost | | Cost | | Cost |
[ [ [ [ | [ [ [
VL VL VL M L M M H H VH
| | | | | | | | | |
Bluetouth uws Zighee VWS WiFi Sigfox Lora LTE WIMAX 56
Figure 11-1 : Arbre de décision pour le choix des technologies de communication.
Table 1I-2 : Avantages et inconvénients des systémes de communication sans fil

Technologie de Avantages Inconvénient
communication
Bluetooth, 0 Faible codt 0 Déploiement facile 0 Couverture faible
UWB et Zigbee 0 Faible consommation 0 Mobilité supportée 0 Faible débit (a part UWB)
Wi-Fi 0 Faible codt 6 MIMO supporté O0Possibilit®
0 Faible consommation 0 Mobilité supportée
0 Fort débit 0 Grande couverture (option
longue distance)
TVWS (802.22) 0 Faible consommation 0 Faible interférence 0 Débit moyen
0 Grande couverture 6 MIMO supporté 0 Déploiement colteux
LORA et 0 Tres faible 6 Faible colt 0 Débit tres bas
SIGFOX consommation 0 loT supporté 0 Possibilit®
0 Grande couverture
WIMAX et LTE 0 Fort débit 0 Mobilité supportée 0 Déploiement colteux
0 Grande couverture 0 Robuste contr e| 6 Hauteconsommation
6 MIMO supporté
5G 0 Trés fort débit 0 MIMO massive supportée 0 Déploiement colteux
0 Grande couverture 0 Mobilité supportée
6 Consommation 0 Robuste contre
moyenne 0 IoT supporté

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

systeme 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; do6éo% son d®bit est |lu®&g rroebmesntte i"n fl®riinetuerr fe@r
haut débit et une couverture élevée, le choix se fait entre Wi-Fi, TVWS et les technologies
mobiles. TVWS a un codt 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 co(t les plus élevés parmi les technologies mobiles.

[1.2.5) Synthese
Malgré le progres et la diversification des systémes de communication, il n'existe pas de
solution unique a tous les défis. Le tableau II-2 compare les systémes de communication selon
leurs avantages et leurs inconvénients. La technologie Wi-F i ayant | 6option | ar ¢
est une importante alternative vue son bon compromis entre le faible colt de la norme 802.15,
la faible consommation des technologies compatible a v e 10T, e @ébit et la couverture élevés
des communications mobiles.

Table 1I-3 : Choix d u systéeme de communication pour les zones rurales.

Caractéristiques Qualifications Descriptions Résultat
Couverture Grand ou trés grand Les utilisateurs sont trés dispersés
Débit Grand ou tres grand Compatible avec le transfert multimédia
Consommation Faible Sour ces date®dars cegtaine cas Wi-Fi
Largeur de bande Grand Grand transfert de données
Codt Faible & moyen Manque de rentabilité économique
Les d®fis de | a damsitilauxzonas rumlesdsont réstinges en¢ableau I1-

3. En effet, un faible col(t, 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| 6 o parge eouverture,

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

I1.3. Internet sans fil fixe par Wi -Fi
L laternet sans fil fixe est fourni par FWN qui se définit par un lien radio qui connecte deux

emplacements fixes al Iriernet[39]. Cer t ai ns f o ur hiiiesnsteésiderstielsatsappel | e |
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fil [40]. Son déploiement typique est présenté en figure 1 du chapitre 4, il sdbexplique

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

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

par des cO©bles r®seau, aux ®qui pement saprisdd er nes

limportance dans la fourniture d'Internet a la population rurale [41], [42], et beaucoup de

Canadiens en bénéficient [43].

[1.3.1) Caractéristiques techniques du Wi  -Fi

La couverture du Wi-Fi s'étend jusqu'a 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 contrble d'accés 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 étre 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, 802.11lax (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 | argeur de bande varie de 5 MHz pour

services multimédias. Chaque version a un profil de débit différent qui varie aussi selon la
puissance du signalregu. Pour r ®d ui r e dds fechniquesrcdm@ne le mdtiplexage
orthogonal de la fréquence (en anglais Orthogonal Frequency-Division Multiplexing ou OFDM),

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

I1.4. Modeéles 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 a 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 modéle de PL approprié dépend de la zone géographique et des paramétres de la
liaison radio. Les modéles empiriques offrent un bon compromis entre la précision, I'efficacité
de calcul et | a c[45mPes modéles @t étk draditianrieliememttcongua 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 parametres technologiques diversifiés, des
environnements ruraux et des fréquences j u s g6uGdlZ. De méme, chaque modele possede
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 d

ou concevoir un nouveaumodeles el on | es param tres et |l e context

[1.4.1) Calcule des pertes de propagation
Les PLs sont déduites a partir de la formule de FRIIS [45]:
0 0 O O ¥
Avec P, et P; sont respectivement les puissances regues et émises; G; et G, 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, Lin, des dispositifs. Vu que tous les paramétres sont

connus a travers les fiches techniques (Lin, Pt Gt, Gr) et les mesures (P)), la PL est évaluée

selon la formule suivante :

11.4.2) Modeles empiriques existants de perte de propagation

De nombreux articles de recherche ont étudié les modeles existants de PLs. Dans [46],
Phillipsetal.ontd ®cr it et mis en Tuvre 30 mod | es propos®s
lls ont constaté que le paysage des modélesde PLest pr ®caire en affirmant
mieux, un RMSE de 8 a 9 dB en zones urbaines et autour de 15 dB en zones rurales. lls [47]
ont aussi développé une nouvelle taxonomie couvrant plus de 60 ans de recherche continue.

lIs ont déclaré que la prochaine génération de modeéles de PL sera centrée sur les données a
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partir de mesures dirigées. Phillips et al. ont analysé 28 modeles de PL en région rurale de la

Nouvelle-Zélande [48]. | | s

ont d®montr ® que

¢ |

6®t at de

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 modéles de PL pour les

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

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

Table II-4 : Description des modeles empiriques

de PL les plus connus.

Modele Zone Formules mathématiques Conditions et
limites
Espace libre 00 Q6 cBucHI @ ¢kl
- destladistance entre I'émetteur et le récepteurfest la fréquence
Log Urbaine VO Q6 V0 pulI Qa
distance Banlieue
- PL(d0)est laPL mesuré a une distancedp métres du transmetteur.
Rurale - Pestunevariable aléatoire de distribution gaussienne et de moyen zéro avec un écart
type A
Environnement Exposant des PLs (n)
Espace libre 2
Réseau cellulaire urbain 2.7t03.5
Réseau cellulaire urbain obstrué  3to 5
Lien interne en visibilité directe 1.6t01.8
Lien interne obstrué 4t06
Lien obstrué en usine 2t03
Okumura Urbaine 0O0Q6 OO 6 "W OO0 00 O f: 150- 1920 MHz
pﬁICé—gO’D on Hr: 1-3m
00 y TT .
Wi O ][JC’)E 0 , HAP :30-100 m
C c— b p T TT
%""O d :1-100 km
pitl &NOHB o4
‘00 ,.OG
il (;FI’]OE' 0 pm
- 0006 A" estlavaleur médiane des PL§, A est un ensemble de courbes
Ai OGAT 1 DT AO PAO |/ EOI OOA pi 60 1 86A0DIOI O
et"0'0 sont les facteurs de correction des hauteurs des antennes AP et CRE, est
1A EAAOADOO AA AT OO0A A&t H sddthes halteuis §e& T OE O
antennes AP et CPE respectivement.
Okumura - Urbaine VOO@E 9dULV CcPPT QQ papd I f: 153 1500 MHz
Hata T® @Il IT@s Hr: 1-10m
-6 T U0wOi wi EECI UUwWET weduUui EOPOOWEI OE wi H
o] UUwoOl w Ul UUuw wEOUU UbOOuw wOE w HAP : 30 - 200 m
Ez1 OYPUOOOI 01 OU
i s s e e e a wes o] 47 1720 km
™ p® ¢ I QQ pdl I QQ & 0N N QO WaE L O QHEN &
6 W wl I Ga f0 PPN i MU T"Q o MHOAQI & V@ &
og 11 Qg (O TR ®nn'Q p v OHROFQ B Qa o
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Banlieue

NIRVI® 9Xo] UUUOCll%—LlJ v

Aire O00@8 O0O00OT&UW i QQ p®II QQ 1 Bt
ouverte
COST-231 Urbaine 00 Q6 o olToéli f: 1503 2000 MHz
Hata Banlieue 6 o1 1@ 6 © T @ oo 6 Hr:1-10m
étendu Rurale ™ p® ¢ M ppl I Q T ONGé EE QRO O HAP : 30 -200 m
@0 g w | Coa fO pRNI Q o mMitOdQl U@ & Q | ¢ - 1420 km
og 11 o g0 8K | @nitoa "TQl ¢EU@R d Q
5 ¢ @ 0 Uominoq . ¢ ® @ U minod
T ®N Up Y OO’ o &N Up Y 1O1iOd
0 pa@&od T8O e pd T
- 3O est le facteur de correction @ la hauteur duCPEA; 8 3%ont les paramétres Hata,
6 est un facteur de correctionégal a 0 dB en banlieue ou en zones rurales et 3 dB en
zones urbaines
ECC-33 Urbaine 00 Q8 00 & O O I wAwl YYYuw
Banlieue 00 Q6 w@ ci @ ¢l Hr:1¢410 m
Rurale 6 CBp W@d T @ x@olT QQ o g T O HAP : 304200 m
" 11 G— 11 :
O %nnp @v poudy Q d: 1420 km
O TXPI T QIT @ myYo
O ™ LV® p& @ pourles villes moyennes
- 00,40 and00iI 1T 0 1 868A00T 1 OAOE| leddbask,dabtéiitre bath
AARO EAOOADOOO A6'0 AO AO #0% OAOPAAOEOA
Sul Urbaine 50 Q6 b pili % P, Q =100 m
Banlieue i wo wA whhyw
o} Tl G—r & BdO — [ e
Rurale < & ¢ ¢ Hr:2410 m
A} p @l T G—enterrain de type A et B HAP : 10480 m
® ¢ | G—enterrain de type C d:0.48km
- A=100m, AA0O0 1 A DPAOAI 7 OSedt unfarteur ydntuAeidBifbitiod h
logi 7 Of AT A Pi 0O 181 AOOOOAOGEIT AAOG AOAOA(
sont : 8.2 dB en rural, 9.6 aux banlieues et 10.6 dB en zone urbaik@est un facteur de
correction pour les fréquences [MHz] atdela de 2GHz, st un facteur de correction
pour la hauteur du CPE [m], les valeurs des exposants des Pt,sont: 2, 3>5 et r
>5 pour les zones urbaines, urbaines obstruées et espaces internes respectivement.
Parametre 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
Ericson Urbaine Dww@6 ® wlTca odligo olico 171ca i wwAwhhwé&
Banlieue og 11 Cgou O Q0 Hr:2¢10 m
Rurale QO T8 @R Ty ae HAP : 10480 m
Environnement a0 al a2 a3
d:0.148 km
Banlieue 43.20 68.93 12 0.1
Urbain 36.2 30.2 12 0.1
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Rural 45.95 100.6 12 0.1

Les parametres @, a;, azand as) sont optimisés pour mieux représenter

i1 6A1T OEOITTAI AT O AA POIi PACAOGEI I
Walfisch - LOS 00 Q6 1@ cdTCQ ¢mliCQ f: 800- 2000 MHz
Ikegami NLOS U0 U0 00 061 O@@E@o: 6 QQ6Q Hr:1-3m
- 00 estlaPL aairelibre0 O estla diffraction du toit alaruel O est la perte de
d:0.02-5km
diffraction -multiécran
SPM Urbaine 00 Q6 0 olilg 0IT¢CoO OITCO 117G |f:150-1500MHz
Banlieue o Q@ vlTca Hr:1¢10 m
Rurale - Ki 8 3sontles parametres du modéle en fonction du modele Hata comme ce qui suif HAP : 304200 m
U 0 0 aé¢"Q adb
, . « .o . d: 1420 km
O 6,0 o6 a0 0
O 0 TWOE EO p8u [
O GOsihr>15
Rural 3GPP LOS 5o 00 Opml Q Q f:0.5¢ 100GHz
VLD OR Q p 7
TR 38.901 Hr:1410 m
q 000 HAP : 10150 m
w
D (LOS) : 0.0%10
00 ¢ ¢C— T Emio®RfpnicQ K
¢ = a 8 3T N,
| E@rt t°Qp x x mdimigl ¢CQQ D (NLOS) : 0.0%5
5 on Toon S m ’Q km
Q I C—
0o 0O T Q,Q
NLOS 00 i Ad O D &e sipmti Q U
0 e posgtT X 1T G xdI T CQ
¢wx o — |1 CO
O
T@copl i CO 11TCQO o ¢l
o 11 Cog (O 180X

11.4.3) Revue des recherches sur les modéles empiriques de perte de propagation

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

en zones urbaines [51], alors qud u n

p et ide tramaoxnobt comsidéré les FWNs en zones

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

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

technologie LTE a 3.7 GHz. MacCartney et al. [53] ont étudié les modeles 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 modele RMa entre 0.5 GHz et 100 GHz. Chee et al. [54] ont étudié les
effets de |l a fr®quence, de |l a hauteur dban
et 3535 MHz en zone rurale. El Chall et al. [55] ont étudié le canal radio de LoRaWAN a 868
MHz, ils ont aussi développé un modéle de PL pour les environnements intérieurs et extérieurs
en zones urbaines et rurales au Liban. Rakesh et al. [56] ont analysé les modéles de PL pour

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

La plupart des études ont considéré la PL du Wi-Fi en intérieur ou il est classiquement
utilisé. Cependant, sa version de longue portée est importante pour fournirl 6 acc s |
zones rurales. Fendiji et al. [57] ont comparé les modéles de PL selon des mesures a 2.4 GHz.
lIs ont proposé un nouveau modeéle basé sur le modéle Liechtenstein. Oni et Idachaba [58] ont
passé en revue les modéles 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'a 10.3 km. Le tableau 3 du chapitre 6
compare les recherches sur les modeles de PL existants selon leur pertinence par rapport a
leurs mesures selon la fréquence, la couverture, la zone, les systémes de communication sans
fil, la mobilité, et si les mesures sont faites dans un environnement contrélé. Les nouveaux
modéles sont désignés comme « proposition auteur » dans la colonne « Model pertinent de PL

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

I1.4.4) Effets environnementaux

I1.4.4.a) Végétation

Dans la littérature, on trouve essentiellement deux groupes de modéles : empiriques, soit
bas®s sur des observations et des mesures
de propagation. Les modeéles empiriques ont retenu l'attention pour leur précision et leur
simplicité. Les modéles de PL a travers la végétation les plus connus sont : la décroissance
exponentielle modifiée, Weissberger, ITU-R, COST 235, FITU-R et | dat t ®n (648t
[61]. En général, le PL a travers la végétation peut étre décrit avec le modéle de décroissance

exponentieles el on | 6 ®quati on suivante
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0 0 Q Q
Avec A, B et C sont ajustés empiriquement, f est la fréquence et d est la distance parcourue a

travers la végétation. Selon la majorité des recherches, la distance parcourue a travers le
feuillage doit étre connue pour une estimation précise de PL, ce qui est difficile en zones rurales
a cause des facteurs commel 6 empl acement , l e type et | a

ne pas étre uniformes. De plus, les modéles existants couvrent des distances de feuillage
inférieures a 400 m tandis que les liaisons radio peuvent dépasser 10 km. De méme, la
présence et I'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 I'atténuation de la
végétation a 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 a 1 GHz, enraisonde 16 o b s t rdesdroncsal'arbres [64].

I1.4.4.b) Effets climatiques

Dans le contexte rural canadien, les conditions extrémes de propagation varient selon deux
groupes : froid et chaud. La chute de neige et de pluie nb6 e pas considérée dans notre
recherche, vu sa durée limitée et son impact réduit sur nos fréquences d'opération [65], [66].
Les principaux effets saisonniers a long terme sur la PL sont causés par la croissance des
feuilles pendant | a saison chaude ou | eur
la saison froide. Pendant la saison chaude, l'atténuation ©  est donnée comme suit :

0 0 0 0

AvecO ,0 etd sont respectivement les atténuations d'air libre, de végétation et de
batiment. Pendant la saison froide, les feuilles tombent et I'atténuation de la végétation diminue
progressivement. L'atténuation des liaisons NLOS 0 est alors donnée comme suit, ou 0
eto sont respectivement les atténuations des coniferes et de la neige accumulée :

0 0 0 0 0
[1.4.5) Synthése
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 & un accord de la communauté scientifique sur le modéle
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de PL & utiliser pour une zone, ou une technologied onn ®e . Dan suppokeequer I3

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 contrdlés, ou tous les paramétres influents sont connus. Pourtant, la plupart de
ces parametres sont difficiles a évaluer avec précision lors des déploiements réels en zones
rurales. Par conséquent, notre recherche explore l'applicabilitt des modeles existants et
propose un modeéle empirique de PL pour les FWNs en zones rurales utilisant le Wi-Fi de longue

port®e jusqud” 6 GHz.

I1.L5. Association des utilisateurs et sélection d es APs pour les réseaux sans fil fixes

Le ML est un atout inestimable pour la sélectiond@® P et  htibnedssaitiigateurs (UA),
car il peut traiter des probléemes complexes et inférer des connaissances, sans programmation
explicite, a partir des données hétérogenes des réseaux sans fil [67]. Léapprenti
(en anglais Deep Learning ou DL) est devenu plus accessible grace aux progrés des
architectures informatiques ainsi qu'a la disponibilité des données convenables. Dans ce
contexte, le plasIprogcbe voiginHem angldis Nearest Neighbor) et les ANNSs, qui ont

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

151)Types ddédapprentissage

ssage f

Dans la littérature, on trouve 3 principaux t y pes d 6 a p: ragorentissage pag e

renforcement, apprentissage non supervisé et apprentissage supervisé. En apprentissage par
renforcement, I'agent optimise ces décisions pour atteindre un objectif a long terme en
interagissant avec son entourage selon un processus d'essais et d'erreurs. Les décisions sont

prises en f onct iwspstechequilprocBre une réconpansegositive du négative

en fonction des conséquences de ces décisions. Pour attei ndr e une politique opt

cherche a maximiser sa récompense a long terme [69].  jhpfeltissage non supervisé vise a
apprendre une fonction pour décrire ou découvrir une structure cachée a partir de données non
étiquetées [70]. Al or gpregtissage Isupaervisée per met ddapprendr e

|l " entr®e ° la sortie, 7 partir des donn®es
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élément de cetensemble estconsti t u® doéun vecteur dbéentr ®e et de |
é la fin de | éentrainement, cette fonction est ut
aux nouvelles val eur s ddéentr ®es. L' apprenti ssage
classification [71]. Il inclut plusieurs algorithmes, lors de notre recherche nous nous concentrons

sur le plus proche voisin et le réseau de neurones.

L 6 al gor iplustpnoahe voisin se caractérise par sa simplicité conceptuelle. Il identifie
les échantillons ayant des caractéristiques similaires a celles des données non étiquetées, pour
leur attribuer la méme 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 systeme neuronal biologique. lls e ¢ o mpuaes e d 6
coll ection d' uninter@®snectesiet rdssemblés erdceuches, qui sont appelés
neurones artificiels. La premiére couche est appelée couche d'entrée, la derniére est la couche
de sortie tandis que les autres sont les couches cachées. Chague neurone traite ses entrées et
transfére 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 I'entrainement pour une meilleure prédiction [73].

11.5.2) Revue des recherches
De nombr eux al gantproposés posir répaitid &ficacement la charge entre
les APs et pour traiter divers scénarios en réseaux mobiles [74]. Par exemple, Zappone et al.
[68lont compar® |l es pleaserdaANNsp ddddobteut. Lietrale[T5] eur
ont propos® un algorithme distribu® do6éUA pprour ®qu
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 dé uréseau cellulaire hétérogene. Kim et al. [77] ont développé un cadre incluant

plusieurs politiques dOUA pour ®qui | [7&8 onefournil a

une ®tude approfondie des m®cani smes dobéUA

Dans les réseaux Wi-Fi, | 6 U Agémrérlement 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 I'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
al gor i t h setos diffdréntd Acénarios. Lye et al. [82] ont proposé une gestion des APs
(ONouOFF)selonl 6 hi st oriqgue d' as s oc i-Htnaadre dbptimisatioh

théorigue 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 arréte I'exploration lorsqu'un AP approprié est trouvé, et la reprend apres quelques
périodes d'association insatisfaisantes. Khalili et al. [86] ont étudié I'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 probléme 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 I'efficacité énergétique, tout en respectant la QoS en

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

11.5.3) Synthése

et

arge

char

des

r @

Les techniqgques exi st antd&Pssont pribcipalemdnt utlisgtese®| ect i on

réseaux mobiles, en réseaux locaux de Wi-Fi denses et en réseaux multi-RAT, ou 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 parametres du réseau sans fil et les indicateurs de performance
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ne peuvent pas étre tous inclus en méme temps dans un méme probléme d'optimisation. Ainsi,
diversest echni ques de r el ax sontiutlisées ¢87], [89]0 leep dlgorithmesa t i o n
proposés sont validés uniquement par des simulations, et ils sont rarement testés sur des

implémentations réelles.

L6UA est rar ement utilis® en FWN, car |l es APs
I'installation qui nécessite la mobilisation de plusieurs techniciens. Si les tests n'aboutissent pas
a des abonnements, les colts de déploiement peuvent alors augmenter. En outre, de nombreux
tests produisent des résultats douteux pour une décision fiabled 8abonnement , alors
techniques d6UA peuvent automatiser cette d®ci si
la nature hétérogéne des informations requises fait des ANNs la solution évidente pour une

prédiction précise d'UA.

La s®l ection dO6AP est souvent bas®eporsgignal | a pui
sur bruit (en anglais Signal to Noise Ratio ou SNR) alors que de nombreux autres paramétres
sont impliqués et sont difficiles a considérer simultanément. De plus, aprés linstallation,
certaines conditions peuvent changer. Par exemple, plus d'utilisateurs sont connectés au méme
AP ou la croissance de la végétation diminue la puissance du signal recu. Pour les réseaux
mobiles, des optimisations avancées ou des mises a niveau des APs sont utilisées. Tandis
guben F WNss pedventsaus§l Btie modifiés ou délocalisés. Cependant, si | ulisateur

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 ®di ruee | 6 UA s
QoS requise. Deux algorithmes sont alors proposés pourpr ®v oi r | 6 ab utiisateerme nt d 6
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 paramétres et de

scénarios d'optimisation sont considérés simultanément.
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I1.L6. Conclusion et limites des solutions existantes
Les systétmes de communication sans fil sont les plus avantageux pour fournir les
services de communication a 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 co(t raisonnable. Cependant, la modélisation précise de la
perte de propagation est nécessaire pour la prédiction des performances, la planification,
| 6opti misation et | e dMahgureoserhentclanthjerdé des®sherehasx s ans f
sont concentrées sur les technologies mobiles en zones urbaines. Notre recherche est alors

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

contexte rural. De plus, notr e rcationhde regsbuees,s ' i nspi |
utilisées en technologies mobiles, pour assurer la stabilité des liens sans fil en optimisant I'acces
au réseau et en choisissant convenablement les APs p ar | 6ut ildapmnt é ®mni sdsea g e

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

paramétres pertinents.
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CHAPITRE 1. Etudes de cas des systémes de communication
pendant les événements extrémes : approches, faiblesses et limites pour

améliorer la qualité de service

Zayan EL KhaleY Hamid Mcheick
1 D®p ar tiefonmeatique etiédmathématique, Université de Québec a Chicoutimi, QC

G7H 2B1, Canada
Correspondanc&ayan EL Khaleddourrid: zayan.elkhaledl@ugac.ca).

Résumé : 16 ® c hdescsystemes de communication peut causer des dommages
catastrophiques a 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 systémes 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 extrémes. Tout d'abord,
nous soulignerons l'importance des systémes de communication, puis nous examinerons 16 ®t a t
d e |lds aaudes et les effets de leur échec. De plus, nous étudierons la maniére dont ils sont
utilisés pendant les différentes étapes de la catastrophe, et nous identifierons les principales
faiblesses et limitations qudls peuvent subir sur la base de plusieurs études de cas. Enfin, nous
identifierons et discuterons les attributs pertinents, les exigences et les recommandations pour
qud ugystéme 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 déja publié (voir la contribution
associée). |l traite, déune f a- kaneffas@e lusedrsetypes dénvironnements
difficiles sur les systemes de communication a travers des études de cas. Pour ensuite

sélectionner et traiter (dans les chapitres suivants) | 6 e nvi r o n plus manblable hue



contexte canadien et pour bénéficierdessolut i ons et recommandations pro

syst me fonctionne dbéune f a- dCarumetdronhemenndiffieledans un

peut induire plusieurs types doéi mpact sur
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 critéres
diversifi®s de r®partition temporelle pour
continents, de richesse pour couvrir les pays riches ayant une forte pénétration technologique
et les pays pauvres avec des faibles moyens technologiques, et s i envirahinement difficile est
causé par un facteur humain ou naturel. Les sujets suivants sont alors abordés :

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

La fiabilité des systémes de communication

Les rbles de ces systémes avant, pendant et apres les contextes difficiles

| es

n

couvri

- Une revue des littérature et étudesdesc as rr ®el s dobéenvironnement s

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

répondent majoritairement aux caractéristiques déduites lors de cette partie. L6 e st i mat i on de

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

| 6 ®t wodsecondernant 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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Case studies of communications
systems during extreme events: A
review of approaches, weaknesses and
limitations to improve QoS

Zayan EL Khaled *, Hamid Mcheick *
1Computer Science Departmebhiversity of Quebec at Chicoutimi, G7H2B1 Canada

Corresponding author: Zayan EL Khaleehfail: zayan.ekhaled1@ugac.ca).

ABSTRACT The failure of communications systems (CS) may cause catastrophic
damageto human life and economic activities during extreme events as people are
unable to communicate with each other in a tinmlgnner and with a convenient
quality of service (QoS). Thefore, 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 enviroments helps to design or select more resilient technoltagies
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 examénrelated 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 th@S 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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[ll.1. Introduction The role of telecommunication infrastructure (TI) is not
only I imited to peopl ediws. dai

Calamities, defined as generally unplanned events thaburing crisis situations such as ND, they also provide a way
cause significant losses, have become a common occurrender people to declare their safety or verify the safety of their
consistently taking the lives of thousands of people. Disasterglatives through emergency calls and priority phone lines.
in many parts of the world have caused serious damage tbhey also afford essential communication services in order to
goods and led to significant trauma for affected people antteep critical government services such as police and
their loved ones Natural disasters (ND) cause serious healthcare running. In emergencies, CS provide fundamental
deterioration of social and economic activities, ranging fromresponse and recovery activities as they help connect victims
habitation to nutrition, health facilities, communications to relatives, rescuers, and relief organizations in the aftermath
systems (CS), power supply, and transportation. Duringf extreme eventsr crises [4].
disasters, the provision of direct andlinect support for Reliable and accessible CS are also important to a
human needs is a substantial challenge [36]. communityds resilience as the

It is difficult for people to deal with hard circumstances thatpeople, governmeraind relief organizations to deal with risks
take place during natural or manmade disasters. Disasteluring all emergency stages. Immediately preceding
management encompasses several operations such @stastrophe, telecommunications are used to broadcast
immediate responsegcovery, mitigation, and preparedness warning information about what is happening. Then, people
for decreasing the effect of future calamities. Rescuers requirgre able to take action in order to preventeniuce the effect
fast and efficient access to information for effective disastef these calamities. Therefore, it is obvious that CS play a
management. Extreme disasters may hit a wide area, anglitical role in disaster warning, management and alleviation.
therefore, many organizations mée involved in rescue During ND like earthquakes, hurricanes and tsunamis,
operations as a single team to help the injured, save lives, amchditional means of communications such as fixed or wireless
protect facilities [31]. phones might be damaged [16]. Thus, each country must

Natural and manmade disasters create significantimmediaisrepare alternatives for such situations so that disaster
challenges for authorities in many fields. Indirect damages armanagement (DM) organizations can respond quickly and
also set in motion by catastrophe, such as social problems efficiently. Thus, DM teams must be skilled and provided with
economic pressures, loss of tourism, a drop in industry, etghe latest CS to assess lBsandlamages ancoordinate their
[27]. As disasters increase in frequency, they strike differenbperations.
countries in various waydeveloping nations suffer from high ND such as the earthquake in Haiti and the tsunami in Japan,
quantities of victims andhard economic losses; while or attacks like the September 11 terrorist attack in New York
developed countries are able to reduce losses due to their bégive demonstrated the importance of CSs in preventing losses
practices and efficient infrastructure [15]. and coordinating reliefictions. In the aftermath of crisis,

In such circumstances, the most important goals are savingsponder teams such as volunteers, firefighters, security staff
lives, goods, and all necessary infrastructure for disastesind health care personnel, are sent quickly to the damaged
mitigation as quickly as possible. Doing so may allow forzone. Robust CS must always be ready to use, especially
quicker rescues and reduce the impact of anxiety on disastéluring the early response time afteriais as they are essential
victims [36]. During the first 72 hours after a ND [45], rescuersto saving lives.
are more likely to save lives, and fast evaluation of losses is Rapid technological advances allow for greater efficiency in
requireg. CS are essential during this period to support thelealing with the effects of crisdsy: reducing impact on
exchange of information between entites such ashuman life as well as social and economic activities; protecting
humanitarian organizations, communities and governments. and supporting facilities; and getting medical help to the

injured. Each stage of DM (preparedness, response, mitigation
and restoration) requires its own technologicaltsans [36].

l1.1.1)Importance of communication systems  in the Many areas such as space technology, modern CS, health care
_ and diagnostics, artificial intelligence, green energy, and
context disasters remotecontrolled robots are useful in DM operations for

) rescue and relief efforts.
Technology is so integrated intorezyday life for the

majority of people that the development of a society or countryj| 1. 2)Communication breakdown effect during

is proportional to its progress in information technology (IT)

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

dramatically and CS have become essential, ngtfonbasic

communication, but also to have access to media, services, andThe failure of CS is widely known to occur in almost all
data supplied by companies, organizations and governmendisasters. The breakdown of TI, whether complete or partial,
etc. [11]. causes inefficiency and delays in emergency relief efforts and
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response, which leads to loss of life and preventable injuries traffic crossing the network disrupts relief operatidrmsis,
[6]. Due to increasing dependence upon CS during extremeescuers are not able to exchange information and people
events, the risk of communication failure is high, despitecannot communicate their position or ask for assistance, and

increasing immunity and protection of these means againghe entire relief operation is hardly managed [30]. Besides

disasters and calamities. A disaster situation with a severelghysical damage, the remaining CS are inadequate to handle

disrupted TI amplits chaos and uncertainty. Poor the increased nee make calls as the network becomes

communications between responders can severely hampewerloaded by the huge attempt to communicate with rescue
assessment and reliefforts andprevent affected populations services or relatives [18].

from connecting with responders and relatives [45].

During DM actions, information and instructions may be Il.1.3)Coping with crisis
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 damagedeveloped countries, extreme events that may easigpsell
areas are sent from rescuers to their management offices afdb [6]. In such contexts, the need of rescuers and the affected

other renote command centers. Similarly, relevant data andpopulation are directly proportional to the amount of diversity
instructions are sent from headquarters to command centeggid elaboration of the network infrastructure, as it increases
and then to rescuers [31]. Effective DM necessitates robust C&ependence on these systems along with the risk of faildre a
to provide a continuous exchange of information betweerlosses. However, modern CS can equally supply efficient and
effective ways to help governments to deal with catastrophe,
disconnection of this can generate disorder of disaster responged quickly reestablish affected economic and social life.
Over the past few years, the evolution of CS has led to the
developmenobf innumerable services and applications based

rescuers and remote commamenters. Any failure or

operations.

Table I11-1 :Overview of relevant disaster scenarios and their issues [26].

Sumatra . Black War
earthquake/ H:;rtlrci:r?ge Saturday and
tsunami bushfires unrest
Loss of
communications . . . <«
Isolation of
people . . . <
Response
difficulties ® o o o
Use of social
media . . < .
Collaboration of
citizens ® o [ ] q
Search for d
missing people [ « «
Lack of
information . . . <
@ Fully applies « partially applies

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

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 thdtermath 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 usersan make posts online to
propagate and obtain information about the cfisi$

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, restiltg 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 aftservice [27]. Many other
examples prove that current CS have various weaknesses and

limitations that may hamper and challenge emergency

Furthermore, the damaged area may become isolated by thesponse. Important weaknesses are physical destruction, lack

total or partial failure of CS. In this case, the ability to sendof compatibility between technologies, and the congesif
reports, information or data to the outside world or remotecg.

headquarters will be reduced. For example, during a tsunami, Fyrthermore, restoring connectivity, even temporarily

we need toend information related to the disaster everywhere gmong rescue teams, is a critical goal for helping rescuers to

even to unaffected areas) broadcast early warnings and report their inputs and synchronize their actions [18]. Because
ensure evacuation from CriISIS zones. Moreover, we I‘ISk |OS|n%uiCk repair Of CS during go'den hours may boost Operationsy
time during the 72 golden hours immediately following athere is a need to install flexible infrastructure that is able to
disaster, the time period wh we are most likely to save lives restore connectivity immediately. The advanced technology
[27]. By using efficient CS, weansend first response teams ;sed for DM may support relief organizations and provide

quickly to rescue the population of the affected area.

As we can see in table |, communication failure may occur | addition, O was integrated into the DM process a long
in mostextreme event scenarios which progdkss of lives

and properties. Also, the Damage to CS along with the increasgsilience [16]. Furthermore, the use of CT is essential during

necessary feedback for any action to take during catastrophes.
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the four phases of DM: preparedness, mitigation, response arll.2. Related works

recovery. Also, informationral communications technologies

(ICT), which have had significant progress recently, help to The importance of communications during disasters h
integrate many CS together. Hence, the use of CT in DM i®een a major area of study over recent years with a number of

also growing. research papers published highlighting the need for reliable
means of communication in all DM stages. In this section, we
[1l.1.4)Challenges restoring communication depict related work and pinpoint the contribution of this paper.

Book[46] reviews the major NBthat have hit various regions

There are serious challenges during the deployment of CS¥ the world;also,it discusses their effects on society. Another
under extreme conditions [18]. First, the system must operatene [48] examines, in detail, a design process for CS to be
without knowing any previous information about its disaster tolerant and gives best performances during the crisis.
environment; thus, the installation and configuration must beRautela and Pande [47] highlighted the problems and issues
done on the fly and as quickly as possibleestore, strengthen that can occur if peoplare not well prepared for DM. The
or substitutehe failed part of the infrastructure. Second, CSguidebook [36] helps governments, professionals and
must be scalable, resilient and energy efficient to deal easilyolunteers to find convenient solutions for many difficulties
with unknown conditions and limited battery life of many during ND. Townsend and Moss [6] have detailed the need for
devices; thus, CSnust be installed on demand in full CS during the disaster recovery process.
conformity with current needsd required location. Third, as In pgoer [34], Guido and Felix examined solutions for risk
many entities are concerned in the rescue operations, C&aluation and mitigation provided by information systems
should interoperate with heterogeneous technologies; the gossearch in ND management. Suzana and Mickelson [20]
is to support various standards and devices, so that afliscussed a framework to investigate appropriate Information
responders will be able to communicate togetbeordinate  and Communication TechnologyC{T) to use in limited
operations and receive requests from affected populationsesource areas, mostly rural areas. In [28], Fragkiadakis et al.
There are many other challenges that we will examine in detalhave proposed a scalable network platform that provides a
in this paper such as: reliability and robustness to suppodommon architecture for interoperable and heterogeneous
critical requirements; flexibility to selbrganize when networks during catastrophes. Miranda et al. [18] eyard
architecture change® minimize delays; and facilitating the possible alternatives for critical communications by deploying

deployment. a network without any previous information about the
deploymenenvironment. In [29], Gomes et al. did a survey of
lll.1.5)Research objectives wide regional failures and solutions for achieving resilient

routing, induding disasteaware routing. Saim et al. [30]

Despite the benefits of modern CS to society, failures of C&xamined the utility of cognitive radio technologies for
present serious consequences and risks due to increasigghergency communication response and confirm that they are
dependence upon these instruments. This papdnesgks very convenient to fulfill the hard requirements of these
issues related to the use of CT during extreme events. Its magystems.
objective is to address weaknesses and limitations of CS that Bartolacci et al. [19] éscribed parameters to conveniently
can cause ineffective performance, low communication Qo&hoose the location of mobile network base stations and other
or even dysfunction during emergencies. To begin, wecommunication equipment in an affected area. The paper [26]
examine thémpact of the utilization of CT during DM phases, sets out the architecture for solving the problem of filtering or
in addition to causes of communication failure during and afteprioritizing for limited bandwith of Mobile Ad Hoc
disasters. Then, a special focus is given to the relationshipetworks. In [22], Wenye et al. discussed how smartphone
between recent disasters and telecommunicatmmeview  systems work effectively in a disastsingembedded sensors
previous failures anduccesses and identify the attributes andand emergency applications.
characteristics that CS should have to improve performance In [2], Srinivasarao et al. completed a survey of emergency
and QOS of communications during extreme events contextsCS  architectures including asning processing and

The remaining portion of the paper is arranged as followstransmission network architectures. In [3], Premkumar and
In section 2, a review of the literatuis presented. In section Jain examined some specifications to improve the efficiency
3, telecommunications usage during disasters is examined. bf a CS during relief operations in the aftermath of a disaster.
section 4, case studies of the utilization of CS during severarhe study [14] examined some causes of communitatio
recent disasters are presented. In section 5, we discuss afaglure during the response to Hurricane Katrina. It also studied
identify recommendations based on the jues section. In  how failures of communication, management and information
section 6, attributes that modern CS should have argharing reduce network organizational effectiveness. In survey
introduced based on many case studies and previous examplgg?], Wenye et al. depicted and displayed communication
We finish this paper by the conclusion duntlire research system arcitectures, research challenges and performance

specifications for intelligent power system management. In
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paper [40], many new challenges that emergency servicerhich one is best suited. In brief, this paper provides the
providers are going to encounter with the arrival of 5G arefollowing main contributions:

examined. In [44], Dial et al. wergharged with evaluating Examine technologies and approaches taken to deal with CS
current systems and found areas of opportunity forfailures during several extreme events.

i mprovement for Fujian Pr ovillostated standamdg r actionsc yands yesommendationsT h
paper [31] surveyed proposed frameworks for emergencyroposed by spedists and commissions to strengthen the
communications response and possible security requirementssilience of CS in the aftermath of disasters.

to providea secure and efficient exchange of information. In  Provide an analytical global study of CS weaknesses and
[24], Li Yan identified several challenges to deploy the limitations based on a deep analysis of many extreme events

emergency warning CS. contexts.
Identify relevant attributes and requiremsethat CS should
[11.2.1)Discussion have to ensure a good communication QoScduysidering

many case studies in addition to practical, technical,

As modern life is completely dependent on CT, thecontextual, social and procedural realities. Bested CT will
population can be more vulnerable when communication failsbe selected through future research by using these attributes.
Thus the importance of communications has been a major area
of study over recent years witkeveralpublishedresearch  111.3. Disasters and telecommunications
papers highlighting the need for reliable means of
communication during extreme events contexts. Their
principal aim is to help provide petgwith their basic needs 111.3.1)The impact of extreme natural events
and communicate with rescue teams and their relatives.
According to our survey, most of the papers focus on specific Natural or manmade disasters brirgonomic losses
technology or specific issues in CT, or how to adapt CSexceeéhg hundreds of billions of dollars; figure. Theyare
according to a particular context. Duriexfreme eventsnany frequently occurringespeciallyin recent decades as we can
aspects are concerned in the use of CT for mitigation andee in figure 2In addition toserious human losses of many
response efforts, such as technical, social, proceduratens of millions of victims; figure3. As an example, the

organizational, etc. It was difficult to find a publication thate ar t hquake of Haiti alone «cl ¢
dealt with all of these aspects by reviewing many disasters ig010 [43]. Although, in the aftermath of a disaisthe affected
order b find weaknesses and limitations to address thw one i s in chaos. Letds take

decrease of communicat i ons 62010 @san@xamglenlyhad %0 magnituges,efallavadt by a
tsunami of 23 meters high and accompanied by a nuclear
[11.2.2)Paper contributions crisis; as a consequence already itreiihed emergency
respnse specialists and the world were dazed. By synthesizing
According to our knowledge, there is no detailed study thatonsequences of many largeale disasters,we obtain
considerghe usage of CS in many disasters at the same timdollowing conclusions [11, 14, 33, 41, 42, 43, 45]:
Existing lesearch papers have examined a single disaster in . ¢ collapse of buildings and infrastructure: Beside
detail, or they focused on characterizing and dealing with g, high human cost of extreme evethtt exceeded hundred
special context that may occur during disasters. Our objectivi,iions of people, figurel, they additionally made many
is to illustrate approaches, weaknesses and limitations that m?ﬁéople homeless and waiting for help. Also, damages to
take place whileising CS during extreme events in gen®al  ¢conomic activities and infrastructure destruction caused the

address the decrease of ¢ ompddiofdlohohl $oSses@P many Huldrel Billiohsdof t €

findings, we studied many disasters based on various_criteri:iljo"alrs in recent years, figute

such as: manmade or natural; whether affected countries were ) T

developing or developed; type of event, such as earthquake or~ _ Faralysis of traffic in the damaged zone: Even
tsunami: continents like Asia or America: and we considered®maining circuits were congested due to huge disaster
temporal distributia to cover the digital era revolution up to '€SPonse or evacuation of vehicles. Thus, external aid like

current days. Then we extract the characteristics that suchiS@ster response workers and goods transportation is
systems must have to provide a convenient communicatiofifficult to flow in damaged areas [S9]. Also, airports may be
QoS during extreme events. These characteristics have bedAmaged; and as no plane could land external aid could not
deduced according to a deep literatstudy of many papers P€ Provided immediately during the golden 72 Hours.
that had examined recent disasters to identify the technologichlOWever, weare still able to use helicopters to transport
weaknesses to be overcome. We will try to address thesspme IlmlteQresourc_es, but the difficulty level of disaster
weaknesses through future research for reliable CS bjeSPonse still complicated
comparing all common modern CT without prior judgment of -  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 damages@rvice, critical CS were disrupted and the coordination of
areas canhardly be accessed. Thus, without a clearrelief efforts was severely hampered.

understanding, it is difficult to allocate available resources Consequences of CS failure pravefficient response in the
efficiently and appropriately. Hence, the misplacement ofaftermath of a disaster. Also, rescuers are more concerned to
disaster relief goods makes it impossible for victims andprevent any additional life losses than reduce damage to
human cost rise properties and infrastructure. Relief operations may be
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Figure I11-2. The total economic cost of damages as a result of global
ND in any given year, measured in current US$, includes those from ) L
drought, floods, biological epidemics, extreme weather, extreme z:%ﬂreht“l_fto-ln—jze r;?;‘fi‘;f geloizzlmrii Zortgftr':raeevvizgstlhgrlséztigﬁzs
temperature, landslides, dry mass movements, extraterrestrial gnt, » plolog p ’ S h
temperature, landslides, dry mass movements, wildfires, volcanic

impacts, wildfires, volcanic activity and earthquakes [32]. activity , and earthquakes [32]

- Dysfunctional administrative command system: severely delayed or paralyzedtie responding orgézations
Every level of this system may be paralyzed, and the®® unable to communicate with each other and effective

remaining system may bprevented from assuming the coordination becomes more complicated. In  stiche-
greatest responsibility of disaster response planning angensitivesituations, the loss of few minutes may reduce the gap

administration. .between'death 'and !ife for people in need for rescue [35]. Even
o L _ .. if rumoris notrisky in the same way as a delay in response

- Bad coordination: The efficiency of rescue activities gftqrts however it is able testablisha seriouslyconfused
was low because there were no common communicationgnyironment. With the imbalance of communication channels,
tools between the workers. Also, poor communication causeggnfiicting information about damages can spread panic and
interference with emergency response actions. Henc&,mors at a situation when planned acts are necefsary
emergency response operations waatly, and many st efficient and quick relief.
lives could have been saved. In theliterature,we can find many examples of s due

to communication failure such as the survej2hj. It wasalso

Il1.3.2)Losses and consequences due to

telecommunication failure 600 million
Over the last decade, 3,852 ND have killed 780,000, affecte  * ™" ‘
2,000 million people and cost at least 960,000 $ US million e |

[15]. ICT are unavoidable in the prediction, detection,
monitoring,andwarning of the occurrence of ND. They also ., k ﬁ,‘
have acritical roledur i ng di sasterso 1 |“'|

efficient information exchange for entities concerned in  zumiion A | M M I
recovery and rescue actions. Thus, emergency CS are essen | ‘H [ |‘| " L\i‘ \I]
to all DM phasespamely detection and prediction, warning 100 milfon I ‘| N ‘i'f‘ [ VLot s
and relief operations. "‘w\l L-\f V'

To illustrate the importance of CS, during an earthquake ir T““M"MT]T“N“WJ 1980 2000 2017

2010 [45], wherfuel was in short supply, trevailablestock
was distributed only to local emergency services. The loca
operator was, therefore, not able to replenisheinergency

H i < Figure 111-3. Global total number of people affected by ND. This is
generator fu_el a_nd many sites Stopp?d funCtlonlng' Becau‘_’ defined as the sum of the injured, affected and left homeless after a
telecommunications were not considered as an essenti disaster [32].
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reportedthat during the northwest wildfire, first responders neighborhoods. The New York 2001 attacks damaged a major
were not informed that the wind hskifted,and the fire turned  routing center, isolating large parts of lower Manhattan from
toward them [13]. The main challenges include the loss othe telephone network.Yet, new "packet switched"
communication and the lack of compatibility between CS. Theechnologies, such as thaternet are more resilient to
incapacity of emergency organizations to coordinate anghysical destruction, thanks to increased redundancy and
communicate may cause catastrophic consequences on humasivanced routing techniques to bypass destructed parts. Such
life and properties as was mentioned in the fire of Okanoganetworks can support serious damage before certaits p
Complex in August 2015 [49]. To demonstrate thesebecome out of service. However, in spite of its resilience, the
necessities, just examine the terrorist attacks of the Worldinternetstill vulnerable because it is installed through the old
Trade Center (WTC), where 121 firefighters were died due tand nonredundantelephone and cable television networks
the missing radio interopdya | i ty bet we en pcopperwire i many parts bf ohe wodd Cable damage can be
their devices [13]. The Virginia Tech shootings and theharcer to repair as it is hidden underground, it may taiege
Katrina hurricane also proved the necessity of CStime justto locate the exact location of the damage [1].
interoperability and collaboration between implied agencies Although, wireless networks are highly variable in their
[50]. In addition, in Sri Lanka, thsunamicaused theeath of  vulnerability to physical node destruction and resulting loss of
over34,000 people due to the lack ofearlywarning system;  service [6]. For example, if a cell tower is severely damaged,
there wassufficient time to evacuate coastal population if in addition to the major service disconnection in its area, it will
information about thecoming disaster was available [37]. remain a serious problem as it is hard and costly to replace.
While in the case of extreme events physical damage i8Vireless links are also likely to be disturbed or damaged, as
unavoidabg, in many othecases the human death could be signals of different wavelengths can &ttenuatedy snow,
avoided if convenient measures and precautions had bedmavy rain or fogAlso, the transmitter itself can also be
taken. As in the case of Indian Ocean tsunami in Decembatamaged or misaligned with its receiver [35]. Broadcasting
2004, it provoked losses of over a quarter of a million deathservices are extremely vulnerable as they are generally

[37]. centralized at the metropolitan level. For example, the
destruction of the WTC, which was the locatiomwiny TV
[11.3.3)How CS fails during disas ters and radio stations, has disconnected the broadcast services of

many media stations. New architectures of wireless networks
During disastersTI may fail through a variety of reasons. are more and more decentralized; the cell phone network is
Many investigationsdemonstratehe main three reasofisr  centralized at little scale in larger cities. Hence, the deitruct
CS failure such as in [1, 5]: of thebasestation may disturb service only in a small zone.
- Destruction of CS components Like mosturban infrastructures, TN may be damaged in
nearlymostdisasters. Yet, it is not the scale of the disaster, but

- Damage of supporting infrastructure how the location of damages megincidewith the old and

- Congestion new comnanication facilities thatrethe determining factor.
Each of these three reasons will be examined in detail in thalthough these problems may be less costly and less difficult
nextsectons. to correct, they can be a serious challenge to relief efforts if
they remain during the first 72 hours of a disaster [35].
Physical destruction of network
Disruption in sup porting infrastructure
infrastructure

Breakdownscaused by supporting infrastructure tend to be
CS are crucial talisaster response, but during tiesis they  much more prevalent and detrimental to response and recovery
could be easily paralyzed. The most principal reafn efforts, even if they are less common than outages caused by
communicaon failures may be physical damage. Hurricane,physical damageThe electricaldistribution networkis the
flood and earthquakes can all create significant damage tqmajor supporting infrastructure for CS because electrical
towns and their vulnerable communications components [35energy is needed for the operation ofost modern
Physical damage caalso beextremely expensive artine-  communication devices. Thus, power outages and insufficient
consumingto restore as it mayequire maintenance or fyel for power generators are the main redsostopping CS
replacement of complex hardware, particularly if essentiaj43]. For example, during the power outage of 2003 in the
components such as cell towers or cables are concerned.  northeastern US, mobile phone services failed as most antenna
The weakness of telecommunication networks (TN) is due tgjtes were powered by only four to six hours of battery backup.
the lack of a high degree of redundancy [6]. For examplel fixe |n addition, after arearthquakein 2010, a local operator
phone network architecture is conceived in a way that theeported that only 16% of base stations in the affected region
simple loss of a fraction can instantly disconnect allyere rendered inoperable. However, just 28 hours later, about
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86% of base stations became inoperable and the cause was a Disaster warning

powerfailure. In addition, After the Japan tsunami in March

2011, appreimately 8,000 mobile base stations were

immediately disabled. Within 24 hours, this number almostBefore a disast, the principal mission of emergency

doubled when backup power systems became exhaustegommunications iglisaster notification [2]. Efficient warning

These power outages were responsible for 85% of mobil@nd appropriate evacuation process allow individuals and

communication breakdown during that time [45]. communities to react accordingly to a threat and decrease the
While power systems are the major supportingrisk of injury, death and goods dage. Communities need

infrastructure, cooling systems are also critical and may faimultiple channels of communicationegasurethe reception of

independently of the power supply [6]. Finally, transportalert information, and the dissemination of knowledge and

failures can also affect the fuel supply for backup generatorsiwareness. They are no single system that can be used in all

OnSeptember 11 New York aties,the maincommunication  situations; an efficient warning system shoetdploy many

device for a service provider was put offline due to a powerchannels of information and should be in a state of permanent

failure andbad diesel fuel supply at the same time. readiness. Two types of communication methods are available
for alerting [10]:
Disruption Due to Congestion - Mass methods: sirens, conventional radio,

television, etc.

Addressable methods: cellular mobile,

Even if physicalcomponents subsist after a disaster, CS can . !
telephone, Short Message Service, fax, paging, etc.

disrupt due to congestioThe consequence is temporarily the : k -
same as the failure produced by physical damage. To 1€ warning procedure can be detailed as fallawfirst,
understand theffectsof congestion just think about the road S€NSOrs monitor their environment and send  periodic
traffic if all vehicles are put together at the same time: surelyinformation to a data center. The transmission may be done by
they will not be able to move. Abrupeaks of traffic irtircuit wire .Ilnes, satellite or wiress communications. In this cen'ger,
switchednetworks, such as landline phones, may block thdeceived data are analyzed and processed; humans monitor the

communication, but it can be restored relatively rapidly.M€Sult 24 hours a day tdecideto issue or not a disaster
However, inpacketswitched networks, the consequence isWaming. If a warning is to be issued, then the information is
simply performance degradation. As for SMS, the mgsssa dlstrlbutec_J to |nd|V|dans in the ghster area by aII. possible
will always besentbut will be late dependently on the scale of M&ans. Finally, technical efforts involve how warnings can be
the congestion [9]. gﬁectlvely dlstr!butgd across the eX|st|ng_ gommunlcatlon
However, failures caused by congestion will progressivelyinrastructure with light modifications to existingsystems,
disappear as users change their communication behavior. Hjthout the need for human intervention [2].

the meantime, congestion resfgiebice 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 incregsi

CS during emergency response

Emergency response activities begin nearly once a disaster has

tenfold [15]. In addition, the congestion caused by the peak 0§tarted This period is characterized by doing immediate relief

calls to verify the safety of people has induced a call restrictior"f‘ctIVItIeS such.a}s |nJure_d rescue and evacuation. During an
of 80 D 90%. emergency, official public safety systemsare 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

This section highlights the role of CS in all phases of disasteP€WOrks can supply basic voice services to support

recovery. Tlesephases are organized as follig, 6, 7, 10, commgnicﬂ'ons d.uring aremergency
15, 45); In wide-scaledisasters involving the response of several

agencies, civil networks have become an essential means of
emergency communication. Thisdee tothe incompatibility
- Emergency response of equipmentused by response organizations, impeding
interagencycommunication between stakeholders [Rlso,
civil networks offer greater data communication capabilities
than their counterparts in pibkecurity. At the beginning of
- Redevelopment the emergency response, in casé damage to the

We will try to understand the role and potential failures [5] communication  infrastructure, the  provision  of

of Tl on each phase.

[11.3.4)CS in Disaster Recovery

- Disaster warning

- Restoration and repair
- Reconstruction
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communication capabilities is the first priority in the delivery extended deployment ®¥i-Fi with otherunlicensed wireless

of material relief. technologies facilitates the supply of communications to
Also, amateur radeAR) are generally easy to repair, thus critical relief operations without significant cable installations.

they can be the first CS to be restored [E2]lowing the 2004

tsunami, AR provided the only communications link in some CS during reconstruction

islands in the Indian Ocean [6]. Nongovernmental

organizations carrynost oftherelief operation activities, and

they suffer providing their own CS. Neinfrastructurdess  This phase can be described by the restoration of people and

technologies, such as ad hoc [2], were produced to provideconomic activities to the sartevels before calamity [6]. IT

easy and fast communications. For example, during the Nevieplacement is highly required during this phase because they

York attacks 2001, messaging devices like RIM Blackberryparticipate significantly to support other redevelopment

weremassivelyused to deliver messages from the W2 activities. While rebuilding cable networks can be long and
costly, whereaswireless technologies offer faster and more
CS during restoration and r  epair flexible alternatives. For ex

damaged IT, after the war, underlines the benefits of using
wireless technologiesot reduce the time required for
This phase beginafterthe urgentife-savingoperations; it is  infrastructure replacement. The reconstruction of mobile
characterized by the clearance of debris from principal streetsellular services was one thfe first important contracts made
to reestablish basic transportation and communicatiorby the occupation authorities [6].
capabilities. CSallow better management of debris clearance,
restoration of basic access to streets, more efficient CS during redevelopment
information reporting, and best coordination with other efforts.
Restoration of CSis relatively fast; the failure induced by
congestion gradually decressas the order is reestablished This final step is a longer operatidhat mg take several
and the requests for communications are redudédsb, decades buthvolves important projects for future growth and
providers have become very agile in their response to physicalevelopment. The transition from tipeviousstep to the
damage. After the destruction of a major switching facility in current one also offers an essential new thinking about how
the WTC on New York attacks, AT & T's réimm was so fast TNs are built and managed [6]. These activities aim at
that many of its vehicles were stopped at Manhattan ports gireverting losses in future disasters and resolving weaknesses
entry; even if the company was ready, but the officials wergliscovered.
not [6]. Warning systems generally receive attention and major
In developed nations, where populations have easy acces#orts to improve their efficiency. Greater attention is also
to technologies, CSareanefficienttool for quikly restoring  given to reduce congestion in case of emergency and to
social and economic activities back to normal. The Internet hagrioritize calk of public officials and disaster responders. The
changed the way of repair and restoration functions, as it offergnportance of mobile networks in providingnter-
many alternatives to send and receive information. After therganizational communication to coordinate complex
2004 tsunami, various charities collected over 8 Bfllion operations has induced important investments. Voice over
via the Internet in less than three weeks. Released in less thérernet Protocol (VolIP) is essential in emergencies involving
72 hours, these funds could be allocated to relief efforts mucthe defeat of CS components or congestion. The
quickly, as organizations had to receive funds by mail in thgedevelopmentof CS has highlighted redundancy as an
past [6]. During this phase, €8&wust be repaired quitkto indispensable way to deal with the risk of physical damage.
support continuous relief and recovery efforts, even if it is
more likely to be damaged compared to other facilities. Aftedll.4. Case studies : failures and successes
the New York attacks, the telephone provider was able to
recover service to the New York Stock Exchange in a few days In this section, we will analyze some disasterglentify
by trangerring material from other sites to replace over threefailures and successes related to the usage of CS during crisis
million disconnected lines [6]. events. Case studies were seléchased on significant
Wireless technologies are widely used to quickly recoverdamages to human life and economic activities in affected
communication services. After New York attacks, many point areas. Our main criterishow physical destruction, disruption
to-point wireless links were used to reestablishneation of of supporting infrastructure and congestion of communication
Manhattan Financial District in New Jersey and Brooklyn.infrastructures were addressed [1, 4, 9, 1018114, 15, 25,
These links were installed ifew days and they have been 26, 33, 45]. In the upcoming section, we will summarize
widely accepted as a permanent backup [15]. Rapidljmportant elements in a table select major attributes that
deployable cell nodes have been broadly adoptedeto €mergency CS should have to satisfy the usage during a crisis.
establisimobile serviceén almost all major disasters. Also, the
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[11.4.1)New York City World Trade Center attacks served as a mobile operation center. The Internet had not been
seriously affected, even if New York had a major Internet
2001 delay. News sites such as CNN were strained; hosts became
inaccessible immediately after the attacks, but the network
On the mornig of September 11, 2001, two hijacked recovered in about an hour [52]. Electricity was lost in much
commercial aircraft struck the WTC towers in New York and of Lower Manhattan for almost a week, and two days later
another was flown into the Pentagon in Washington, DC. Théackup power failed at the New York International Internet
towers of the WTC collapsed shortly after, producing manygxchange [15]. Th8/11 Commission advised creating a way
casualties and overwhelming property damadge roof of the  for police and firefighters to communicate together during a
WTC was a major wireless site for cellular wireless servicesgrisis. Congress approved a law allowing the FCC to reserve
internet service providers (ISP) and radiid broadcasting many broadcast frequencies for public safety purposes. The

services. Thus, cellular services were disrupted, ISP pafints  FCC called the new network FirstN&t].
presence (POPs) were destroyed and the coveragapfiiia

and radio stations was limited. The emergency managemen.4.2)Indian Ocean earthquake 2004
office for New York City, headquartered at the WTC, lost its
entire command center. The loss of the command center In December 2004 9.0 magnitude earthquake hit the west
created a major crisis for doéiseof Sumdatry, dndonesis, enédting tsanarai ivgvesnithy
as it was thesupposed coordinator of emergency responsemaximum heights ranging from two to 30 meters that began
between all agencies. inundating coastlines of 12 countries in theligm Ocean

In addition, WTC building 7 collapsed and its basementranging from Indonesia to South Africa. The disaster impact
power supplies were flooded, putting out of service over 1.vas very high, becoming one of the deadliest ND, with
million lines serving the financial district due to cuts of approximately 300,000 dead and missing and 1,700,000
subscriber cables [51]. Immediately in the first few minutesdisplaceg with India, Sri Lanka, and Indonesia suffering the
after the attack, Bw York 911 call centers received 3,000 most extensive osses. Economic damages exceeded $13
calls. There was serious congestion of telephone networksillion, affecting many economic activities such as fishing,
across the east coast with New York City's mobile networksagriculture and tourism, as well as physical infrastructure,
experiencing a 92% blockage rate due to high call volumesesidential and commercial structures, etc.
[52]. Interagency communications werestgcted bymissing The disaster was so large that tsunami waves destroy
interoperability between technologies. When police servicesillages, roads and a large portion of coastal infrastructure.
realized that towers were collapsing, they ordered police tdhus, a large amount of humanitarian aid was needed because
leave the site, whereas fire officials were not notified as therg@f shortages of foqdwater, and economic damage [58].
was litle communication between the twepartments. Military resources were the only way to give aid to the worst
Hundreds of firefighters died when the towers collapseddamaged areas in the early stages of the crisis. While disaster
because they did not receive the warning [53]. response was poor, immediately following the tsunami, relief

Fortunately, a month before the attacks, the governmendperations continued to suffer from lack of coordination. In
emergency telecommunications service (GETS) became fullyddition, volunteers and officials were either insufficiently
active with priority givento wired calls offered to national trainedor ill-equipped to cope with such a disaster. With the
security and emergency users. Following the attacks, thekiigh population density and tropical climate of the affected
success ratio was over 95% [51]. In addition, the FCC hadreas, avoiding epidemics became a priority. However, thanks
issued an order before the attack for mobile network operaton® the quick response in providing appropriate facilities and
to prioritize communications of officialsworking on  services this wasinimized [59].
emergency and security as it was done for wire lines. Although this crisis was the first global intermaédiated
Unfortunately, this option was not ready. Since then, theND, CTswere not put into their full capacity in the face of such
Wireless Priority Service (WPS) has been installed to offer thigatastrophe [58]. Therefore, the delivery of humanitarian aid
service [15]. Immediately after the attack, mobile operatorsyent slowly due to CS failures [33]. Principal reas for
deployed many cellular towers on wheels to replace damagedommunication damages were the destruction of TI,
infrastructureto provide critical phone services for rescue accumulated debris, and extensive flooding that affected the
teams and other emergency governmental agencies ambwer systems and cabins that contain the BTS equipment [9,
improve coverage in the overloaded area. The mobile servicgg]. In somecasesthe cabins collapsed, and in otbeesthe
was also important as many pasgers and crew members of towers were dmaged by waves. Furthermore, the power
the hijacked aircraft made cellular phone calls to family orsupply was disconnected from the main grid and complete
notified the authorities about what was happening [52]. ARrestoration of damaged stations took many days by replacing
was very important in facilitating communications betweengenerators, relocating cell sites, or sharing infrastructure [9].
emergency organizations, in addition to satefittenes [S3].  Limited road access was the mabstaclefor the engineering
Also, wireless service and Vi wereavailable in the bus that  teams to fix damaged equipment and refuel the generators. In
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Indonesia, for example, where 67 percent of roads had been-  Activation of national roaming and priority calling
damaged prior to 2004, the tsunami increased the percentagdering disasters.
of damaged roads to 72 percent, which hampezkef and - Dissemination of alertmessages through religious
recovery operations [59]. In addition, there were otherestablishments.
telecommunication shortcoming such as limited network - Increase participation in hazard detection by improving
coverage, lack of disaster warning system and rescutslecommunication access and the capacity of emergency call
equipment. centers to deal with spikes in calls produced by hazahis,
Consequently, two main objectives came into focus [33]:the variation of call profilegan be an additional source to
first, to reesblish CS to facilitate and coordinate relief detect hazard information.
operations. Second, to exchange and effectively use resource-  Provision of training to help officials use their CS
technologies, including satellites and the internet byeffectively for disaster cooperation and warning.
harmonizing activities between concerned organizations.
Connectivity to all basic facilitiesuch as police, DM centers, 111.4.3)Haiti earthquake 2010
and hospitals was restored. Wireless phones and satellite
communications were provided to relief organizations. Aftera A catastrophic 7.0 magnitude earthquake hit Haiti on
few days, fiber optic, copper cables were fiamt telephone  Tuesday, January020, causing major damage in the region.
services were provided for free to transmgant information  The damage was severe and catastrophic, thousands of
[9]. buildings including housing, hospitals, schools, and even the
This analysis demonstrates that thousands of deaths coufrliament and many government buildings were destroyed.
have been saved if damaged countries had effective warnirignknown numbers of people were trapped,,326 people
systems in place, but unfortunately, there was no such systegtied, 300,000 injured, over 1,000,000 people left homeless and
[10]. Meanwhile, the Pacific Tsunami Warning Center in three million people were affected [1]. Among the dead are
Hawaii detected the earthquake on the other side of the worlaiembers of parliament, many government officials, and
and an alert was communicated to warning centers across tlifgernational humanitarian workers. President Preval was
Pacific. Alerts were sent to 26 countries within 15 minutessaved, buhe was not able to communicate with his officials
after the earthquake, but it took additional minutes for alerts t@s the presidential palace collapsed, and he later worked from
be bradcast by radio and TV stations. Although the tsunamihe police headquarters. The relief operations were extremely
was identified, this information did not reach people at thedifficult due to the loss of officials and facilities, with water
coast because there was no established CS to deliver tlad electricitycompletely unavailable, the transport network
warnings to the communities at risk [59]. Effectively blocked or collapsed, and the main control tower of the airport
communicating timely warningshrough communications and the main port also suffered significant damage [54].
infrastructure in the developing world is a particularly Tl and power were severely damaged; the public telephone
challenging problem. This disaster motivated the creation of &ystem was out of service anlli mobile cellular providers
tsunami early warning system for the Indian Ocean whichwere affected by the collapse of buildings and towers. Over
became operational in the spring of 2006 [15]. 20% of cellular service provider infrastructure had collapsed
As we seefailures in disasters detection have serious[55]. International cable link and microwave connectivity were
consequences, but false alerts also cause bad outcomes. Astatnaged. Search and rescue operatiorsifeivors were top
example, an evacuation in Hawaii due to a false alert woulgbriority but severely constrained by damaged communications
cost over $68 million. Hence, for effective disaster[1]. The government requested urgent relief including many
preparedness and mitigation manticaats have been taken for medical units, electricity generators and communications

disaster warning [9, 10, 15, 33, 58, 59]: equipment to coordinate response efforts [54].
- Creation of a tsunami early warning system. Radio and TV Ipadcasts, posters, web solutions,
- Dissemination of tsunami warnings by the installation loudspeaker trucks and word of mouth were all used for
of manned and unmanned supervision towers. information exchange. As a high proportiorHzfitianrowned
- Backing up initial warnings by AR netwar mobile phones, relief operations had to find communications
- Improvement of the availability of backup power options based on mobile technology [56]. Itswdifficult for
supplies. mobile network operators to provide equipment and staff to
- Use of technologies to redirect calls. repair the damage, as they were not considered a humanitarian
- Provision of predesigned guidelines for emergencypriority. The installation of Cells on Wheels (COWS) or
deployment. Mobile System and Telescoping Antenna Array outside many
- I mprovement of networ k otplapore ceotialsio multipeop@ees wete Useditemporarily to
- Finding more resilient network archdture. provide communications [55]. In addition, Cisco Tactical

- Diversifying and backing up a principal network with Operations deployed muagteeded networking equipment
the use of other CT such as amateur radio and satellitwith data, voice and wireless options. The team worked to
terminals in strategic locations. rebuild damaged infrastructueend set up WiMAX links to
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back up the fiber connection until it could be repaired. Thisbuildings were put out of service due to power outages and the
team also provided a video conference system for thénability to refuel generators. External communications were
government [1]. After the restoration of the service, the wideslow due to the cut of fibeptic and submarine cables by the
number of calls overloaded the CS; as a resultjcg=rwvere  tsunami. 120 TV and two radio relay stations were also put out
kept closed except to some trusted organizations [9]. of service [15].

This was the globally computerized relief operation, Congestion caused usage restrictions of 80% to 90% of
because of the destruction and congestion of majority Tl. Thusandline calls and 70% to 95% of mobile phone calls. The
IP communications were the unique alternative for responderisiternet was still accessibls the packet traffic restriction rate
to use duringpperations [1]. Social media and internet tools was only 0 to 30% [11], but in the hardest hit areas near the
were used for coordination and rescues, and a publie weliFukushima nuclear plant, satellite phones were often the only
based map was developed to share needs, as well as placggion [9]. Text messages were more likely to reach their
where help was available in real time [55]. Donations could belestination, with some delay, as ket traffic was largely
made by SMS, and OpenStreetMamd Google Earth unrestricted. Social media was usedensivelyand Twitter
upgraded their maps to reveal updated information [54]was widely employed to exchange information and help
Facebook and Twitter were overwhelmed by demands for helpeople stay connected [57].

[9]. After analyzing the causes of service interruption following

SMS was very useful to help locate and rescue victims fothe catastrophe, the Inforn@at Communication Council, and
many reasons: it is available on any GSM network; it is one ofnany network operators proposed many solutifmsthe
the first services to be restored; it uses a minimum of networkesilience of CS during emergency situations [9, 11, 15, 57]:
resources; and SMS messages can be stored on mobile phones  Use buried cables instead of aerial cables.

and sent whe a network becomes available [56]. Also, a - Increase battery and fuel backup for important

system was conceived where victims could send the SMS shartstallations.

code 4636 including information abadamages andescribe - Provide backup for important BTSs.

the help they needed. Messages were inputted automatically -  Geographically distribute important CS items.

into a database, which volunteénen processed using online -  Manage network traffic and congestion by adhering to

tools to classify and distribute information appropriately [1]. restriction control guidelines.

The huge number of SMS also caused network congestion and-  Introduce call length limits and phone calls with

loss of service [56], as many targeted mobile phones were noéduced sound qlity.

available as they had been lost or were pedeoff. The - Diversify CT used such as the use of wireless and wired

networks were therefore overloaded with large numbers oEommunication.

SMS messages, which could not be delivered. - Avoid network congestion by using voice message
service instead of voice calls.

[ll.4.4)Eastern Japan earthquake 2011 - Develop services and applications to share information
and verify the safety of persons.

In March 2011, millions of people in Japan were alerted -  Promote basic communications services required by

about the earthquake by mobile phone, radio and TV. lelief operations and reduce the priority of other video

occurred in the Pacific Ocean and it was the largest in Japaneservices.

history with a magnitude of 9.0. Shortly thereafter, the - Develop and build energy efficiency and alternative

population was alerted about the tsunami, which was wideenergy sources.

than expected with waves reaching a height of over 40 meters

and travding 10 kilometers past the coastline in some placesllil.4.5)Nepal Earthquake 2015

This caused catastrophic damage: about 19,000 deaths and

approximately 370,000 houses were damaged. Damage wasln April 2015, an earthquake with a magnitud& & struck

estimated at $210 billion, with nuclear power centers badlycentral Nepal, leaving catastrophic damage across the country.

damaged and supplies of electricggs and water cut off [15]. It was the largest in over 80 years to strike this country [59].
Fixed telephone services were severely impacted with 38Fhe main ground shaking lasted for two minutes and was

damaged buildings, 90 transport routes destroyed, 6,300 km &bllowed by many other aftershocks in the months after the

aerial cables and 65,000 utility poles damaged. This resulteevent, the biggest with a magnitude of 7.3. The human cost of

in the deterioration of over 1.9 million landdi phones, which  the crisis was huge with more than 9,100 dead and nearly

account for around 8% of lines [15]. Damage to mobile25,000 injured [61]. In addition, property damage was

telephone service was estimated at 29,000 mobile basmatastrophic: an estimated 605,254 of houses destoyed

stations, which represent about 22% of those in the affecte®88,255 were partially abtroyed, thousands of official

region [9]. Underground facility damage was 0.3% comparedacilities such as schools, hospitals, and government buildings

to 7.9% foraerial installations [11]. The earthquake and thewere impacted, and many historical buildings were destroyed

tsunami produced about 20% of the damage but 80% df60]. Furthermore, it was reported that 16 hydropower
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facilities were significantly damaged, whichepresents That means for isolated villages with weak signal coverage
approximately one fifth of the total power supply. The were separated not just physically but even in terms of
transport network across Nepal was heavily impacted, witttcommunication. The estimated damage to the
more than 2,000 kilometers of damage which represent 1&lecommunication sector was valued at $17.4 million.
percent of the network. Many international aircraft were Unfortunately, one month following the earthquakes, relief
diverted to airportg1 neighboring countries due to the level of efforts were still unable to contact survivors and transmit life
international assistance arsavinginfonngtiom[64].t he capital 6s smal
Because of this it took hours and days for international relief While the earthquakes hit everywhemdiscriminately,
crews and equipment to arrive in Nepal. The earthquakeommunications were restored ineffectively. The Nepali
induced significant lossein neighboring countries such as government did not have a plan for emergency
India, Tibet and Bangladesh. The total economic cost wasommunications to help coordinate relief workers and
estimated at 5.1 billion USD with additional economic lossesorganizationgo face this level of destruction. Moreovarpst
valued at nearly 1.9 billion USD for Nepal alone. This value isrelief operations werdased in the capital city, therefore
equivalent to more than one third of #ntire gross domestic efficient communication they needed was difficult to provide
product [59]. because cell towers were down and radio stations are non
Before this earthquake, the government had a history ofunctional,as this earthquake was the worst recent ND, it is
failing to respond appropriately to the disasters and twdmportant to look deeply at the use@T during this crisis to
earthquakes that hit the country in the past centuryprovide a brief background of its evolution and role. The main
demonstrating government inefficiency. Additidgal 82 means of communication usafterthe earthquake were [63,
percent of people who live in rural areas are already facing4, 65, 67, 68]: mobile phondsam radio; the internet; radio;
many economic, social and health challenges; after thiselevision; newspapers; and direct contact.
disaster, they found themselves even more exposed to these
stresses. Nepal 6s geography poMobldpheanésgni fi cant chall enge
building road 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, Mobile phones were used by 92 and 84 percent of people in
which often blocked cell signals. While it is possibléotild urban and rural areas respectively. Immediately after the
repeaters to exymd signal coverage, it is difficult for a poor earthquaketheir use increased significantly as they were an
country like Nepal to do so as it ranks 157th out of 187important medium to exchange information. They were used
countries on the Unitedatiorsddevelopment report [62]. mostlyfor calls, SMS, alerts, listening to the radio, accessing
In addition, daily power outages were up to 12 hours a dagocial media and the internet, etc. Service quality degraded
before this crisis, despiteaving more than two percent of all during disaster due to 3 main reasons: congestion; lack of
global water resources, which could generate about 83,00€lectricity to charge mobile phones; and trouble finding places
megawatts of hydropower; enough to turn Nepal into arfo replace cdllar towers.
electricity supplier [66]. Following the disaster, catastrophic
damage to the power distribution network kapt hundreds Amateur Radio
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 Amateur or ham radio was very successful in connecting
circumstances and communications Cha”enges Severep&eseuers to survivors. Coverage was limited in Kathmandu
complicatedrecovery efforts in thousands of remote villages. since there are not many operators in Nepal. For future
TI failed to successfully survive the earthquake, withdisasters, the government is working on training gbtce
damage covered cell towers, radio stations, power sources affceé in using this technology to back up mobile
internet connections. In addition, network backhaul communications during disasters.
infrastructure mainly aerially instell fiber optic cables,
microwave links and 20 of the 50 FM radio stations went off The internet
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 disaster The internet was very useful in mostly urban areas when
mitigation and public service announcements. These damag&§her means of communication was damaged. After the
obstructed the exchange of information to rural areas such &arthquake, Facebook and Twitter were floodéth help
relief aid time and location, safe practices, etc. Moreoverf€duests. Moreover, The International Red Cross and tech
unpaved roads and fragile facility buildings made gettingcompanies introduced tools to check the safety of people
information to rural areas extremely challenging, and in somePnline, but their effectiveness was limited by the inability to
cases, word of mouth was the only means of communication.
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recharge devices due to power outages and internghe 9/11 New York attack, to the early days of the Nepal

connectivity prokems. earthquake. In addition, we selected many disasters which
caused enormous damage oman life and economic
Radio activities in affected areas including a terrorist attack,

earthquakes and tsunamis. Also, we chose countries across
several continents with varying profiles of wealth, technology
Before the earthquake, radio was listened by around 4penetration, and development. Our aim was to diyeosir
percent of people. Its usage was less frequent immediatelyampledo get a global background on DM by using CT.
after the quake, but 64% of peopletedbased on information The September 11th attacks were a case of anmnaaie
received from the radio. The utilization of this service wasdisaster in a developed country where CT was abundant. This
affeced by damaged radio transmitters, damaged radio setgjsaster revealed the importance of coordination between all

not owning a radio set, lack of electricigtc. organizations respaiing to the crisis, given that improved
interoperable communication could have been the key to
Television preventing the deaths of many firefightefdso, this crisis

exposed the congestion of communication tools as an
important weakness as it blocked the commuitioatven if
About 42 percent of people in rural areas and almost 8@hysical damage was not as important as ND.
percent in urban areas have access to television. However, The Indian tsunami is an example of a lasgale ND that
access to television drped to 31 percent after the quake. Its hit many countries, which are mainly underdeveloped with
use decreased for three main reasons: lack of electricity; fealready weak communications and transportation
of living inside the house; and television channelsinfrastructure. Main weaknesses were revealed by this

disseminating unreliable information. disaster such as the lack of an effitiearly warning system
and advanced CT, and the inefficiency of regional and
Newspaper international cooperation in the communication of warning

information and disaster response. Although it was one of the
deadliest ND with very high economic loss#ise impact
Newspaper circulation is mostly limited toban areas. coud have been reducéidhe warning informatiofad been

During the disaster, distribution channels were lost due t¢ommunicated quickly to the coastal population. Even

damaged roads, however, many people who had access to ff@ughthe earthquake was detectede tsunami was not
internet got their news from online newspapers. detected in time, thus people were not able to benefit from

the time difference between the earthquake and the tsunami
to seek safetyEven if the tsunantad beendentified, early
warning information did not reach the coastal popoitat
because there was no established CS to deliver warnings to
g”ne communities at risk. This ia common andlarger

Around 20 percent of people considered direct contact a . L
their main source of information before the earthquake Aﬁerproblemaffectlngall underdeveloped countries in the world.
) The Haiti earthquake is an example ofaegescale ND

the earthquake it was very .SIOW.’ however, it wag_the mostthat hit a poor countryin which damage was severe and
trusted f?]rm of c?(mmumcitlondm r:ral communltles.dThe catastrophic. vllmf electricity, water, transportatir%n_ and
earthquakes a estroye M3 Hrfunicatio coqngl&e?yodisFu&éadﬂ)&rdinﬁ}% Wds9 tr

very slow and unfavoraglfor relief workers. _ particularly difficult because many Haitian government
Many preparations have been made for the next disaster W¥ficials, parliament members, and international aid

Direct contact

light of experience: persmnel died. This disaster was the first mostly information

- Installing earthquake early warning sensors, with alertgjatadriven relief response, due to the destruction and
sent out using phones, radios and sirens [68]. congestion of most communication facilities, so IP

- Police using amateur radio during disaster$.[64 communications was the only option for the responder to use

- Visiting and assessing the vulnerability of as the core of the responseteimet and social networking
communications towers and rebuilding or reinforcing them asapplications, like Facebook and Twitter were used to provide

necessary. rescue and coordinate operations. SMS messages were used
to help locate victims and to make donatioweb-based
lIl.5. Discussion maps were developed to share needs and places wdipre h

was available. Also, OpenStreetMap a@bogle Earth
In table Ill, we summarized case studies according to théevisedtheir maps to reflect ufp-date disaster information.
following criteriads: Caus e slheddpaneasthgfiakeiwasarthgepne difastes, withand s e
used technologies, limitations, and recommendations. Weearthquake, tsunami and nuclear crisis at the same time. It is
chose case studies going from the beginning of the dégital  the biggestearh quak e i n  Jang providesan h i st
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example of how a developed country dealt with such awireless and undersea cablés preserve connectivity.
situation in the digital era. The earthquake was detected anQperators need to embrace mesh topologies to provide
the tsunami warning system alerted people shortly .afterredundancy routes and reduce the risk of network failure.
Nuclear power plants, TV and radio stasprfixed and Theimpact of disasters is different between rural areas and
mobile telephoa services and external communications cities. For example, transportation within metropolitan sone
were severely damaged. Congestion caused high usadmt by a disaster can be difficult, making the shipment of
restrictions and text messages were more lit@hgach their  communication equipment impossible most cases. To
destination. Proposed technical solutions issued at the end afidresshis risk, resilient telecommunication towers can be
this crisis can be used all around the Mofor efficient  built in some strategic locations. In small cities or rural areas,

disaster preparedness and response. infrastructurecould be rebuilt in its original location, or a
Table 111-2 : Damages to communication networks d  uring examined morg acces&b]e location ,COUId be Chose,n,' The hmrrmpmt
disasters. of disasterwvaries depending oage, disabilig and language

N ndi a3 Neoal with elderly and disabledpeople being particularly
ew naian ait apan epa . . . . . .
York  Ocean 2010 2011 2015 vulr_lerable as they require assista in taking the right action
2001 2004 during the crisis in their own languadepact also varies
_ depending on the country, whedevelopedtountrieshave
Congestion ® ® o o ® better  infrastructure, technolpg communications,

Physical damage @ o o ® o management and prepa_rednes_s utilities, which reducerhuma
_ _ loss and facilitate lifesaving action. In contst, poverty and
leIJT)r;grttIg;;Of O () e O ® poor governance in less developed countries hamper the

infrastructure 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: ascreaing
network resourcesdiversifying communication means
redudng call hold times andound quality designing CS
architectures that can deal with traffic surgeglementing
ngestion control algorithms for the internet to reduce load
uring congestionprioritizing the use of some applications
nd services that require less bandwidibhsas SMSand
email restricting the use of video streaming for urgent use
only; giving special privileges to some usessich agelief

. Fully applies d Partially applieO Does notapply

The last case was the 2015 earthquakéepal, which was
the largestin over 80 years to strike ehcountry. The
earthquake hit everywhereindiscriminately, leaving
catastrophic damage across the country; the human al
economic cost was huge. Infrastructure, transport, facilities
communications were damaged. This crisis was a typicag
case of a governmental failure in Dlommunication was
restored ineffectigly; daily power outages were up to 12

hours before this crisis; and tlergelyrural population was organizations to make calls during disaster situatiansl

already badly linked to the_ capital whemgst reIie_f usng packetbased communication like the internet.
operations were based. Alshills and mountains, which n the beginning. the use IT was limited for relief
cho”v er abb_lcc)j.u t 3 3 dp (fe r thfs"i?mc'jf'ca.mfl of\égn&aﬁict)nﬁsa shorf'tith technBIocb)? Has exploded and
challenges to bul |r:g roads and often blocked wirelessye ise of the internet asdcial media is widespread during
communication signas. .__disasters. Public and private emtiticoncerned with response
In table Il, major damages that may occur to CS during, qyiities are broadly deploying DM softwandlebbased
examined extreme events are outlined. In the majority o aps and applications were developed to share road
disasters, IOS.S O.f electricity and Ia_ck of fuel g;neratc_)rs conditions and places where help was available in real time.
have been principal reasons for losing communicagenit MS is a powerful tool to exchange information #scan
is important to provide an autonomous power supply ange, 4, jts destination during congestion due its low
enough fuel for generators as electricity failure may last forbandwidth' donating and sharing location or other
a long time.Also, in most disasters significant damage jtormation are efficienBMSapplications during crisis time.

occurral to infrastructure. Thydnstalling equipment in safe In some cases, loss and damage could be avoided if an
places where they are far from risk may decrease the failurg '

of CS. For examplayutting equipment in physically higher fficient warning system ere available. A warning system

; 0 d requires sensors tmonitor andprovide digital data about
locations and avoiding basements c uce theffectsof environmental circumstances that help predict events such as
flooding. Also, theuse of aerial facilities or cables should be b

avoidedin favor of buried solutions, and critical equipment garthquakes or t.suna.mis within a specifie_d margin of error. It
should be as geographically dispersed as possible. MoreoveF, Important to diversify means of dissentioa of alerts and
communication providers should ensure redundancy an@UPlic information after a disastsuch as TV or radio, mobile
backups for critical systems, in dition to implementing ~ Networks by cell broadcast service, social media or web
interoperablesystems and diversified access technologiesS€rVICES, sSirens or loudspeakers, and video screens in public
such as satellite, TETRA, GSM, WIiMAX, et@iversity  Places to inform people about hazards or other inféomat
must include multiple backhaul link by using satellite, Such as evacuation procedures. In other words, warning or
emergency information must be as close as possible and as
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easily reachable as possible to vulnerable populations foarchitecture can be adapted to the concerned at@ergprove
efficient DM. The time elapsed between detection of extremeerformance. User mobility also allows for emergency
event signs andhe event itself is the time when the existencepersonnel to communicatehile moving within the damaged

of a convenient warning system can be effective. This timeone, as disasters may affect wide geographical areas.

differs according to the type of hazard to detect from tens of Interoperability: The deployed CS should be
seconds for earthquakes to hooirsveeks for hurricanes. The compatible with various C® expand the covered zone and
impact of early warningmay varyon thelocal, regional or  diversify available services when needed. This attribute is also
global scale. The coordination of early warning systemvery essential for information exchange between different
operations requires a network of establishments oorganizations, as each one may have its own equipment. In this

organizations. way, individuals may be able to transparently connect and
exchange data through substituted infrastructure regardless of
[11.6. Attributes and characteristics the technologyhey have. For example, IP networks can be
used between various emergency teams [21].
Communications are quite different during emergencies. Rapid deployment: As relief personnel are most

than during dter circumstancessince theyrequire high  concerned witlescueof victims, CS planning is mostly done
performance, resilience, flexibility, message prioritization, faston the fly and it is far from being formalized. Thuthe
delivery, and other capabilities that we will detail in this deployment process must be simple and easy with no need for
section Inadequate communications capabilities can havespecialized personnel or complex procedures. Equipment must
catastrophic consequences disaster response efficiency be rapidly deployable, which involves rude manipulation due
[45]. Depending on the type of extreme event, its context angb the lack of time requirefdr rescue operations.

concerned individuals, weaknesses of CS can be quite Scalability: This is the ability of CS to expand
different,and actions taken to protect life and property can beyeographical coverage and the number of users supported
di fferent al so; f enismbeuficignl eefficiently.fThefefore,&B mustrdé sutorfated to avoid service
in a deaf school. The deployment of CS during crises mustiisruption in case of environmental change.

fulfill some specificationsto offer and preserve reliable - Quiality of Service (QoS): This is the ability to prioritize
communications services [18]. Generally, the d@stwn  and categorize traffic, such that high priority traffic gets
requirements for emergency CS mentioned in the literature angriority to guarantee delivery of urgent messagesing

that we can deduce in light of previous case studies are apngestion. QoS also includes parameters such as availability,
follows [18, 21, 22, 25, 38, 39, 43]: throughput, lancy, jitter and error rate. Depending on

- Robustness and reliability: Thistise ability of CS to compatible services, the network may support video streams
provide and maintain core functions and services just as and live audio with adequate requirements. For example, VolP
would perform in normal circumstances. To do so, CS mus£alls may require a maximum packet delay of 100 ms, jitter of
supply basic services in challenging environments and affordeSs than 30 ms and packet logtess than 1% [30].

quick service restoration. Also, CS should be robusinagga - Security: Multiple agencies and possibly military
certain noddailures sincehe reception of certain information forces may be implied in the disaster response. There_fore,
in a timely and accurate manner can be critical to savingensitive data could be exposed and should be appropriately
human lives. For example, datdven communication, like protected and encrypted [24]. This level of security guarantees

the internet, proved markedly robust against congestion.  that only authorized persons can access the information and
- Provided serice: Voice is the principal service of a each entity receives the information intended for it only. For

traditional CS. However, individuals may also need to€xample, medical records should be available to the medical

exchange GPS location, maps, images and other relevant ddg@gms only. Security can also include data integrity,

in addition to having an internet connection and-test  authentication andccess control [31].

transmission. Furthermore, in specific @asand for rescue - Cost: CS cost should be reasonable for deployment,
purposes it might be recommended to support video streaminglaintenance and equipment. As resources are mostly used
- Automation: Automatic organization and optimization during basic and essential kéaving activities, lowcost CS

help decrease the human contribution in CS administration arfg" be easily deployed in lesesource developing countries.
enhance its reliability. Also, it may minimize the time needed" Energy Efficiency: CS should be designed to work as
for initial configuration or manual reconfiguraton if €nergy efficiently as possi
environmental conditions change. Furthermore, Systerﬂpfrastructure _avallable for along tm@mpe power outages
topology can be adjustable, and bandwidth is allocated@'® COmMmon in most disasters due to mfrastr.ugture damage,
according to the need of users. fuel shortage or simpligattery discharge. An efficient energy

- Mobility: This condition concerns the mobility of users SySteém can lastlonger in such circumstances, most importantly
and he network itself. Mobile infrastructure may facilitate during the golden first 72 hours.

deployment, optimization, and installatioklso, system - Capacity: The CS must support enough users and
overcome traffic congestion.
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Table 111-3 : Summary of disaster case studies

New York City
World Trade Indian Ocean Haiti earthquake, Eastern Japaearthquake, .
Center attacks, earthquake, 2004 2010 2011 Nepal earthquake, 201%
2001
- Destruction
- Power outage - Hard destruction - Destruction .
. . - Destruction
- Destruction - Congestion - Power outage - Power outage
Causes of CS ) ) . - Power outage
fail - Power outage - Flooding - Congestion - Congestion
allure ) - Road damage
- Congestion - Lack of fuel - Road damage - Road damage .
- Weak infrastructure
- Road damage - Loss of personnel - Lack of fuel
- Debris
- Radio, TV . . - Radio, TV .
. - Radio, TV - Wired . - Radio, TV
) - Fixed ) ) - Wired )
Affected services ) - Fixed - Wireless ) - Wired
- Wireless ) ) - Wireless )
- Wireless - Submarine cables ) - Wireless
- ISP - Submarine cables
. - Radio, TV
- Amateur radio )
. - Internet - Internet - Radio, TV
- Satellite phones ) ) ) ) .
Wi-Fi - Internet - Social media - Social media - Mobile
- Wi-Fi
Used technologies COWS - Satellite phones - SMS - Satellite phones - Amateur radio
. - Mobile - Web applications - SMS - Internet
- Mobile . . .
] ) -Cows - Mobile - Social media
- Wireless links ]
- WiMAX
- Governance
- Lack of resources
- Warning system
9y - Aerial cables - Geography

Weak points and - Lack of training

- Interoperability

- Lack of resources

- Dependencen nuclear

- Rural population

limitations ;
-No estab_llsh_ed energy - Low signal coverage
communications
- Lack of unpaved roads
- Lack of planning
- Creation of a tsunami .
early warning system - Promote buried cables
- Amateur radio - More batteries and fuel
- Call ;;t\pdtt_raﬁic - Predesigned guidelines - Backup CS - Early warning system
rioritization .
Recommendations P - Topologies change - Disaster resilient - Geographically - Amateur radio
- Common from series type to ring  infrastructures distribution of CS - fici
broadcast Advanced call and " Disaster efficient
i - Backing up principal - infrastructures
frequencies cs gupp P traffic management

- Diversify CS

- Improve call centers -
technologies

- Improve cooperation

- Popularity: Popular technologies such as cellular couldcan reach while still connected. The coverage can reduce the
be used because most people are accustomed to them. Themst and time of sysm deployment by reducing the amount
mustbe useifriendly as relief personnel and victims are more of infrastructure required to cover the damaged area.

focused on lifesaving activities. Furthermore, popularity
allows for the deplayent with less training or technical
expertise sincdhuman resources are less available in the
immediate aftermath of a disaster. The number of natural and manmade disasters is rising
- Coverage: This is the ability of CS to cover a wide areacontinually, causingatastrophic damage to human life and
without the need to deploy many points of presence. Thigconomic activities. Theelevance of CS is undeniable for
property can be characterized by the maximum distance a usigformation exchange and operations coordination. Moreover,

I11.7. Conclusion and future work
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CS should be designed to operate in challenging conditions. At '\D/l_ainf?i”ing dciwmlllznicaﬂons Cse}tpatt).ilities Dduringb ng70r20'\ﬁtural
the beginning of this work, we gave an extensive introduction ISASIBrS and ofer Emergency stuations, Lecember 27, 24
to th . | effect of di dCT h other. Al [12] Cid, V., Mitz, A., &Arnesen, S. (2017). Keilg communications
othe rec'lproca eftect of disassen on eaC_ otner. Also, flowing during largescale disasters: Leveraging amateur radio
we examined related work and how CS may fail, and the effect  innovations for disaster medicine. Disaster medicine and public health
of this failure on extreme event response. Then we studied how  Preparedness;&. doi:10.1017/dmp.2017.62 _
communications are used during extreme events and gave &3! James E. Burroughs: Tree factors leading to the failure of
. . — . communications in emergency situations, octoral Issertation,
9 9 d I d
overview of the main W?aknesses and !'WMM' that CS may . College of Social and Behavioral Sciences, Walden University 2017
suffer based on previous case studies. Also, we detaile@4] Leah Davis, G & Robbin, Alice. (2015). Network Disaster Response
relevant attributes that CS should have to perform well. These  Effectiveness: The Case of ICTs and Hurricane Katrina. Jooinal
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CHAPITRE IV. Caractérisation de la couverture du Wi -Fi pour les

espaces intelligents
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G7H 2B1, Canada
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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
modeéles 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 modéles empiriques a montré un grand
décalage avec les mesures. Ainsi, la validité et la précision de ces modéles seront examinées
pour concevoir un nouveau modéle 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 a la lumiere 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 | é6®valuation de | a technologie de
est fait dans cette partie. De méme, la pertinence des modéles empiriques de la perte de
propagation est étudiée en comparant la couverture mesurée avec la couverture prédite par
ces modeles. Les sujets suivants sont alors traités :

- Modéele du réseau sans fil compatible avec le contexte rural

- Technologie de communication exploitée, ses caractéristiques et sa couverture

commun



€ la suite ddédune ®tude de | itt®rature pour col
existantes, |l e mod |l e retenu est celui des FWNs.
sans fil. Ce mod |l e fournit | ésiutilisaette WeRidedame s f i | o
couverture. Les réseaux FWNs sont faciles a déployer avec un colt 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 (SERP410T), 2019.
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Wi-Fi coverage range characterization for smart space applications

Zayan EL KHALED
Computer Science Department
University of Quebec at Chicoutimi
Chicoutimi, Quebec, Canada
Zayan.elkhaledl@ugqac.ca

Abstrac Humans 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 researclactivities have been made in
order to propose convenient and lowcost solutionsfor smart
spaces. This paper charactézes the range ofWi-Fi for outdoor
applications in comparison with most known empirical path loss
models andanalyzes its impact for smart space services like
Internet of Things (10T). The obtained range is 550n, the test
is made with a Samsung Galaxy S5smartphone, 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
consideringenvironmental effect during our future research. As
solutions based onWi-Fi are generally low cost, its technical
characteristics areillustrated, and a wide deployment scenario

based on this technology is explained on light of obtained results.

Keywords Smart spaceWi-Fi, coverage range, radio link
quality, wireless internet service.

IV.1. Introduction
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with technological advancements, there is no unique solution
to satisfy all smart space applications at the same time due to
their diversified requirements and conditions413, 4, 5].

Hence, researchers must find a fair equilibrium between
applicationsd reqguirements,
develop convenient CT. Furthermore, they have to prioritize
specifications that highly affect final performances. This goal
is adieved by a deeypnderstandingf 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 with smart spacedp ease their life,
improve their comfort and safety while moving or doing their
daily activities. Thus, many researchiorks have been
accomplishedto examine their different challenges and
advantages. Those activities are justifiedi®advantages of
wireless technologies such as lower cost, easy deployment,
high coverage, and dynamic network formation.

Among all wireless technologie¥/i-Fi can offer a good
compromise between the low power consumption of 0T
compatible CT like Sigfox [43], low deployment and
equipment cost of personal technologies such as Bluetooth,

Recently, people are more and more interacting with theifigh data rate and wide coverage range of mobile
environment through various devices or computing platformgommunications such as LTéhd WIMAX [44], in addition
thanks to technological progress. These entities are widely its free of charge ISM (Industrial, Scientific and Medical)
used in our everyday activities and spread in an omnipresefdio-frequencybands.

way around us, tagyet required services and information

For these reasons, in addition to its popularity and

intuitively and easily, whatever is our place or time throughavailability in smartphones, the purpose of this paper is the

many communication technologies (CT).

Thereforeevaluation of the coveragenge ofWi-Fi technology for

ubiquitous computing is the integration of computationaloutdoor applications. Then we will discuss the effect of those

power in all sides or objects of our life, andqals, where

results on the provision of wireless internet services (WIS) in

these entities are integrated, and are called smart placestbe context of smart spaces applications like IoT. In addition,

cities.

Thus, CT provided t he

obtained results are compared wititost known empirical

npath less modele verify ain accuracy ig thiscondext.o

applications and services to emerge by allowing their different  This paper is organized as follows: Section 2 discusses the
entities to communicate togetiemonitor, process and react State of the anwith an overview of wireless internet service

to environmental change or user needs. Hence, peaple
exchange data across thousandkiloinetersin less than a

and used technologieA. special focus is given t/i-Fi and
its technical characteristicin addition toa brief description

second, in such a way that world has become like a smaf many empirical path loss models. Section 3 describes the
village. As smart space applications are diversified such agsed scenario to characterize thWi-Fi range Section 4
smart home, smart hélatare, smart grids, and smart traffic; detailsmeasurements comparison with empirical path loss
hence requirements of supporting CT are diversified toonodebk. Section 5 discusses the impact of obtained results on
Those requirements include various technical specification®T applications Section 6 discussethreat of validity of
such as the networking architecture, data rate, received sigrefitained results. Finally, a conclusion is given in Section 7.

level, the frequency band, coveraggea, accessibility,

security, robustness, privacy, and cost. Unfortunately, even
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IV.2. State of the art place. Then CPE is connected to users inside equipment such
as wireless routers by wires to link them to the internet.

IV.2.1) Related works W TAEFI’\J \a P G Peee, Geee AN?EENA

In general, Smartphones awi-Fi enabled,therefore ((((.)))) P s P P o P . ‘RouieR
many research activities tried gtudy this communication WRELESS @
protocol. Berezin et al. [6] investigatéioe useof Wi-Fi in K ‘
urban areas for mobile Internet access and which type « =
applications can benefit fromithservice They also analyzed D D
the characteristics ofVi-Fi coverage and connectivity of ~ COMMECATON =
mobile users using different mobility speeds and varying "Devie [ Feronal

some AP settingsCai et al. [7] discussed an incentive
mechanism for the operator to encourage users to delay th:
cellular network services and switch Wi-Fi network to

offload cellular traffic. Lindner et al. [8] described four

exemplary possibilities of exploitindvé¢ wireless local area Actually, WIS has gained a wide place to proviitternet

netvv_ork (WLAN) m_frastructure_ fo_r ad(_iltlonal Services, connectivity forrural population [24, 70, 72]. For example,

provided that WLAN is almost ubiquitous in a coherent areayy|s is available for 82% people around Canada [25].
In addition, many research activities evaldat@nd  pyrthermore, this service is used widely in healthcare

optimized theWi-Fi range forsensor network applications{9  egpeciallyfor remote monitorig of patients with chronic

11]. The study in [12] is one of the first to analytically describegiseases while they do their daily routines. Its application in

how businesses, governments, and other organizations &fgs domain aims to provide autonomy while increasing the

creating larga/i-Fi and wireless internet clouds. This report g ity of life and decrease the load of health establishments

also described the types of wireless coverage. Senewratne[gg] at the same time. It can also be diskiring extreme

al. [13] dharacterized theVi-Fi connection setip proces$o  events such as natural disaster as a secondary link to provide

extend a known mathematical model, which will help in thejnteret connection to rescue damaged population [19, 71].
dimensioning ofwi-Fi networks for pedestrian smartphone

users. A3Ni-Fi is mostly used for indoor applications, many
papers tried to characterize its range or other properties for in
building use [1416]. Many applications are using it such as

communication service for rural areas [l#jealthcare WTTH providers like WiMAX, LTE, whitespace [27, 28].

Services [18], during extreznevents [19], mobile Internet But Wi-Fi particularly attracted the attention, as it provides
services [20], smart home applications [21], or smart city o0t ‘characteristics and attributes that smart spaces
services [22]. In spite of the wide number of reseavolks

e T ) require even in harsh environment [72]. Those critical
oncommunication technologies in smart spaces, there is a Ia?ﬁq [72]

of characterization of theutdoorcoverag@ range ofWi-Fi equirements n."nclude: _ _ _
because it is mostly used for indoor services. Alsofl Coverage is a very interesting subjeecause the greater

Figure V-1 : Deployment example of WIS network.

Used Communication Technology

Many communication technologies are used by WIS or

specification sheets ofmost antennas manufacturing the scope of coverage, the concerned population is

companies [40, 45, 46] do not propose or provide a increased. A major advantage fi-Fi network is its

synthesized process for the useWstFi to directly connect signal coverage [29]that reached 50@n for outdoor

the final consumer odbor devices. applications[19]. Its coverage can be extended until
many tens of km [30] byusing the configuration

IV.2.2) Wireless Internet Service (WIS) described in Figure 1.

1 Wi-Fiistypically employed for its lower deployment cost
[19, 28, 31]. In smart spasex huge number of connected
devices are required. Hence, a {owst technology can
decrease investments when covering meeas 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 requiranfrastructures; buthey arestill 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 loT devices are
interconnected. In this context, Lee et al. [32] confirm

Introduction

Due to their countable advantag@érelessTechnologies
(WT) knew a huge development and appear tarbexciting
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 Wirelss 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 ECPE
CPE can be installed on the roofaohome or any other high
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that the maximum number of nodes #i-Fi ad hoc  addition, its high dateate maximizes information transfer and
network could be unlimited. prevent network breakdown due to congestion. In addition,

7 Data rate identifies the amount of information that thethis technology is easy to deploy due to its availability on most
network can support. The higher the data rate the greatemartphones and its reduced cost. Furthermore, it has low
amount of information can be transmitted. Hence, thgpower consumptiorto extend the battery life of portable
data rate of the new version Wfi-Fi surpassgeasily1 devi ces and i mprove usersoé mo
Gbps. This property is very important for smart spacesind channel bandwidth can be customized according to
where a huge amount of information of many types likeenvironmental conditions and throughput for various
video, images, loT data or social networks applicationgenetrations and data transfer profiles respectively.
are transferred.

1 As mobility becomes the major trend of our modern life, General description of  Wi-Fi(IEEE 802.11)
communcation with less power becomes an essential
subject to extend the life of batteries without the need for Wireless fidelity Wi-Fi) is the radio technology for
recharging or being connected to a power socket. It igvireless devices operating in the IEEE 802sldandard As
stated thatWi-Fi has the best energy efficiency [33] the IEEE organization does not verify the compliance of
among WT. conceived devices with its standards, huddreof

1 In general, even if a given teoblogy is absolutely the manufacturers around the world have met to formwtid=i
most effective to support communication, but if it is notalliance. Their aim is to verify the interoperability of their
available orsmartphones, then it becomes useless in theevices operating in 802.11 standard. Ind&o4i is a single
context of smart spaces. According to informationhop network using IP stack to allow users to surf the Internet
provided by Nokia [34] and Sony [35], Bluetooth aNd atbroadband speed when they are connected to their wireless
Fi technolgies are available on the majority of currentrouters. The current solution to extend network range for
smartphones [36]. outdoor use is to use repeaters or a wired LAN to interconnect

1 The area to be covered may have many profiles of group oiWi-Fi APs. New methods are designed by allowing
geography, vegetation and weather. As the wirelesstations to commueate directly without any AP [37]. Thus,
signal penetration can vary according to thoseéVLAN can be formed without prplanning; it is often
environmental effects; the radio frequensyiistomized referred to ad hoc network [38]. The drawback of this solution
accordingly from lower frequeres for high penetration is the reduction of throughput and latency each time a new
through vegetation, buildings or hills to higher node is added. Other solutions are jsguby usng of high-
frequencies foline-of-sightlinks. Wi-Fi can fulfill those  gain antennas for AP and user side (CPE) [73,Ti#g.range
requirements while being exempt of license fees at thef Wi-Fiis thereforeextended to many tenskifometerg31].
same timeby usinglSM radio frequency bands.

1 Channel bandwidth nestb be adjusted according to the Technological Characteristics
data transfer, from lower bandwidth for simple text
application to high bandwidth for video streaming IEEE 802.11 includes a set of specifications of the
servicesWi-Fi bandwidth range varies fromMHz for ~ physical layer andnedia access control (MAC) for the
low throughput pplications toover 160 MHz for high  deployment of a wireless network. This standard allows many
data transfer services. radio-frequencybandwidthswithin ISM bands for haiHuplex

communications: 900 MHz, 2.4, 3.6, 5, and 60 GHz. Wireless

Table IV-1: Comparison between most popular wireless technologies . . i .
links using 2.4 and 5 GHz mayobably suffer interference

Bluetooth |Wi-Fi |LORA |SIGFOX |WIMAX |LTE [5G from many other devices operating in the same frequencies
such as Bluetooth devices or cordless phones. To reduce the
Power | L L VL |VL H VH M interference, many techniques can be used such as orthogonal
Range| L H IVH IVH IVH |VH |VH frequency division multiplexing (OFDM), dynanfiequency
allocation or GPS synchronization.
a?;a L H |VL |VL |H H VH With technological advances, many versions of this
standard have been made to satisfy the diversified users and
cost |VL L ]t - VH |VH |VH industries. The most used and known standards are the
[47-50] |[30], |[55, 56]|[57, 58] |[59-62] |[63-65] |[66-68] following: 802.11a, 802.11b, 802.11g, 802.18B02.11ac,
Ref. [;41' 802.11ax (WiFi 6), 802.11ad, and 802.11ah. The radio
Very low VL ] Good- frequency spectrum allocation may vary according to
Low: L ’ countries, because each one applies its own strategies or
High: H Neutral: () regu_lations for band_vvidth sharing, used frequency channels,
Medium: M maximum transmissiopower.
Very high:VH Bad: = 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

As we can deduce, according to tabM/I;:Fi seems to be 4,915 and 5.825 GHz. The 3.6 frequency is between 3.65 and

among the best suitable choices for the smart space conte3t7 GHz. The 900 MHz frequency corresponds to the bands
Its wide range and big number of nodes allow covering a largg02-930 MHz. Each bani$ divided into many subhannels

geographic zone and a maximum number of devices. lwith a precise central frequency, channel space, and
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bandwidth. For example, the 2.4 GHz is divided into 14 sub WherePx andPy arethe receivedind transmittegignal
channelsspaced of 5 MHz; the central frequency of the firstpowerrespectivelyGix andGix arethe gain of the transmitter
channel is 2.412 GHz and 2.484 for the last cehnfihe  and receiveantenna respectivelyL is the total loss of the
availability of channels may differ between countrieslink; itincludes internal device losses and path losses. Internal
according to thie spectrum allocatiopolicies device losses can be known by their data sheets, such as
The bandwidth frequency allows more data rates, for onnect orsé | osses. Path | oss
example, if a 20 MHz bandwidth provides 300 Mbps, then théis way between transmitter and receiverloAof research
40 MHz one allows 600 Mbps. Datate refers to the speed of activities have been made to model the path lossesse
data transfer, each standard has its own data speed profile, thetwork planning and performance predictioneSehmodels
higher the received signal level, the higher the connectionan be classified into three basic types: Empirical,
speed. Furthermore, MIMO stream indicates the number afeterministic, and stochastic [76]. Empirical models can give
receiving or emitting antennas and it can nmthleesame effect the best tradeoff between the accuracy of deterministic models
as the bandwidth to the data transfer rate. Hence, if 1 streaand the decreased processing requirements of stoobiaestic

makes 300 Mbps then 2 streacamprovide 600 Mbps. The free air loss [39] is the simplest empirical model and it is
represented by the following formula:
IvV.2.3) Link quality and coverage range 0 Q6 c¢uli-¢ 2
The wireless link quality may be estimated by the link Where D is the distance between transmitter and receiver,
budget formulas [39]: | is thewavelengthof the radio frequency signal.
0 A"1 0 A"i 0 A" "0 A" DA"
1)
Table V-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 24,5 5 24,5
Bandwidth (MHz) | 20 22 20 20, 40 20, 40, 80, 160 20, 40, 80, 160
Data rate (Mbps) 6, 9, 12, 18, 24, 1, 2,55,| 6, 9, 12, 18, 24 Up to 600 for 40| Up to 3466.8 for 160 MHZ Up to 10,530 for 160
P 36, 48, 54 11 36, 48, 54 MHz and 4 Streams| band and 4 Streams MHz band and 4 Stream
Modulation OFDM-64QAM | DSSS OFDM-64QAM | OFDM-64QAM OFDM-256QAM OFDM-1024QAM
MIMO streams - - - 4 8 8

This model supposehat the attenuation of signal is due  Also, the maximum range can be estimated by the
to the free air withoutonsideringpther environmental effects  following formula [39]:
such as buildings, antennas heiglets. Thus, several other

models have been developed, thest known are the 0 (3)
following ones [77]: Cost231, Stanfotdniversity interim, . .
Ericson, Hata, Walfisckegami, HataOkumura. Where Psens is the lowest detectable power by the receiver.

Unfortunately, eactone has different limits of validity than When the receiver detects a radi_o signal with this power value,
the others and does not perfectly fit measured path loss8e data transfer speed of the link corresponds to the lowest
without adjustments [78, 79]. During our reseansl will possible data rate, MCSO0, and the coverage range is the widest
compare measured values tbe betknown path loss becaus@x power is bigger. Thus, if the receiver goes wider
empirical modelso find which one fits the best the usage casghan this distance, the radio link fails and the receiver
for outdoorWi-Fi in the 2.4 GHz frequency band. In addition, disconnects. Also, this power may correspond to wished
environmental effects include all other losses such asperation data rate; in this case the distance is limited to the
vegetation, sow, rain, or humidityattenuatios. These effects  range where the receivsitjnal does not go lower to keep the
are not easy to estimate because they depend on magta rate within specified limits. To extend the coverage while
unpredictable and random parameters such as weather agglying within this specification, the whole area is divided into

leaf density For simplicity, we will consider only théne-of-  many cells, where each one is covered by an AP as in Figure
sight links without considering environmental losses.

However, we will consider #se effects during our future
research. After the received signal is estimated for a given
location, itis compared with the sensitivity values of the
receiver and then the data raseknown according tothe
nearest sensitivity value. For example, if the receivemis
Ubiquitous Rocket M2 radio [40], and the estimated received
signal is-77 dBm, by using Table Ill, which is provided by
the manufacturer, the data régesstimatedhis MCS6.
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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 '°‘(‘(’ng-nI)x Sezgglgq\;ﬂy
MCS0 28 6
MCS1 28 o5
MCS2 28 02
MCS3 28 90
MCS4 27 86
MCS5 25 83
MCS6 23 =7
MCS7 22 22

IV.3. Scenario of use

Our scenario is presented in Figure 2. It contdiind-i AP
connected to a router or networking device that has a link t
the internet, the covered zone by the AP cont&ifid-i-
enabled mobile devices. The aim of routing or switching
device is to make firewalling, other network operations and tc

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

Router and Firewall K\_J/J ’ /—,.\. ’./—,.\\ Cb

AN,

— _— ’
A (/ . }Dislantetuverage:D
WIFI AP N Y .
( \ [/ “\\
‘\k®-)/’

ﬂ/—
()
N

ensure the linlkbetween AP and the Internét.this scenario, r%”\— =

AP may connect alVi-Fi-enabled devices to cover the whole C. N ( )
smart space area in order to provide mobile internet servic M‘M/ — -
AP ensures links directly without intermediate devices, device  Coverage

contrary toWi-Fi P2P networksvhich require many hopes
before accessing to the internet [37]. By using high gair
antennas, we can ensure a wideerage AP can cover the

and its
WIFI
p2P

whole zones including bridges, trees, buildings, and home: Figure V-2 - A scenario of use scheme.

The advantage of having direct connectivity to thermét is

Our validation test includes the following devictey are

the high data rate; contrarily to ad hoc devices where thgresented in Figure A smartphone Samsung Galaxy, 88

network capability is decreased when traffic goes througlintenna Ubiquity Airmax AMRG1690 [41], radio module
intermediate devices. To ensure the widest range, it iwith integrated router for AP: Rocket M2 [42jower over
recommended to install AP in a high place as in the top of Ethernet (POE) injectptwo SMA pigtails AC, DC and RJ45
mountainor building. Consequently, high installation may wires with Power supply

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 otldrhoc
solutions, where &Vi-Fi Peefto-peer network technology is
created in uncovered area. In their proposition, the coverac
is extended from 100 rntexs to several kilometers by passing
information from oné&Vi-Fi P2P device to another. The major
problem is that devices may not be compatible with each othe
and a solution that supports 10S devioasstbe proposed.
Another weakness of their model iethecessity oVi-Fi
direct devices to be spread to all the area to ensure continui
of the coverage. Sometimes, the last condition is difficult to
satisfy due to geographic issues. The short rangel dfoc
devices limited to about 106 may increase uowered area.

Unfortunately, this range ¢ ® Wl Access Poin devi
constructors and normalization organisms. -

AP antenna is chosen according to the area of smart spa O Area covered by WIFI signal
to be covered; in the market, we can find omnidirectional D Diameter of WIFI cell

antennas if users are ttibuted uniformly around the antenna.

The AP antenna is installed in a way to give a direet li

of sight to the test area. The test area has been chosen in an

If we need to cover a more specific zone, we can choose sec! Figure Iv-3 : Wide range deployment model for Wi -Fi.

frequencies fowi-Fi are 2.4 and 5.8Hz. Itis possible to use
other frequencies like 900 MHz and 3.€Hz, but the

.Oqgrgenair place, where the effect of vegetation and buildings is

module inclides an integrated router connected to the internet
through RJ45 wire. It is powered through a POE injector from
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the router side. The radio is configuneith a clear bandwidth 40 % of difference from the measure, and in figGréhe
frequency by using its integrated snooping capability in ordeaccuracy of resuliariesaccording to AP height. In the same
to minimize inteference with nearby devices. It is configuredway as AP height, all environmental conditions have an
with a Dynamic Host Configuration Protocol (DHCP) serverinfluence on prediction accuradpuring our future research

to give a direct access to the internet for theeiver After

we will detail modet and express their effects on outd@dir

powering on the power supply, we stayed near of the AP ifi for WIS application by using more data.

order toensure that the smatione is well connected to the

internet. After then, we moved away gradually while checking
the connectivity. The maximum distance we have gotter
before it disconnects was 560

(i)

AP antenna

Two SMA pigtails

Radio module
including

integrated route

Estimated coverage distance (Km)
1
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Figure IV-4 : Diagram of the AP installation.

Figure IV-6 : Estimated coverage of best-known models over Height of

As a result, we can estimate the total area of a cell that can

be covered by Wi-Fi AP. This area itike a circle, where its
centre is the location of ttWi-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 Ad% inFigure 3. Thus, the total

) . _area is divided into many st#veas; each one is covered by a
In Figure 5, the measured coverage is compared withyj-Fj AP. The configuration can be done according to the
c 10ne i tween neighboring cells. The frequency bandwidth is

smartphone and AP are the same as those presented in [1§]

with 0.258km. TheWalfischlkegamimodelgives a distance
prediction of 5.68«m, we did not pugll predicteddistance
values on the graph for the sake of clarity.
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Figure IV-5: Comparison of measured coverage with path losse models
In most empiric models [77 79] the coverage range, |

population number in each cell canedbgood index to estimate
this parameter. An automatic configuration algorittambe
proposed for a similar context during our future research.

IV.5. Consequences for 10T applications

loT is clearly a trend that cannot be ignored. According to

i fetime of

many

CISCO [69], loTconnections are becoming bigger than other
daily connections, and loT traffic will double by 2020.
Furthermore, loT applications are diversified in terms of
connectivity specifications such as data transfer, coverage
range, energy efficiency and cost.
requirementvariesfrom small and intermittent connectivity

for some utility sensors and meters to large amount of
continuous data flow such as video surveillancelaro n e s 6
activities. In addition, the power need may vary from ligh
intensive power consumption applications to very high battery

Thiata transfer

yearsof6 sensc

depends on following parameters: Antennas gain, frequencyary from easy to access small indoor building into hard to
transmitting power, distance, height and obstacles. Thosgcess very wide area forests.
: . . J ; The Wi-Fi connectivity is a good choice dsis almost

measured data in precise envir@mtal conditions for a given ubiquitous for indoor buildings, campus environments and

models are essentially developed and fitted ebasn

technology. Thus, it is difficult to ged good prediction

urban areas. In addition, it has the advantage of being able to

accuracyfor all environments and all CT unless the limits of support eas”y h|gh data rate app"cation, such as data
each model are respected. This observation can be justifieéteaming, with reasonable coverage range and power
according to Figur®, where the best predictedistance has consumption \ith a lower cost. In addition, this technology
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can get a higher coverage ramgeisinglower ISM frequency  [1] Hashem, lbrahim & Chang, Victor & Anuar, Nor & S, Adewole &
bandsto improve its penetration for IoT devices to be used as Y2400, lbrar & Gani, Abdullah & Ahmed, Ejaz & Chiroma, Haruna.
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! g a g Information Maragement. 36.

pQwer Consumptl.on andw data rate. More.over’ Lora and _52] Yaqoob, Ibrar & Hashem, lbrahim & Mehmood, Yasir & Gani,
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applications as they have extended battery life and convenient Communication Technologies for Smart Cities. IEEE Communications
transmission capacity. Magazine.

At the other hand, for devices scattered across a large ar@h Gharaibeh, Ammar & Salahuddin, Mohammad &ldssini, Sayed &
and requiring agod throughput, such as drones broadcasting Khreishah, Abdallah & Khalil, Issa & Guizani, Mohsen & Rligaha,

K e N . . Ala. (2017). Smart Cities: A Survey on Data Management, Security
video, we can make &Vi-Fi Conflguratlon like the one and Enabling Technologies. |IEEE Communications Surveys &

presented in figure 3. The advantage isWaFi can support Tutorials. PP. 41.

unlimited number of wireless connections, and it has manp; Tiago D. P. Mendes, Radu Gadi Eduardo M. G. Rodrigues, Jodo C.
bandwidth frequency configuration® adjust throughput O. Matias and Jodo P. S. Cataldo: Smart Home Communication
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CHAPITRE V. Léapplication d u distamoed etl ses L og
modifications pour le calcul des pertes de propagation des réseaux sans

fil fixe s ruraux pour les fréquences inférieures a5 .8 GHz

Zayan ELKhaled, Wessam AjiB, Hamid Mcheick
1 D®p ar t iefonmeatique eiéémathématique, Université de Québec a Chicoutimi, QC G7H 2B1,

2D®partement dobi rétﬂe@tcé:t?g;gtaMomréad: MondaInQuébee,rH&X 1tv4, Canada
Correspondanc&ayan EL Khaleddourrid: zayan.ekhaledl@ugac.ca).
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 I'application du modéle Log distance pour les réseaux sans fil fixes dans des conditions
rurales difficiles. Ce modeéle est ensuite étendu et optimisé pour améliorer sa précision. En fait,
les données sont classées selon les criteresd e fr ®quence elésliakénetadiot r uct i o
sont divisées en plusieurs intervalles en fonction de leurs distances, les hauteurs et les
élévations des antennes sont intégrées dans ce modéle et les variations saisonniéres extrémes
a long terme sont prises en compte. Notre étude utilise des mesures provenant des réseaux
sans f il fixes d'un f our dewsrégonsrruragddu Canada.nest sans

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 a 15 dB.

Préambule : Cet article est soumis pour publication dans un journal scientifique. Vu
gudil y a eu une grande diff ®rencesetlameseedé a pr ®d i
la couverture de la technologie de communication sélectionnée dans la partie précédente, le
modele Log-distance est modifié pour augmenter sa précision. Ce modeéle est choisi pour sa
simplicité conceptuelle et sa facilité dautilisation. Les modifications proposées pour ce modéle
sont les suivantes :
- Optimisation du modéle selon la technologie FWN en zone rurale

- Optimisation en partageant les données en des intervalles de distance

indépendant



- Prise en compte des hauteurs dbédantennes
- Prise en compte des hauteurset des ®| ®vations dbéantennes

- Prise en compte des effets du changement de la saison

La précision des modéeles 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.

Contribution associée (Article envoyé)
Z. EL Khaled, W. Ajib et H. Mcheick, «The Application of the Log Distance Path Loss
Mo d el and Modifications for Rur al Fixed Wireless

International Journal of Wireless and Mobile Computing, 2021.
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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,
designingand evaluating the performance of radio communication networks. However, the
stateof-the-art in PL modelling for fixed wireless networks in rural environments is still ill
equipped for making accurate predictions. This paper explores the applicatiba lafgt
distancePL 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 linksgiteinto 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 networka wafireless 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 dhe root mean squared error.

Keywords: radio signal propagation conditions, propagation empirical models, path loss,
seasonal effect,og distancemodel.
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V.1 Introduction V.2. Technical background

Wireless communication systems have beer\/
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 commeslitWireless 09) or LongTerm Evolution (LTE) (EI Khaled et al.

systems are an access solution for deployment in the har% 16). Each AP is connecting many Customer Premise

and difficult conditions often found in rural environments, : :
since they offer a fair compromise between performance an:ag?;ﬁ;n degz(ngE%i ur? It?aég stB(e:h I;l;errgg]:[é cﬁ trcézg '(Izﬁgn bﬁ is
cost. New applications have various requirements that are" y high p P ) ’

red to the usersé indoor eq

sometines hard to safisfy, especially in the difficult re used for diverse radio signal penetration. Higher

environmental conditions of rural areas, where it is hard t equencies are mostly used for LAIBks. whereas lower
accurately estimate the radio signal attenuation due to thengs are used forNLO)é links. as the ha;/e better penetration
random nature of the density and seasonal growth ' y P :

vegetaion. As a resut satstyng e w appl i (081 BT AP 4N CRE amerna gate ong el
requirements is becoming difficult. This attenuation cause% g '
|

2.1) Network model

The network model is shown in Fifj, where access
points (APs) are connected via lerapnge WiFi (Rabin,

radio signal path loss (PL) and limits its coverage range an. PE antenna heights depend on where they are installed, be

quality of service (QoS). To take up this challenge, PL on towers, roofs or trees. The radio link distadaan be

models are developed and tuned according to the inves;tigatgS great as 1im. More details are provided by (El Khaled et

environment for planning, designing and evaluating the‘al" 2016) and (El Khaled et al., 2019).

performance of wireless systems. ANTEF;WA Pe. Gp Pore, Gore AN?EENA
Many PL models are available in the literature, suct ((((.)))) —_— ) —

— — — WIRELESS
as the free space ahdg Distance(LD) models (Sharma et ceeeos B 55

al., 2010), (Rappaport, 2002). This study examines th WRELESS @
application of the LD model to heterogeneous wiretess .

thehome (WTTH) networks, as this model is easy to ust =

(Phillips et al., 2012). The data for the model are from the D D
) . . . COMMUNICATION

fixed wireless networks (FWNs) of an internet service — Tower —_

. . : WIRELESS P
provider (ISP) in two rural egions of Canada. Two DEVICE Comuter

obstruction profiles are available, namely direct line of sigh

(LOS) and norLOS (NLOS) links, along with many Figure V-1. Deployment example of FWN.
frequency bands: 915 MHz, as well as 2.4, 3.65 and 5.8 GHz.

Furthermore, we propose two modifications to the LD modeV.2.2) Measurements

in order to consider antenna heights and elevations. The

model optimization considers the frequency bands, The measurements are provided from a wide
obstruction level and seasonal variations between hot aredmmercial FWNs of a wireless ISP for two different rural
cold seasons. regions in Canada: Saguerlagc-SaintJean (SLSJ) and
The contributions of this research are: Outaouais (OUT). Fig. 2 and 3 show the wireless links in
The accuracy of the LD model is investiggh for these two locations, respectively. NLOS links principally
heterogeneous FWN. encounter trees and perhaps some buildings, and the terrain

The LD model is modified to improve its precision. Weis covered by hills, lakes and plains. Environmental
modify it by splitting the signal path into many intervals, conditions \ary between two extremes: snowy, cold weather
t hen consi der ant ennaso hwh elefyiteén tréesifl thetvinter\arid fainy® Modweather with

We extend the improved LD model according to the season@daves growth in the summer. Measurements are taken
variationin the radio signal propagation PL. _ throughout the yeato consider the seasonal lotgym PL

We extract its optimal parameters according to frequencies ipyiation. Rain, snow fallingnd wind are not considered in
the range of 900 MHz to 5.8 GHz, line of Sight is research since they are tifireited events. The

obstr_ucnon (L.OS or NLOS) and seasons. . measurements are collected periodically, then they are
This paper is organized as follows: Section 2 discusse

- ; i . Averaged to remove the fdating effect. They include
the related teenical backgrou_nd, wh_|le Section 3 'ntrOduceSPertingnt information for QoS cha?acterization, )éuch aa dat
the stateof-the-art. Next, Section 4 discusses the accuracy o rates, signalto-noise ratios, and so on.
and proposed modifications to, the LD model, and Se&ion
considers seasonal PL variation effects. Finally, conclusions
are drawn in Section 6.
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whered is the link distance, and 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 wetlown ones are:
Cost231, Stanford University Interim, Ericson, Hata and
HataOkumura (Phillips et al., 2013). Unfortunately, each
model has its own boundaries and does not perfectly fit the
measurements (OstlinOstlin et al., 2013) and (Manju et al.,
2011). The LD model compute the PL of NLOS links) 1b
is the PL at distanc@ , then the PL at an arbitrary distance
d>'Q can be given by (Srinivasa et al., 2009):

00 00 pr‘x‘l'l'c5 T
wheren is the PL exponent, its values are given in Tdble

This model is called log normal shadowing when considering
(Ig%e shadowing effects due to obstructions (Kurt et al.,

Figure V-2. Radio links of SLSJ region.

Other pertinent pieces of information are collected
such as antenna heights and gains, GPS coordinat
distances, eletions, seasons, and obstruction levels. Sinc€ A
CPE nodes and APs are installed in high places, the movi ith a zeremean and atandard deviatioi between 8.2 and
targets and the ground reflection effects are neglected. A -6 dB (Erceg et al., 1999).
models are fitted with SLSJ measurements, then tested witfable V-1 : Path loss exponent values (Srinivasa et al., 2009).

OUT measurements to verify thgeneralizability. F Environment | Path loss exponent (n]

The collected data are used to compute the measuregtree space 2
PL via the Friis formula (Rappaport, 2002):

0 0 O O O P
where Pt and Pr are the transmitted and received powe
signals, respectively; and Gr and Gt are theeiver and

17). The random variab&follows a Gaussian distribution

Urban area cellularadio 2.7t03.5
Shadowed urban cellular radic 3to5
rnside a building line-of-sight 1.6t01.8

transmitter antenna gains, respectively. L is the total PL and2Pstructed in building 4106
internal mylesses aglenrfed ffoin their data _Obstructed in factory 2t03
sheets. The PL is then given by:

00 0 O O 0 ¥ q

V.3. State-of-the-art

The LD PL model is used in numerous applications,
such as otbody PL modelling for ultrawideband
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),
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 resear 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

Figure V-3. Radio links of OUT region.

V.2.3) Path loss models

Empirical models provide a fair traddf between

processing efficiency, accuracy and complexity requirementﬁ1ere is no ultimate PL model for all cases by asiatymore
(Govind, 2019). The freepace model (Sklar, 2005) is the y asiay

implest PLmodel. It is qi by: than 30 models deeply and by collecting data from a wide
simplest odel. Itis given by: FWN in unlicensed bands. Phillips et al. arsly the
.o L LTEQ .
00 ¢ i€ o 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 rurgerformance thas close to that of the Okumura model in 900
environments with 12 dB root measquare (RMSE) of MHz applications (Elechi et al., 2016). Sharreta al.
accuracy at best. In (Phillips et al., 2012), the authorsompared the LD model with other models in three different
confirmed that PL models provide an accuracy of 8 to 9 d&nvironments (urban, suburban and rural), and it had the best
RMSE, at best, in urban environments and almost 15 dB iperformance in rural areas (Sharretial., 2010). In the
rur al 0 n e st.al. comipared the mcturacies of the experiment of Chebit al, the log normal shadowing model
mostwidely used PL models in WiMAX applications at 3.5 was the closest to measurements (Chebil et al., 2011). Also,
GHz (Milanovil et al ., 201 ehe authors of (Abhayawardhana et al., 2005) compared

Existing studies have compared the accuracies dfeveral PL models using 3@Hz FWN applications. They
existing PL models, including the LD model, in variousshowed that LD was not the most accurate model but that it
applications. Elechiet al. proved that LD turns in a performed reasonably.

Path loss models
160

150
4
140 " R . ad
R « A A
' HHM*M“‘“‘ i T 4 s m
o AR “m...,.»au-n .
" “A& )
130 s - o .
Wt v \r v . O P
_'.,,,.;»’»4. »u\yw-mmn*»>1 [ lr?r:' v (!
- ﬁpn “mm«l-qnlu!!pln- ie o amms ¢+ we & ey
i 120 b .- .
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2 .
5
B o
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+  PL_log_distance_optimal_n_OUT
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70+
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Figure V-4. Accuracy comparison of the LD model classical application with model optimization through data classification.

Due to its promising performances, there have beemodel was fitted for digital TV applications in Lima, Peru
many extensions of the LD model. Fenelfial. compared and provided the best accuracy.
many modifications including the dual slop, log normal
shadowing, partitioned andidchty models for 2.&Hz
802.11n wireless networks in rural areas (Jean Louis et aip| o4els
2014). They demonstrated that the Liechty model provides,
better precision and combined it with the dual slop model, , 4 spiitiing12.00 11.7 9.7 12.4 111 7.9113.39 9.4512.36
Their measurements were taken from a USB wirelessteda o, o pata 17.4 187 14.8 195 152 141 165 20.2 189
and the maximum distance was 6@0Qwith around twenty Cost231 hata 181 195 150 205 154 145 165 213 206
points of measurement. Kelner al. considered the antenna 19'3 19'9 17'9 20'5 18'0 16'8 19'0 20'9 19'8
gains and directions (Kelner et al., 2018). The maximum ’ ’ ’ ; : ' ’ ' ’

Table V-2 :Accuracy comparison of PL models

Region Obstruction Frequency (GHz)
All  SLSJOUT LOS NLOS0.915 24 365 5.8
27.35 28.2 25.6 16.9 33.3 40.7228.58 21.64 22.30

. : ricson 23.8 26.6 17.3 28.2 188 20.3 224 30.1 24.9
distance did not exceed 469 and the PL was compared
. . . . free_space 51.0 49.1 545 46.4 55.0 48.6 52.3 47.3 50.0
with other models for mgy gains and directions. Jeoagal.
[ECC 33 154.6 158.8 146.3 164.5 144.7 119.5 145.7 167.5 174.5

studied PL variations in the industrial, scientific and medical
(ISM) bands for drone applications and they extended the L3
model for aerial communications (Ma et al., 2018). The . ) .
horizontal distance range was betweérahd 70 m, and the In conclusion, even if many researchers have studied
altitude was between 1.5 and 101.5 m. Fernareteal. the PL models for FWN, the LD model was not always
divided the radio link into two intervals, and each one had ifncluded (Erceg et al., 2001), (Philips et al., 2011),

own propagation exponent (Fernandez et al., 2012). The LO Mi | anovi [ et al., 2010). The
this model did not do so for FWN djgations (Sharma et al.,
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2010), (Chebil et al., 2011) and they used limited coveragis low value for higher frequencies is justified by their use
ranges (Ma et al., 2018), (Jean Louis et al., 2014), (Kelner &r LOS links. And Table 4 summazes the data splitting

al., 2018). accuracy with an improvement of 16.35 dB RMSE.
. . . Table V-4 : Accuracy of data splitting optimization, the RMSE is
V.4. Log distance model modifications computed for all data aggregated
| Splitting criteria | RMSE |
o Classical application 27.35
V.4.1) LD model application All data 11
The accuracy of the LD model is basedtba root Region ) 11.007
meansquare error (RMSE): Obstruction 11.78
Frequency band 12.63
... B 00D 00 o .
Y0 YO G V) V.4.3) Multi -interval Log distance (MILD) model
whereN is the number of measurements, and As longrange WiFi links are wider than 18m and

andl O are the predicted and measured PLs, respectivelf’® PL strongly depends on the distance of radio links, the
Table 2 presents the RMSE comparison of the LD model Witgataset is divided according to the ascending link distances,
the most welknown PL models by considering its standardinto several intervals, to increase the accuracy. Then, each
configuration and its datsplitting optimization. Its RMSE Nterval is independently optimized and has its own
varies between 17 and 40 diich is almost poor compared Parametersr( do, b U ) by using the curve fit function of

to the signal sensibility (EI Khaled et al., 2019). However, its¢IPY (Paulieal ., 2020) . The total

datasplitting application is promising, as it improves the dynamically optimized to reduc_e the global RMSE. Hence, to

RMSE to 11 dB for the aggregated data. assess the PL for a new radio link, the parameters of the
interval including its distance are selected. The MILD

V.4.2) LD optimization with data splitting expression is given by:

¥ > n L. Q
To optimize the model pameters g, d0andd 0 ), Lu vugp pHEII QQ_F] ®
the measurements have been classified according to the ) _ A
following criteria: region, LOS and frequency bands. whereQp, 0 0 andé arethefi nt erval 6s par a

Table 2 outlines the accuracy comparison between thige it interval includes the distance of the new radio link to
standard LD model and its optimization according to datde predicted.
splitting for all data, regions, obstruction levels and Fig.5 shows the optimization of the number of
frequencies. Its accuracy is improved considerably with daténtervals. The optimal number is 10, and its RMSE is 10.1
splitting, and the RMSE does not exceed 13 dB. dB, which provides an improvement of 1 dB compared to the
data classificationmimization in Tablet. Fig.6 presents the

Table V-3 : PL exponents according to classification criteria - . . . .
L - overfitting of this model if the number of intervals is

Classification criteria | Path loss exponent increased above its optimum. Even if the RMSE continues to
All data 0.133 decrease, there are not enough samples to generalize for new
Region 0.143 links.

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
datasplitting criteria. Table 3 summarizes the PL exponents,
n, extracted via the curve fit function of SciPy (Pauli et al.,
2020). The value extraatefor region is close to the one
extracted for all data, which proves the generalizability of this
model. Note thah increases with the obstruction level, and
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Figure V-6. Overfitting of the MILD model for a higher number of intervals.
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whereas they are optimized freely for the other modifications

V.4.4) Antenna height effect: Log distance height via the least squares algorithm implemented with the curve
fit function in the optimization modalof SciPy (Pauli et al.,
(LDH) 2020).

. . . . Table V-5 : RMSE comparison between the standard LD model and its
The proposed modification integrates antenna heightroposed modifications

in order toconsider implicitly the obstruction level for the i . Path loss
radio links, since higher antennas are better for obtaining LD model configuration exponent RMSE
clear LOSs. Therefore, in addition to the reference distance LOS,n=2
Q fx E E BoBsiders the effect of distance on the PL, two Standard model NLOS,n=5 27.35
reference parameters are added for the AP and CPE antenn@ptimized exponent n n=0.133 11.006
heights, nameliQd 0 and’Q6 U Qrespectively, to integrate no=0.318
the antenna height effect into the PL. Hence, two exponent| pH n; = -0.559 10.871
valuest and¢ are gtimized as in the last section (Pauli et n, = 0.533
al., 2020) for the AP and CPE antenna heights, respectively. no =0.975
The new LD height (LDH) PL expression is given by: | pHE N =-0.267 9.811
. . .. .0 .. Q00 n; =-0.653
0oL 00 pHII(;a prII 06 5 _ .
.. 0600 ' Fig.7 shows the PL comparison among the LD
pEII Q,Q‘é 50 g models. As the LDHE is the closest to the measurements, its

' accuracy is explored by splitting the dataset into LOS and
where h_AP and h_CPE are the AP and CPE antenna height.OS links, as shown in Fi@. Note that the PL of the
respectively, for the new radio link to be predicted, &td 0 NLOS LDHE model is higher than thaf the LOS one,
and'Qd 0 Qare the reference AP and CPE antenna heightwhich was anticipated since the radio signal is highly

for distanceQ link respectively. attenuated for NLOS links.
160

V.4.5) Antenna height elevation: LD height elevation o

(LDHE) 140 | &

This new modification of the LD model considers 130 {
antenna heights and elevations together to integrate tt :
geographical reef into the PL estimation, since higher
elevations have an important impact on the LOS. The LI
height elevation (LDHE) formula is then given by the

120

110

Path loss (dB)

following expression: 100
D U %0 - X Mesure
T Vs Q | * * Log_distance
[VIV] pu I g— x * Log_distance AP_CPE_heights
I Q o 0 * Log_distance_optimal_n
Lo Qo v Qa @ w . * Log_distance AP_CPE_heights_elev
pE I | C—g5— 70 4 " T T : T T T T
L Q00 - 0 2 3 3 8 10 12 14 16 18
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QO VO] Figure V-7. Comparison between the measurements, the standard LD,

the optimized PL exponent, LDH and LDHE.
where elev_AP and elev_CPE are the AP and CPE antenna

elevations, respectively, and n0, n1 and n2 are optimized as

; : : . . The RMSE and PL exponentsQ{ n1 andn2) of the
in previous sections (Pauli et al., 2020). Comparison betwe , - X
the LDH and LDHE models TbHE model obtained by splitting the data accordingh®

bstruction level are illustrated in Tatle The RMSEs for

e - ; OS and NLOS links are 11.21 and 9.2 dB, respectively.
modd modifications and their corresponding PL exponents ; ; U
It shows that the RMSE of the LDHE model isiB better When the data iaggregated, the RMSE is 10.23, which is 1.5

than that of the LDH model, 1.2 dB better than that of the dath b‘?“?r than the 11.78 R.MSE for the LOIEOS exponent
classification application model and 17.5 dB better than thal optimization of the classical LD mode recorded in Table
of the standard LD wodel. The PL exponents of the standard

LD are set according to staté-the-art recommendations,

Table 5 compares the RMSEs of the two proposed L[ﬁ
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150 knowledge these effects have not been explored for the LD
PL model. Consequently, the model is tuned and extended

140 accordng to two groups of measurements: measurements

0 X taken in the summer, when the weather is hot and rainy and
i — vegetation is growing, and measurements taken in the winter,

-
N
=]

when the weather is cqldand leaves are falling. Other
environmental effects, such asmr, snow and wind, are not
considered since they are tifimited events, and their
effects on the PL can be neglected for frequencies below 5.8
GHz (El Khaled et al., 2020).

=
j
=]

Path loss (dB)

b
o
o

o0 )
o X 5 Meenios V.5.1) Seasonal effects in the LD model
\ *  Log _distance AP_CPE heights_elev LOS
X L ° oo distance A CPEhelonts elev Wios The seasonal PL variations canibeluded in the LD
o 2 4 ® e kmy % Mo 1® 18 model by splitting each of the winter and summer
Cirure V.8 G on of the LDHE with i < done b measurements into two groups, one each for the LOS and
spitling the dataset into LOS and NLOS links. | | e Y NLOS links. Next, each group is optimized according to the
frequency band. Tablé presents the extracted PL exponents.
Table V-6 : Comparison of the LDHE model by splitting the dataset Note that thg are higher during the summer due to the
according to the obstruction vegetationb6s effect. Further
LDHE model epfggrl:();st RMSE NLOS links than they are for the LOS links.
noO = 0.808 ;I;:glfex(;; ;r%p;i;aslolj]Lf;xE]%nﬁgt;r:)gglt.racted ac cording to obst ruction,
LOS nl =-0.432 11.21 NLOS NLOS LOS LOS
n2 i 0.460 summer winter | summer| winter
NLOS ”2 = g-ggg 0 5GHz  2.152 1482 0349 0477
22 ;_0' 518 ’ 3.65GHz 1.019 0.795 0.598 1.079
LOS and NLOS data 24 GHz  2.055 0916  1.962  1.160
aggregation - 10.23 900 MHz 3.115 0.485 1.178  NaN

Fig. 9 compares the Pineasurements with the LD
V.5. Seasonal effects model for the OUT region according to obstruction and
) ] frequency for the summer and winter seasons, respectively.
Previous researchers modelled the environmentafne previously optimized model parameters for SLSJ are
effects on microwave propagation separately, including thgnyjied directly to the OUT region. The prediction curves still

effects of rain (Saxton et al., 1995), {Nliaimi et al., 1994), it the measurements, and the model generalizes well.
snow (Islam et al.,, 1999), (Ketswal et al., 2014) and

vegetation (Gunn et al., 1954)TU, 2007), (Ostrometzky, V.5.2) Seasonal effect s for the LDH model
2015). These models were created in controlled environments

where the signal path was on the order of several hundred The LDH model is optimized in the same manner used
meters and all parameters were known. Yet, in a regjreviously. Fig. 10 compares the predicted PL and
environment, the vegetation density and type and th®psr  measurements for the OUT region. Note that the modillis

of the path where the radio signal propagates through foliagg.crate even though it has been optimized for a different
or through free space are difficult to assess accuratelyggion

especially in wide deployment networks or hémeéhccess

areas or when the link range extends mkifgmeters The V.5.3) Seasonal effect s in LDHE model

effects of wedter are also difficult to assess, as they depend

on the rain or snow rate, the type of dust particles, the The LDHE model is optimized in the same manner
composition of the snow, and so on. Furthermore, for widg ot the LD and LDH models were. Fig. 11 presents the
range links, the rain or snow rate is not uniform along the,qmparison between the pieted PL and measurements for

pathway. _ OUT region. The model is still accurate when used in the
Therefore, there is meed to create an easy, fast andq 1 region.

comprehensive PL empirical model for seasonal
environmental effects that last for many months. To our
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Figure V-9. Comparison of LD model to measurements in the OUT region according to
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V.5.4) Comparison of the LD model modifications
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obstruction, frequency , and season.

stateof-the-art recommendations. Later, its exponents are
optimized for each data classification and for its suggested
modifications by considering antenna heights and elevations

Table 8 summarizes the RMSEs of the varioudor the SLSJ and OUT regions. There was an important

configurations of the LD model

and

its suggestedimprovement,and modification had a good generalization

modifications. First, the classical LD model is presented forapability compared to the classical LD.

the SLSJ and OUT regions, then the data is classified

according to the LOS and NLOS links as the hestl its
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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.

optimization, then the second set of measurements is used for
V.6. Conclusion testing and validation.
The RMSE of the LD model is 27.35 dB over the
Fixed wireless networks provide easy connectivity towhole datase After splitting the measurements according to
the internet in rural areas. Path loss models are essential filne LOS and NLOS links, the RMSESs for the LD model are
efficient planning, optimization and predicting their quality 16.88 and 33.24, respectively. After optimizing the path loss
of service. Despite the diversity of existing path loss modelssxponent and splitting the data according to region, line of
many reviews have confirmed the lack of accurate sight and frequency bands, eth RMSE improves
predictions, and their landscape is still precariousconsiderably, as its worst value is 12.43 dB. Next, the dataset
Furthermore, research activities are focused on urban areigssplit into many intervals according to the ascending radio
and mobile technologies. This paper examines the accurasignal paths. The optimal number of intervals is 10 and the
of the Log distancepath loss model and its pdsle corresponding RMSE is 10.1 dB. Two modifications are
extensions since it is quite simple to use. The target is timstituted by considering antenna heights and elevations. The
improve its accuracy for fixed wireless networks in the harshiesulting RMSEs are 10.8 and 9.8 dB, respectively. Finally,
propagation environments found in rural areas. For this ainwe consider seasonal variation, and the RMSE reaches 6 dB
the measurements of the wide FWN of an internet servictor many cases.
provider flom two different rural regions of Canada are used.
The measurements of the first region are used for design and
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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 . .
LD | LD (LOS, NLOS) LD optimal| LD optimal | LDH | LDH | LDHE | LDHE
SLSJ|OUT PP n SLSJ n OUT SLSJ| OUT | SLSJ | OUT
classification
NLOS_summer_5G 11.47 20.30 11.13 22.06 15.75 14.64
NLOS_summer_3G 33.24 17.07 8.71 14.63 22.65 15.8 17.93
NLOS_summer_2G ' 12.82 10.27 12.75 1041 9.6 8.03
NLOS_summer_900N28.23 25.61 9.78 11.37 8.03 1759 6.4 7.29
LOS_summer_5G 12.19 8.18 12.10 9.20 11.05 10.22
LOS_summer_3G 16.88 8.16 11.63 789 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 1045 6.19 1045

NLOS_winter_5G 9.35 11.11 9.25 10.92 9.19 1243
NLOS_winter_3G 33.24 9.36 7.84 829 9.61 10.39 34.75
NLOS_winter_2G ' 9.27 8.89 9.11 931 10.19 10.16
NLOS_winter_900M 8.31 4.88 746 722 802 8.86
LOS_winter_5G 11.73 11.55 11.48 1258 8.24 12.56
LOS_winter_3G 16.88 7.15 11.77 7.08 11.88 6.97 115
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 VL. Modeéle empirique précis de perte de  propagation des

réseaux sans fil fixes pour les fréquences inférieuresa 5 .8 GHz
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Résumé : De nombreux modeles empiriques des pertes de propagation (PPs) ont été
développés pour évaluer les performances des réseaux sans fil. Cet article étudie I'état de l'art
des modéles empiriques ainsi que les effets de la végétation sur les PPs. Ensuite, un modele
empirique précis de PP est proposé pour les réseaux sans fil fixes dans des conditions de
propagation rurales difficiles. Ce modéle a été testé sur les données d'un fournisseur canadien
de services d laternet 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 parametres, tels que I@bstruction de la ligne
de vue, la bande de fréquence, le partage des liens radio en fonction de la distance et les
variations saisonnieres. Il surpasse les autres modéles en matiére de précision selon nos
données, et il est parmi les plus précis lorsqu'il est testé sur des données en libre accés pour

les communications mobiles en Angleterre.

Préambule : Cet article est déja publié dans un journal scientifique. Dans ce chapitre,
nous proposons une approche méthodologique pour concevoir et évaluer un nouveau modele
empirique de PL pour les réseaux FWNs en contexte rural, vu sa forte dépendance des
parametres des systemes de communication et de leurs environnements. Les sujets abordés
sont les suivants :

- La précision des modeéles existants

- Les paramétres pertinents pour une estimation précise de la PL

- La conception,| t®oapldieat pam f onmances du

- Lé®valuation des effets du changement

mo d

de

a



- Lo®valuation du mod | e propos® selon des do

La précision des modeles existants est étudiée selon le RMSE en fonction de la
fr®quence, de | a r ®glesoparangtres merineritsésonb identifi@s parmi o n .
plusieurs dizaines de parametres par une étude de corrélation. Par la suite, le modéle proposé
estoptimisé enfonctiondela r ®gi on, de | a fr ®quence, de | 6obstr
I'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 modéle proposé surpasse les

autres modeles existants.

Contribution associée  (Impact Factor = 3.7):
Z. EL Khaled, W. Ajib et H. Mcheick, «An Accurate Empirical Path Loss Model for
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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 thteof-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 @anadian dataset from a wirelagernet
service provider, using the Wirele$s-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 asofis@ght 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 providesedieoit and steady accuracy when
tested on a largely different opaecess dataset for mobile communication technology
from seven different regions in England.

INDEX TERMS radio signal propagation conditions, propagation empirical models,
path lossseasonal effect.
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VI.1. Introduction 2) We study the accuracy of listed PL models by
comparing their predictions based on our dataset in four

Wireless communication networks are a good alternative for  frequency bands below 6 GHz for outdoor-Bi

providing connectivity in rural regions thanks to their WTTH in Canadian rural regions.

robustness, easiness of deployment and low costs. Howevergda We establishite effect of longerm seasonal variations

serious challenge remains in terms of predicting the radio on radio signal PL attenuation.

signal attenuation eaed by environmental parameters, such4) We propose a new PL empirical model based on

as ground relief or vegetation. Many wireless standards are obstruction level, frequency band, dynamic distance

used by WTTH (Wireles§o—Thel—_|ome) proyiqers, s.uch as splitting and longterm seasonal variation.
IEEE 802.11 (particularly the widange WiFi versions), 5) We test and validate the proposed manetlatasets
which attracted a lot of interest due toptsctical advantages from different regions and countries.

[1]. A successful deployment of wireless networks requires The paper is organized as follows: Section Il presents the
careful planning due to radio signal impairments caused by th@ateof-the-art of empirical PL models. In Section Il
surrounding environment, resulting in propagation path losguantitative performance metrics for PL model accuracy are
(PL) and limiting the quality of service (QoS). Acate PL  detailed. In Section 1V, theatia collection and measurement
estimation is crucial for network planning and troubleshootingare presented, and the accuracies of listed PL models are
This estimation can be made either with PL propagatiogompared. The proposed PL model is detailed in Section V.
modeling or with costly and complex propagation|n Section VI, seasonal PL variations have been integrated
measurements. The PL propagation models can be used fato the proposed model. Section VII presents ninedel
feasibility studies, resoce allocation and performance validation conducted via independent international

prediction. The choice of the appropriate model depends on thigeasurements. Finally, conclusions and future work are
geographic location (e.g., urban, rural) and radio linkprovided in Section VIII.

parameters (e.g., operating frequency). Empirical models are

used most frequently because they provigea compromise V|.2. State-of-the-art
between accuracy, computational efficiency and complexity

[2]. Consequently, this work focuses on empirical PL modeling

and studies its applicability for fixed wireless access (FWANI.2.1) Related work s
networks.

Empirical PL models have been traditionally desid for  Many research papers have studied existing PL models. In [3],
frequencies lower than 2 GHz and for mobile networks irSicker et al. describednd implemented 30 propagation
urban areas. With the emergence of new wireless standaraspdels proposed over the last 70 years for urban and rural
it has become necessary to update or extend them to consi@eeas. They found that the landscape of PL models is
the recently diversified technology parameters. Eackprecarious. Furthermore, they affirmed that PL modelling
empirical model is usually designed for a specific achieves, at best, 8 to 9 dB Root Mean Squared Error ERMS
environment and has its own validity range of radioin urban environments and around 15 dB RMSE in rural ones.
parameters (e.g., operating frequency, coverage, anteniiie authors of [4] developed a new taxonomy by conducting a
heights). Consequently, this work examines the accuracy afeep survey covering more than 60 years of continuous
these models for our studied environment, in ordeelecsa  research. They stated that the next generation of PL models
convenient PL model or design a new one. will be datacentrig that attempt to extract information from

Despite the redundancy of empirical PL models, just a fewdirected measurements. Phillips et al. analyzed 28 PL models
are handling rural environments and frequencies less thanlfy using a large set of data from a wireless network in rural
GHz. In addition, empirical PL models have specific validityNew Zealand [5]. They demonstrated that: "the stéthe-art,
intervals (distance, frequency, environment type, and s® v e n for t h e of frizal mnvitomments,cia s e
forth), and their performances outside these intervals have nstrprisingly illequipped to make accurate predictions.” The
been fully investigated. Previous PL models have, in generdbest accuracy they achieve is a 12 dB RMSE.
been tested on a single (or two, at most) frequency band or aSarkar et al. [6] reviewed various propagation models for
single technology. Tis, wireless engineers need assistancéoth indoor and outdoor environments and summarized their
and guidelines with regards to how to choose a conveniemidvantges and disadvantages. Sun et al. [7] presented
PL model. This work is a step towards dealing with thesenmWave propagation measurements and PL models for
problems. outdoors and indoors, then investigated their performances

The main contributions of this paper can be summarized aross 5G networks. Erunkulu et al. [8] surveyed existing
follows: techniques and mechanisms for networkecage prediction.

1) We survey the statef-the-art PL empirical models and They provided an ugp-date review of existing PL models,
focus on the vegetation effect. along with a comparative analysis, to aid in the planning and
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implementation of cellular networks. Wang et al. [9] comparedvall penetration, reflection, scattering, and diffraction effects

the prediction performances of several channel modtsis  into account. Oni and Idachaba [21] reviewed PL models and

of three important metrics: the cell radius, spectral efficiencytheir adaptation to Wi indoor propagation environments.

and outage probability in both indoor and outdoor scenarios fdkademacher et al. [22] conducted outdoor experiments to

Internet of Things (I0T) communications. Anusha et al. [10Jmeasure the PLof Wi-Fi links at distances of up to 10.3 km.

surveyed different propagation models to calculate patfihey found that the LongleRice model provides accurate

attenuation in rural, suburban and urban areas. results. Hong et al. [23] estimated the signal loss oFWNit
Most of the research considered PL modelling for mobile2.4 GHz to improve search and rescue operations after

technologies in urban areas [11]. Whereas some works focusdi$asters. Brinkhoff et al. [24]wslied the WAFi signal range

on empirical PL models for FWA in rural areas, but a goodn agricultural crops environments. They proved that the

proportion of these studies werensilatiortbased only, with  coverage distance exceededkrh. We [25] investigated the

just a few including measurements. Moraitis et al. [12]Wi-Fi coverage for outdoor IoT applications, and we compared

examined the accuracy of PL models at 3.7 GHz for FWAhe predictions of many PL models.

Long-Term Evolution (LTE). They recommended the standard

propagation model (SPM) as the best option for network/I.2.2) Path loss empiri cal models

dimensiming and planning. MacCartney et al. [13] studied

rural macrecell (RMa) propagation models and the current 3rcEffective wireless network deployment requires accurate PL

Generation Partnership Project (3GPP) RMa path loss mode®iodeling to predict the coverage range and minimize required

for frequencies from 0.5 GHz to 30 GHz. They usedinfrastructure. Many PL models have been developed for

measurements in rural Virginia taewklop a new RMa PL specific environments [2]. In this section, the mostkedwn

model for 73 GHz that is more accurate than the existing 3GPémpirical PL models and their pertinent parameters are

RMa models and can be used for frequencies from 0.5 GHz tevisited.

100 GHz. Chee et al. [14] studied the effects of carrier

frequency, antenna height and season on a FWA network 3GPP TR 38.901 model

depbyed 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] This model was mainly designed for mobile networks [26],

investigated LoRaWAN radio channel in the 868 MHz bandWith a frequency bandwidth of 10% around the center value of

Extensive measurement campaigese carried out to develop No larger than 2 GHz. It considers LOS and NLOS links, a

a PL model for indoor and outdoor environments in urban angupports urban, indoor and rural links, but, in this paper, we

rural locations of Lebanon. Maurya et al. [16] studied the PLfocus only on its rural macieell configuration. It is described

in urban and rural areas by considering several parametek$ing the following formula [27]:

such as frequency, location and best fit. Gamnet al. [17]  § j Lu Alparl Q- 1)

applied 3ray PL analysis to evaluate the impact of variation in LL Al© . Q pml

evaporation duct height and antenna height in rural coastal 0 %Q

areas. Rakesh et al. [18] analyzed PL models at Global System_ . W N

for Mobile Communications (GSM) 940 MHz and IEEE VU0 ¢ T | E;— | Emro®Qrpml T CQ

80266s WI MAX 3.5 GHz frequeh€Eimist°Opmeyi foi eigleGAQ t er r@i ns

including rural areas. 00 000Q Tl C— (3)
Since WiFi is classically used for indoor communications, 35 i Ad D i ae @)

most studies have considered its PL modeling for indoo'gorp i o u+i

applications. However, \Wki-based longlistance networks  § &p podT Xl 1 G xdI T CQ

have emmged as an alternative technology for providing e

Internet access in rural areas. Fendji et al. [19] compared slope c®wx ox — | 1C0

based empirical PL models to measurements at 2.4 GHzusing t @ ¢ ol 1 CO 11 CQ o ¢l CQ

the 802.11n standard. They proposed a new model based on of 11 Cp @ O 80X (5)

the Liechty model becausige number of obstacles was known . . . 5 n

; : : . . whered is the distancef is the frequencyp 0 and

in their experiment. The Liechty model provided a betters - are the macraells path losses in rural areas for
prediction in a no#ine of sight (NLOS) scenario, while the 14 | 0S and NLOS links respectivel), is the breakpoint
new model outperformed in combined scenario (line of sigh§jistance h is the average building heighty is the average
(LOS) and NLOS). In our context, it is impt&al to apply this  street widthc is the free space propagation velociy,is the
model since the link distance exceeds twddiymeters, and  receiver haght, andO is the access point (AP) height. This
the number of obstacles is unknown-K#yi et al. [20] model is valid for frequencies of 0.B00 GHz, receiver
updated the loglistance PL model for indoor V¥i to take heights of 110m, AP antenna heights of 1060m, average
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building heights of 550 m, street widths of 50 m and link  Additionally, it applies corrections for suburban and rural
distances 00.01110km for LOS links and 0.05km for  environmentsThe PL in urban areas is given by:

NLOS links. 6 ) ® @du ¢ @(i, ) (;g? p @d 1 (;D
I 1 0 11
Free space and log -distance models T edd 1O 0 (11)
where
TP pd ¢ | CQ p&"CQTIS(O
The freespace model describes the radio signal power loss in ll’ AT ATGAAEDEOEAQ
LOS links and is written as [2]: 6 & «l T Cpd 10 PP 12)
"6 cGocil@ il @ (6 ip Eg 0 onn(lAEllOt\O\q—:k»mA
The logdistance modetonsiders NLOS links and random ‘\" . o8 I" I Cp & © sy l,r .
shadowing effects. It is given by [28]: v EgEBTmQ pumn EIAGREORAO
00 00 pwHIT G .. (7)  the path loss in suburban areas is given by:
wherenis the path loss exponest,0 is the PL in dB at the 0000 00D0™Oc¢ 11T G v (13)

reference distand@ , and?is the shadowing effect, which is
zeromean Gassian distributed with a standard deviationand the path loss in open areas is given by:

between 5 and 168 [29]. 00000000 TgU T QO p@d i CQ
T B 1(14)
Okumura model whered is the antenna height correction factor. This model

is restricted to frequencies of I8G00 MHz, receiver heights
of 11 10 m, AP antenna heights of 3200m and link distances
This model was built using data collected in the city of Tokyopf 1i 20 km.

Japan [30]. It considers urban, suburban and open areas. The

urban area model is the most widely used in cities without tall Extended COST -231 Hata model

bIocklng structures. It is given by [30]:

000 00 & "BQ "O0 ‘00 O (8)

where0 0 0 is the median PLp "®BQ is the median COST is aEuropean Union forum for cooperative scientific
attenuation relative to free spa®,O is the gain due to research, which developed this model based on measurements
the AP antenna heigh O is the gain due to the receiver in multiple European cities. It extends the urban Okumura
or Customer Premises Equipment (CPE) antenna height, akrfhta model to cover frequencies of up to 2 GHz [32]. It is most

‘O is an environmentelated correction factor. Okumura often cited as the COST 23dodel, but it also referred to as
developed a set of curves for  "®Q , in an urban area over he Hata Model PCS extension. It is given by [33]:

quasismooth ground with afD of 200m andO of 3m, o »
and vertical omnidirectional antennas on both the AP and the 0 U\ .0 9 I I o 9 I I g .,,,OO .
receiver sides. The values @& "®Q and 'O  are 6l ¢ © @ &0 0
obtained from Oku'i®Or aid®©Oempirical plots, (15)
are described as follav whereA, € , ;aBe the Hata parameters described below:
ol ¢— A'® o 5 ‘p“"“AQ"“( U
00 L L (9 % APy
chil G— Aot © pnnn 5 G QAAOTHT
oc@ AP YTEN U
~ .- . ~ e o p dJ
pttl G AI'® ol 0 T ®
00 . L (10) .
¢hiil & A0 0 pmn 06 ‘PT?’U

This model is restricted to the 18820 MHz frequency

X ; . . ) where SO is the receiver antenna height correction
range, receiver heights of 3m, AP antenna heights 8fi € 9

100 m and link distances of 100km. factor, it is calculated as: - 3
G e ¢l ppl | QO wO Lo
Okumura -Hata model (OH) . EIGDAOOARIRAIOE O 1 ITAT 60

& w | Cpd 1O pP 16
g EME oma( &R GEOE AGULE)
This model [31] is based on the graphical information obtained 'y og I 1T Cogg O T8 X r
in the Okumura model but considers the effects of the o E® omnat( EIOOBEOE Ad
diffraction, reflection and scattering caused by city structures.

WO
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6 is a correction factor that is equal to 0 dB for suburban oTerrain B has an intermediate PL, and it is used for hilly
rural environments and 3 dB for urban areas. At 900 MHzerrains with sparse vegetation or flat terrains with moderate to

according to this model, the PL is: high tree densities, making it suitable foubsrban
00 PBAdUL CP@EM p@GED environments. Terrain C used for flat or rural terrain with light
T® BWEM ae @ GO 06 (17)  vegetation. The model is given by [37]:
Forafre~quency of 1800 MHz‘, tbe PL is: o 00 priic & & Y (1
) T® oal i 0 pa@d i 0
T8 EUIT O 1T @ SO 6 o) qr‘t'l'cT
(18) R @
This model is restricted to frequencies of 15000 r w o0 0
MHz, receiver antenna heightsiifl0 m, AP antenna heights .0
of 30/ 200m and link distances ofi 20 km. o ol | %—nn -

® p #l T C-forterrains A and B

® ¢ 1t | G-forterrain C,

Model) whereQ =100 m, andSis a lognormally 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
This model was developed by the Electronic Communicatioenvironments, and 10.6 dB for urban environmeXtss a
Committee (ECC) and extrapolated from the original Okumur&orrection factor for frequencies larger thaGHz, @ is a
measurements. s ubdi vi des ur ban a €casrecton factarifopthe secelyinggpetenna height Amslthe
6medi umbé categories. Since Intaicept parametes dTheePL expanene get tg £ indreen j g h
up area such as Tokyo are quite different from those found #Pace, BS in an urban NLOS and greater than S inside

European suburban areas, t rp%ildiqgs%g%e}ra@qteesp, ﬁr@cd%pﬁpg 8”ith8 ﬁrra'@ pnp ?r% m

Okumura -Hata extended model (ECC -33

. iven in el.
is recommended [34]. It carlstated as [35]: 9
00 Q& 00 6 'O O Table VI-1: THE SUI MODEL PARAMETER S &/ALUES.
(29) Parameter Terrain A Terrain B Terrain C

where0d 0,6 ,"0 and"O are the free space attenuation, a 46 4 36
the basic median PL and the Ry and gogei ¥Rt armgbogsnNnasod he

gain factors, respectively. They are expressed as: c(m) 126 171 20
00 w@& cul cm
@ CQ(ZO) This model is restricted to
. . .. antenna heights ofi20 m, AP antenna heights ofiBD m
0 CBp apd | Q x@owrl CQ and link distances of 0.8 km.
wad @l 1 CQ
0 i %_“ p@u yudl I @ Ericsson (9999) Model
O 1T®X P& TCQIT O muyv
O ™ LU p& @for medium cities This modelwas also built o the modified Okumurddata
_ _ _ model according to the propagation environment. Sometimes
This model is restrict ediidcalledbIOEntbtlel RegardRss, it i®giveh ByJ3B): MHz ,
receiyer h_eights ofil0 m, AP antenna heights ofiZD0 m o0 G oiice @iico
and link distances ofi20 km. o117 co 1ico og11 @il 00
Stanford University Interim (SUI) Model (22)
where
MQ 18I CQ &Y 11T CQ

This model is an extension of the Hata model for frequencie5he constante) , o, @ andw are given in Table I1.
above 1900 MHz. It introduced the PL expormeanid the weak  Table VI-2 : VALUES OF ERICSSON MODEL PARAMETERS.
fading standard deviatio® as random variables obtained Environment ao a & &
through a statistical procedure. It was originally proposed for

; L . 43.20 68.93 12 0.1

FWA networks in the 3.5 GHz band [36]. It divided geographic StPurban 262 202 i o1
areas into three types of terrains: A, B and C. Terrain A has thé/ran ' ' '

45.95 100.6 12 0.1

highest PL for hilly areas with mecate to dense vegetation, _Rural
so it can be considered for densely populated urban areas.
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This model is restricted t orhidmogetisrestiated eesuer@ieslofl15A5602MHz, r e ¢ e
antenna heights ofi20 m, AP antenna heights ofiBD m  receiver antenna heights af10 m, AP antenna heights ofi30
and link distances of 0.8 km. 200 m and link distances of 20 km.

Walfisch -lkegami (WI) propagation model VI1.2.3) The impact of vegetation

Radio signal attenuation through vegetation is traditionally
This model was developed by the CO231 project. Four assumed to increase exponentially with ¢thessed distance
additional factors are included for better prediction within thethrough foliage [43]. In the literature, we can find essentially
urban context: heights of buildings, widths of roads, buildingwo groups of models: empirical models based on observations
separations and road orientations. As a result, its applicabilignd measurements, and analytical models based on
in rural ar@a with vegetation is doubtful. It considers only propagation theory. Foliage empirical models have attracted a
vertical buildings and distinguishes LOS and NLOS situationsot of attention since they provide a good compromise between
[39]. The LOS PL is given by: accuracy and simplicity. In the literature, we can find many

00 T® ¢l CQ ¢ml CQ (23) such models, including the modified exponential decay [44],

Weissberger [45], ITER [46], COST 235 [47], FITLR [48]
whered is in km, andf is in MHz. For NLOS situations, the and maximum attertion [49] models. In general, the foliage
PL is: PL can be described with the following exponential decay
O  model
OO/ 0 6 Q Q (26)
where the parameter8, B and C are fitted empirically
according to the foliage type. Hefés the frequency, andlis

All @
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whered 0 is the rooftopto-street diffraction, and 0 is the distance crossed throuah veaetation
the multiscreen diffraction loss. This model is restricted to X . 9 9 o

the frequencies of 802000 MHz, AP antenna heights df 4 During our literature search, we noticed that most research
50 m, receiver antenna heights #8Im and link distances of studies were done in controlled laboratbkg environments.

0.02 5 km. Herce, the distance crossed through foliage must be known for
an accurate estimation of the vegetation loss to be formulated.
Standard Propagation Model (SPM) Unfortunately, such information is difficult to obtain,

especially in rural environments where the locations and types
of trees andhe densities of the vegetation-{@af and oueaf
This model is based on Hata PL formulas but it ignores thgropagation) are not uniform within the radio signal path. In
effects of diffraction, clutter, and terrain. It is appropriate foraddition, available models cover only relatively short foliage

cellular technologies [40]. The PL is given by [41]: distances (40fn), while radio links may exceed kfn.
00 O viicgce oviicgo Furthermore, there are other parameters that affect the
o111 co iT¢co o @ 0iicqQ (25 Vegetation loss, such as the presence or absence of leaves on
) deciduous trees, and the humidity of the vegetation, as they are
where0 , &, are the SPM parameters. They are givenpyolved in the estimation of trees' dielectric constants
according to I-!ata models as follsw (permittivity and conductivity) [50]. In general, high humidity
v 0 0 ' ' ¢Q oo increases the propagation loss, but the amount of loss is still
v 0 difficult to predict, as it depends on the tree types, frequency,
v © ab humidity level, rainfall rate, and so on. In general, isolated
0 6 trees do notrepresent an important problem, but dense

The correction function for the receiver antenna height wagegetation has a major effect on a wireless signal. In addition,
alsoignoredfofQ O 1.5 m since it h@sSCCRaepdrtisa]inds lassessedtheWystatidn Rttenuation

that range. ‘ . per meter through foliage for many frequencies for greater
v LV T simplicity. It is about 0.050.1, 0.2, 0.3 and 0.4 dB/m for 0.2,
For'Q>15,0 isthe same as in the Hata model, namely, 5, 1, 2and 3 GHz, respectively. At low frequencies, the
Vv W horizontal polarization has less attenuation than the vertical
For900 MHzand2 O 1. 5 m, nbydd2]PL i Sond fu¥ & scattering from tree trunks, but this difference
00 pP® T8l CQ v@dl CO vanishes above GHz [52].
~edJd i CO 11 cQ Finally, as the vegetation PL requires a wide set of
For1800MHzan®2O 1.5 m, the PL i parainetereand eRisting[mbdel$ are not practical for real and
00 ¢c t®l I CQ uvi§dl CO rural deployments, it is important to establish a more accurate
edd T CO 17 cQ and easieto-use PL model for rural areas. With this aim in
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mind, we integrate the getation effect implicitly through the consider the PL for mobile technologies and urban areas. In
PL empirical modeling for NLOS links because vegetation isnost cases, the coverage distance does not exkeefbl Wi-

the major source of obstructions in rural areas. Fi. The locations of these experiments are mostly controlled.
Wi-Fi is often considered for indoor or small owtd@reas
VI1.2.4) Discussion such as university campus. Recently, this technology has been

used for outdoor longange links to bring cheap and

According to our review, the most relevant parameters for Pkonvenient broadband fixed Internet access to rural or difficult
estimation are the AP and receivertesimas heights, link to-access areas. Furthermore, only one wireless technology or
distance and frequency band. As the PL increases witiivo frequencies are considered at most. While with the
frequency band and link distance, it is important to choose thgiversification of services and applications, many
lowest possible frequency to raise the radio signal coveragsmmunication technologies can be offered in the same area to
and the quality of NLOS links. On the other hand, thdsP  satisfy various communication needs.
inversely dependent on t he Usfondnetglypitssdificulihtefindréséarch papeiealing t a |
antennas decrease the effect of obstructions on the radio signgith FWA for longrange WiFi in rural areas that include
Mo s t existing empirical meedegal feequencdy ddndsdor deveral techholdiels alkos we
developed to respect mainly GSM applications. In this contextiifficult to get any agreement concerning the best PL model to
fixed wireless applications have not been investigated wellyse for a given area, technology or frequency. A PL model
and not enough measurements have been made to confirm #@mnot beblindly used in a given environment unless its
accuracy of these models in such applications. inherent parameters are wadlined to that environment.

Table Il compares many research studies according to ttRurthermore, propagation in rural areas is considered less
relevance of the existing PL empirical models to theirchallenging since it is assumed that there will be a clear LOS
measuresiVhen a new model is proposed by the authors to fibr free space. This observatits not true, in general, due to
their measures, it is | ist &igh vedgetatibnadersities rand pthie odffferehcesl dherent int h
pat h | os.sThis table |listsmthe frequency band, seasonal propagation conditions. Hence, this paper explores
coverage distance, area typeain wireless technologies and if the applicability of existing empirical PL models for FWA in
the mobility is considered in each study. It also indicatesural areas for WFi longrange radio link with many
whether the measurements were taken in a controllelequency bands.
environment. It is noticed that most diig research papers

Table VI-3: Comparison of research studies on path loss empirical models according to their relevance to the measurements.

Ref Year Freq. (GHz) Dlst?lzrcne) max. Area Fitted path loss Mobility Main technology eﬁ\?i?gr?:lne:nt
rural,
. suburban, , o es

53 2005 35 2 burb SuUl, COSF231 N FWA Y
urban

[54] 2016 24,58 01 university gy, Yes Wi-Fi Yes
campus

[55] 2014 2.4 0.55 rural Liechty Yes Wi-Fi Yes

[56] 2016 0.8 3 urban COST 231, author Yes LTE No

proposed

[57] 2013 35 4 urban, ECC HATA, author WiMAX No
suburban proposed
rural, urban, ]

[58] 2010 35 6.2 suburban Sul Yes WiMAX No

[12] 2020 3.7 12 rural SPM No LTE No

59] 2020 21 35 ural e Yes 3G No
mountainous

[13] 2017 73 11 rural 3GPP RMa No FWA No

[14] 2012 0.82,0.35 2 rural COST231 WI No WiIMAX No

[15] 2019 0.86 45 Lﬂ[)ﬂn author proposed  No LoRaWAN No

[60] 2019 35 13 rural, urban, 5pp pya Yes 5G No
suburban

[19] 2019 24 055 rural Author proposed, Wi-Fi Yes

Liechty

[22] 2016 24,58 10 rural Longley-Rice No Wi-Fi Yes

[24] 2017 24 1 rural Log-distance No Wi-Fi Yes

[1] 2019 241 0.55 outdoor Ericson No Wi-Fi Yes

89



The coefficient of determi nat

VI.3. Performance metrics ability of a given mdel to predict a given observation. In the

best case)Y p, the model fits the measures perfectly.
In order tocompare the prediction accuracies of PL modeldVhen’Y 1, the model predicts mostly 5 . A negative
quantitatively and efficiently, many performance metrics ar&/alue means that the model fails in its predictiois.is
used [61], [62]. The prediction errisrgiven by: expressed by:

) 00 27) Y op 2 (38)

whereu 0 andU O are the measured and predicted  The statistical dependence between two parametans|

PLs, respectively, andis the indexof each PL sample. The y, is given by the crossorrelation coefficient, also referred

mean error is then given by: as the sample Pearson correlation coefficient. It evaluates
- -B - (28)  whether the relationship between these two variables can be

described with a linear function. Hence, this function can be

where N is the total number of observations. The meaunsed to extract the parameters that influence the path loss the

absolute error (MAE) expresses the mean shift between thfost. It is defined as:

measurements and the predictions and is given by: Y B r (39)

ss -B 00 00 -B ss (29 5 r B

The root mean squared error is among the most importagihere¢fandware the mean values ®fandy, andN is the
metrics with which to assess prediction accuracy and ifptal number of observations. Since the measurements
perceived as the shaddactor. It is provided by: include thousands of observations, a logarithmic regression
ss -B 00 5o B - is used to ease and clarify the visualization. Hence, the cloud
of observations can be simplified via a logarithmic curve. Its
(30)  equationis given by:
Qo 06 61 T&w O (40)

The standard deviation of a given PL model is given by:

. v whereA, B, C andD are tuned for the best fit accordingfto
n —B 00 00 (31)  andx is the input variable. For example, if logarithmic
- - regression is used to clarify the curve of the measures
whereu 0 is the path loss model at a given index, andls  according to distance, thethese variables are fitted
the meanThe cumulative distribution function (CDF) of a according to the measured PL and the corresponding
PL evaluated at a given value, sayis the probability that distance. In the same manner, the listed PL models produce a
the PL will take a value less than or equalt is given by: cloud of points that are difficult to visualize according to each
pertinent parameter (e.g. distance). The use drithignic
600w 01 OAAABI®OU (32) regression can simplify and clarify the visualization of a
] given PL model according to a pertinent parameter.
The fivenumber summary can be deduced from the CDF: the

maximal and the minimal PL values, the lower and the upp&y; 4 pata collection and measurement methods
quartiles and the median value. The maximal PL valie

's given by: ¥ n P B, The measurements were provided by an Internet service
vo 06 G O OB L OB L O (33) provider servicing two different rural riegns with FWA

The mininal PL valued 0 s given by: networks: SLSJ and OUT in Quebec, Canada. Figures 1 and 2
0 0 0 "O00 O OB O OB O O (34) 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, shnowy weather
with coniferous trees during the winter, and (ii) hot, rainy

- - . weather with [ leav rin h mmer.
The lower quartiled 0 pdivides the interval between the eathe th deciduous leaves during the summe

minimal and median PL values into two equal halves and igssentlally, the networks consist of i longrange Imks
expressed as: ased on the 802.11 standiaas previously presented in [1],

00 , OO (36) [63]. The networks include thousands of CPE units connected
— to hundreds of APs.
The upper quartiled O ,divides the interval from the  Measurements include relevant information such as
median to the maximal PL values into two equal halves anffansmitted and received signal power, data rates, signal
is expressed as: noise ratios, noise floors drso forth. Operating frequencies
00 p 00 (37)  correspond to the ISM bands: 915 MHz, 2.4, and 5.8 GHz as

The path loss median value () separates the ordered PL
values into two equal intervals and is given by:

00 00  (35)
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well as the licensed 3.65 GHz band. These frequencies 3
diversified to provide various penetrations capabilities
Bandwidths range between 5 and 80 MHz for difiecs
throughput options. AP and CPE antennas of various types a
gains are used. Many transmitted powers are used for vario
radio link configurations. Additional pertinent information
includes antenna gains and heights, link distances al
obstruction ype (LOS or NLOS). Only links within the AP
coverage are used. CPE nodes are mostly installed on rooftd
of houses, whereas APs are installed on communicatid
towers, churchesd steeples
effects of ground reflection dnmoving objects can be
neglected. The proposed model is always tuned according
the SLSJ region and tested separately in the OUT region
verify the generalizability of our assumptions.

Figure VI-2. Distribution of the wireless links in the OUT region.

The PL is computed with the Friis lifbudget formula
[64]: o

v 0 O © 0 (41)

where P; and P; are the received and transmitted signal
powers, respectivelyG: and Gepe are the AP and CPE
antennas® gai nd,is thedotabliakcloss, v e |
which includes the PL and the total losses of the internal
devicesO for the APs and CPE units. As all variables are
known through data sheetsq, P;, G, G;) and measurements
(Pr), the PL is assessed via the followingrfiolla:
oo 0 O O 0 0 (42)

Figure 3 presents the PL measurements and their
logarithmic regressions (Eq. 40) for easy visualization. The
distance varies between 0.05 andkt® and the PL interval
is within 70 and 150 dB.
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Figure VI-3. PL measure ments and the logarithmic regression curve for easy visualization
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VI.5. Proposed path loss empirical model

VI1.4.1) Measurement comparisons with path
The advantage of empirical PL models is their good balance

loss models between the low computing complexity and the improved

prediction accuracy. Once generated, the proposed PL model
Each listed PL model has mangnfigurations depending on is similar in terms of computational complexity to any other
area (e.g., urban, rural), frequency, antenna heights and radigathematical formula that involves arithmetic operations with
link distances. Their accuracies are assessed according to tifeiy input parameters. Regarding the input parameters, the PL
RMSEs. Then the best configuration in terms of the RMSE ofnodels are generally dependent on the following ones:
each listed PL model is used in Fig. 4’he logarithmic  distance, frequendg and and antennaso6 he
regression of each model configuration is added to clarify thezas confirmed by the previous review on PL models, where
curves. According to this figure, urban or doity  most listed models are dependent on these parameters. Table
configurations are mostly retained, which confirms thev contains therosscorrelationcoefficients (see Eq. 39) of the
inaccuracies of the rural or oparea configurations of most of PL measurements with the pertim@arameters. Note that link
the listed PL models since they considered rural areas to hgistance and AP antenna height are highly correlated, as higher
low-obstruction areas, whereas radio signals are highlpPs cover, in general, wider distances. Hence, the proposed
attenuated by the increased vegetation density. To obtainpodel must contain both parameters in the same term. The PL
more detailed picture of tclosssogelatiBriwithrregdeddy B0®1,whichdsuotv due toe s ,
RMSEs of all their configrations are compared in Table IV. the noruniform data distribution. This finding is confirmed by
This table presents the RMSEs for all the aggregated datathhe L OS | i nksé measurement s,
the first column, then measurements are grouped accordingd@cording to frequency bands, which have a ecoslation
regions (SLSJ and OUT), line of sight obstruction (LOSandvi t h frequency of 0. 17ively Ant e
NLOS) and frequency bands (0.915, 2,53.6.8 GHz). The correlated to PL measurements, which means that when
orange lines are for the LOS configurations of PL modelsant ennas 6 heights ri se, t he
These configurations exhibit better performances for LOSonclusion reflects the expectation that since higher antennas
links than for NLOS links since they are optimized for lowcan better clear LOS obstructions, they can consequently
obstruction. The LOS configuration of Walfisch PL model isdecrease the PL atieation. Whereas, distance is positively
the mat accurate for LOS links, with an RMSE of 12.85 dB.correlated to PL, which increases logically for wider radio
The largecity configuration of the urban Okumura Hata modellinks.
predicts the NLOS links best, with an RMSE of 15.24 dB.

Table VI-4 : Cross -correlations of PL with its pertinent parameters

When the measurements are split according to regions, the AP antenna

Walfisch LOS and suburban @kura Hata models are the height PL

most accurate, yielding RMSEs of 16.50 dB for SLSJ region CPE height - -0.14

since most of links have lower obstructions in this region.  ap antenna height . 0.22

Whereas, in the OUT region, the urban Okumura Hata model pigiance 0.61 0.37

do_es best QUe to the higher vegetation density inrelgisn, Frequency _ i i 017 . .
yielding an RMSE of 14.77 dB- atior

still accurate for the 0.915 and 2.4 GHz bands since it.has Fig. 5 presents the PL measurements versus the
RMSEs of 14.12 and 16.51 dB for these frequencieyertinent parameters: frequency, distance, AP and CPE
respectively (sub 2.4 GHz frequencies are generally used farnt ennas® hei ght s, respecti ve
obstructed NLO$nks). For the 3.65 and 5.8 GHz frequencies,are added for better visibility of the relationships and the

the Walfisch LOS is the best, turning in RMSEs of 13.9 andariability b_etvyt_aen t_he PL and n'rays pertinent parameters.

15.29 dB respectively. This result is to be expected since 3.681e PL variability with frequency is low due to naniform

and 5.8 GHz frequencies are mostly used for direct LOS link§lata distribution as discussed earlier. When the dataset is
Note that the listed PL adels are not accurate enough in theConveniently scattered according to frequency, as for LOS

context of this study since the best RMSESs vary between 12.§§ks' the PL variability improves considerabipdthe cross

: . L correlation increases fror0.01 to 0.17. According to the
and 17 dB, all high compared to the receiver sensitivity. At arI‘ogarithmic regression curves, the PL variability with distance

accuracy in this range, a radio link can easily be predicted tQ" ithin the range of 1G3.30 dB, whereas it is 11422 dB

be feasible while proving ingssible to deploy in a real ang 115122 dB for AP and CPE heights respectively.
environment. In the remainder of this paper, a new, accurate

PL model is proposed and optimized according to many dataFrﬁri]r;%? ;]:rai)nl_etg?: gg if%?éﬁ???agﬁ dak?;?rgéggizteer?ngb){he
types and Scenarios. Then its accuracy and StatIStICgrevious arguments, the proposed model is expressed as
performance metrics are compared with the listed Pdetso ¢\
to highlight the improvements it brings. '
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00 6 6 aédQ 611 CQ VI.5.1) Model optimization obtained by
61 1cCo 61 1TcQ o611CcCo 1T Cca
(43)  splitting data
wheref, d, Hap andH; are the frequency, link distance and AP
and CPE antennas ,MA,édAgAtasd, Mo€eb parrfietels \are lextracted by using the least squares
As are model parameters that are tuned for better accuragylgorithm implemented via the curve fit function in the
More precisely,Ao is the intercept parameter”; is the  optimization module of SciPy [65]. The extraction is done with
frequency dependent tuning parameter, logically it must havgl SJ measurements and tested directly with the OUT ones in
a positive value since the PL increases for higher frequenciegrder to verify itsyeneralizability. Three optimization criteria
A: is the distace dependent tuning parameter, its value isire used: region, line of sight obstruction (LOS, NLOS) and
positive as the PL increase for wider radio links.is the  frequency bands (0.9, 2.4, 3.65 and 5.8 GHz). Hence, seven
tuning parameter for the correlated distance and AP antengats of parameters are shown in Table VI. Parameters extracted
heighttermAsandAsar e respecti vely Acbordagt® LESPIRks l@rmleh thanOthose extracted
tuning parameters. They havegative values since higher according to NLOS links since there are fewer obstructions in
antennas are better to clear the line of sight and decrease thg LOS case. Frequency dependent parameters vary slightly
propagation PL. with the frequency bands since the PL is less correlated with
frequency (e.g., Table VI). The 5GHz bandhas the largest
parameters since the radio signal is the most highly attenuated
in this band.
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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

Path_loss_models

Walfisch_LOS

OH_U_large_cities (300 < f < 1500)
OH_SU_large_cities (300 < f < 1500)
Cost231_hata_large_cities(300 < f)
SUI_terrainB_suburbain
SUI_terrainC_rural

Log_distance

SUI_terrainA_urbain
Ericson_Urban

OH_O_large_cities (300 < f < 1500)
Ericson_Suburban
Extended_cost231_hata_SU_rural
OH_U_small_med_cities
free_space
OH_SU_small_med_cities
Ericson_Rural
OH_O_small_med_cities
ECC_33_big_cities
3GPP_TR_38.901_Rma
ECC_33_medium_cities

All

17.04
17.40
17.77
18.05
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20.15
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33.21
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51.04
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Figure VI-6. Comparison of PL measurements and the proposed model for the SLSG and OUT regions.
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Figure 6 presents the measured thiedbredicted PLs for the according to the path distance to improve the PL prediction
SLSJ and OUT regions. The link distances in the OUT regioaccuracy. Hence, each data interval is optimized separately to
are smaller due to the vegetation obstructions. As the links iextract its own parametefg,  As, The number of intervals
OUT have more obstructions, the proposed model slightlys optimized to minimize the overall RMSE. To predict the PL
underpredicts the PL in comparison to the predistimade for of a new link, the interval parameters that include the link
the SLSG region. Figure 7 illustrates the measured andistance are used. The new PL expression is then:
predicted PLs by splitting the data between LOS and NLOS 0 0 0p 0r0eNQ 0 sl T CQ

links for the SLSJ and OUT regions. The predicted PLs for the 6 il T CO ol T CQ
NLOS links are around 6 to 7 dB higher than those predicted oyl I CO I I CQ
for the LOS links. Figure 8 presents the measured and (44)

predicted PLs by spliting the data according to frequencyhereAo Avi, Az, Asj, Asjand As;are thePL model tuning
bands for the SLSJ and OUT regions. The 5.8 GHz band h&&rameters t]:O{wthaﬂ:h '”'I‘De["al- Figure 9t prezegtésthe del
the highest PL values since it is the most sensitive tgomparison between the measurements an )S mode

. . : . results for the SLSJ and OUT regions. The DDS is tuned
obstruction. Thg proposed'model generaiwell since it st according to the SLSJ measuremegnts and applied directly to
accurate for a different region (e.g., OUT). _ .. the OUT region. It generalizes well despite the differences
Table VII contains the RMSEs for the various optimizationpenweerregions in terms of vegetation and terrain and shows
criteria. The total RMSE by region is 10.15 dB, whichan additional improvement of 0.16 dB RMSE in the OUT
corresponds to an improvement of 6.89 dB compared to thegion according to Table VIII.

best of listed PLmodels. The RMSE difference between theTable VI-8 : Comparison of the RMSEs for the proposed and the DDS PL

SLSJ and OUT regions is due to the high vegetation density odels

the OUT region. Wh e n splitting regionsao measurements
according to obstruction or frequency bands, an additional e ors

improvement of 0.33 dB is obtained sincedal has been SLSJ 9.94 9.81

tuned with more specific data. ouT 10.52 10.36

Figure 10 presents the extraction of the optimal number of

Table VI-6 : ZEK model parameters . . X .
intervals by comparing the RMSE for the SLSJ region (training

Slefng A0 Al A2 A3 A4 A5 set) to the RSME fathe OUT region (testing set). Its value is
criterion 6, and the corresponding RMSE for OUT is 10.36 dB. When
Region 87 1 2 2 159 the number of intervals exceeds this optimal value, the DDS
LOS 138 1 226 -2 -16 6 model becomes overfitted since the RMSE continues to
NLOS 141 122 2 -2 -14 6 decrease in the SLSJ region, whereas iemees in the OUT
5.8 GHz 137 1 4 -2 -15.46  6.28 region. Therefore, the DDS model progressively loses its
3.65 GHz 137 1 2 -2 -16 6 generalizability as it memorizes the learning set.
2.4 GHz 137 1 2 -2 -1585
0.915 GHz 137 1 2 2 -16 11.00 — RMSE SLS|
Table VI-7 : RMSEs of proposed model under various data splitting 10.75 — RMSE OUT
criteria
Spiting SLSJ  OuUT  Total s — ]
Region Region 9.94 10.52 10.15 % 10.25
LOS 9.79 1043  9.96 =
Obstruction ~ NLOS 10.42 8.67 9.67 — 10.00
All data 10.06 9.37 9.82 E 9.75
5.8 9.23 1038  9.38
3.65 9.28 1073 9.8 9.50
Preduency 24 10.62 954  10.13
0.915 7.24 8.17 7.51 9.25
All data 9.86 9.74 9.82
9.00
0 50 100 150 200
V1.5.2) Dynamic Distance Splitting (DDS) Number of intervals

Figure VI-10. Extraction of the optimal number of intervals

Since the PL is highly dependent on the radio link distance,

which can exceed 1m for longrange WiFi, the available Figure 11 compares the CDF of the PL measurements to the
measurements are dynamically split into many intervalgalues obtained from the proposed PL models. ThesPL



model produces values closer to the measurements becausén additional statistical analysis is carried out in Table X,
splitting the available paths into maimtervals increases the where the proposed PL model values are condpiar¢he PL
prediction accuracy. Fur t h eneasucements and toethe paluespobtaired! thrdugh the debte |
values vary faster than the measurements around their meeonfigurations of the listed PL models in terms of the

values since their standard deviations are bigger. coefficient of determination @R mean, standard deviation,
MAE, min, max, and so on. The proposed models have
1.0 C1 Measures e positive coefficierd of determination since their predictions

PL dds
[ PLzek

are closer to the measurements, while the other models have
/ negative Rs due to their high prediction errors. The same

0.8 observation holds for the other statistical parameters, where the

/ / mean, standard deviation,mMmimax, and so forth are closer to
/ those for the measurements than the statistical parameters
/ obtained via other listed PL models. The mean absolute error

g (MAE) of the proposed Pk model is 8.1 dB, which means
0.4 f that when designing new radio links, there can be a difference
of 8.1 dB, on average, between the PL prediction and the real

0.6

CDF

0.2 PL value. When LOSILOS or frequency splitting is
J considered, the MAE improves to 7.8 dB.
O'%o"—/;)o 120 140 160
Table VI-10 : Descriptive Statistics for the proposed PL models and the
Path loss (dB) best configurations of listed PL models.
R2 Mean Std Min 25% 50% 75% Max MAE
Figure VI-11. CDF of PL measurements and values obtained from the Plzek 0.19117.80 6.90 96.90113.00117.80122.00 136.7 8.1
proposed PL models ’ ' ’ ' ' ' ' ' ’
PLdds 0.21118.20 7.20 92.50114.70118.70122.40 136.9 8.0
. . PL measures 1119.17 11.40 72.36112.64120.64127.33 148.7 0.0
V1.5.3) Comparison with other models Walfisch 0.0002116.04 16.65 67.61103.54117.62128.78 150.6 13.2

OkumuraHata  -1.5125.43 17.79 64.07112.78126.15138.92 174.7 14.1
The comparison of the RMSEs of the proposed PL models arCost231 Hata ~ -1.7126.13 18.18 65.41113.04126.60139.83 177.2 15.0

the most accurate configurations of the listed PL models iSUl -1.9123.50 20.82 46.94108.70124.98130.52 192.6 159
preented in Table IX by region, obstruction level, frequency-09 distance -2102.16 11.35 6571 94.15102.36109.49 1749 16.5
Ericson -3.8136.28 1831 76.05123.36135.55148.54 185.1 19.7

bands and whole datasets. The DDS algorithm improved trFree S 183 6076 1045 38.67 6279 69.82 76.97 1017 49.4
RSME of the proposed R model by 0.2 dB for the whole  36pp TR 38.901-180.3158.45 154.26 67.98 106.7 122.6 143.11920.4 51.6
dataset, while the proposedBImod el 6 s RSME ieccs3 -196.6272.20 24.19 191.40255.13271.29287.54 398.8 152.7
those of existing modeby at least 6.8 dB. When the data are

split according to regions, the RMSE for the proposed mode 1.01= Z':j::f;Hata Var o /’“?
Pl is 6.6 and 7.5 dB better for SLSJ and OUT regions 1 Walfisch{LOS) //Cf /
respectively. For the LOS links, the improvement is 2.4 dB (g | Cost23l . &
while it is 6.5 dB for the NLOS linksThe 0.915 GHz e / 7
frequency band showed an improvement of 5.9 dB, while th PL zek [ 4 /
accuracy improved by 7.0, 3.2 and 4.9 dB for the 2.4, 3.65 arw. 0-6] ; ¢
5.8 GHz frequency bands, respectively. 8
Table VI-9 : Comparison of the RMSEs of the proposed PL models with 04 ]
the most accurate configurations of the listed PL models.
Region Obstruction Frequency (GHz)
PL models Al SLSJOUT LOS NLOS0.915 2.4 365 5.8 0.2
PLzek 10.2 9.9 105 104 87 82 95 10.7 10.4
PLdds 10.0 9.8 10.4 103 86 6.4 98 10.1 10.9 »
Walfisch 17.0 165 18.0 12.8 20.2 19.3 18.0 13.9 153 O_QB"" ‘ ‘
Okumura Hata 17.4 18.7 14.8 195 152 14.1 165 20.2 18.9 0 100 120 140 160
Cost231_hata 181 195 150 20.5 154 145 165 21.3 20.6 Path loss (dB)
Sul 19.3 19.9 17.9 205 18.0 16.8 19.0 20.9 19.8
Log_distance 20.70 19.0 23.6 16.9 23.7 16.4121.5117.2220.90 Figure VI-12. CDF of the PL measurements, proposed PL model values
Ericson 23.8 26.6 17.3 28.2 188 20.3 22.4 30.1 24.9 and the most accurate listed PL model values.
free_space 51.0 49.1 545 46.4 55.0 48.6 52.3 47.3 50.0 Figure 12 compares the CDFs of the values generated by the
ECC_33 154.6 158.8 146.3 164.5 144.7 119.5145.7167.51745  proposed PL models and the most accurate listed PL models

3GPP_TR_38.90158.7.190.6 64.3 149.3166.9 133.1194.7 82.3 75.7
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with measurements. It clearly confirntise findings of the summer. After splitting the radio links according to obstruction
previous statistical analysis, especially for higher PL valuedevels, the mean seasonal differences in the PL are 1.22 and
where the link distances and the vegetation obstructions atel4 dB for the LOS and NLOS links, respectively. Hence,
large. The differences between the measurements and timargins of 1.22 and 5.14 dB should be considered for the
values generated by the other listed PL models atediige  summerFigure 14 presents the CDFs of the PL measurements
these models are developed and tuned for urban areas with the summer and winter seasons for the entire dataset and
more obstructions. Furthermore, their rural configurations aréor when the data are classified according to line of sight
less accurate since they consider radio links to be mostly LO&bstructions (LOS, NLOS). It reflects the expectations that the
links, contrary to the high vegetation densities in these areasmargin for NLOS litks between summer and winter should be
bigger than the one for the LOS links. Furthermore, the
VI.6. Seasonal effect minimal and maximal PL means are sorted logically in the
following ascending order: Winter LOS, Summer LOS, Winter

In the rural Canadian context, the extreme propagatioall data, Winter NLOS, Summer all data and $wenNLOS.
conditions can be split according to the seasons into two
groups: cold and hot. Since our research considers only lon .
term extreme PL seasonal variations that last throughout enti .,
cold or hot seasons, snow and rain falling are not accountt =
for, as they are of limited duration and their impact is reduce 3
in our operation frequencies [66], [67]. The main lbegn s
seasonal effects are the PL difference due to leaf growth durir =
the tot season and snow accumulation and leaves fallin
during the cold season. During the hot season, the attenuati
includes vegetation and buildings (for NLOS links) added tc
the free space effects. Thus, the hot season attendatiois:

0 0 0 0 (45)
whered ,0 ando ,
building attenuations, respectively. During the autumn, Ieaveé3
fall progressively, and the total vegetation attenuatiorﬁ S
decreases progressivelyreach its value for the cold season. § -20| *- = ™| . ‘ | ,
During the winter, the conifers, buildings and accumulater ¢ 2 * Distance (Km) 8 1o 12
snow (for NLOS links) and free space attenuations are
considered. The cold season attenuation is given as Figure VI-13. Path loss variation in the summer and  the winter seasons.
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follows:

o o o o o (46) 1.01 3 PL summer ?

PL winter
[ PL summer LOS /_ﬂz_/-

Where6  and0 are the conifers and the accumulated 0.8 g FLpinter LOS — /f f
snow attenuations, respectively. Furthermore, most researcht [ PL winter NLOS / /I
have used laboratofike environments, where all the L 0.6 r'JJ_J
influencing parameters are under cohtand the path distance A Los

. o 0 0.5 NLOS
is many hundred meters. Yet, in wideployment networks or

hardto-access rural areas, most of these parameters & 0.4 j;’
difficult to assess accurately. Consequently, in this paper, ¢ f M
easy and comprehensive PL model is developed b 0.2 —
considering longerm extreme seasonal variations in PL M
measurements during winter and summer. e _

Figure 13 presents the PL during the summer when th 80 90 100 110 120 130 140 150
leaves are present and during the winter when the leaves hé.. Path loss (dB)
fallen and snow has accumulated. The PL diffeecbetween Figure VI-14. CDFs of PL measurements by season and obstruction.
the two seasons is presented in the figure below; the total mean
difference is about 3.92 dB, which mednat when installing
a wireless link during the winter, a margin of at least 3.92 dB
must be considered for the PL attenuation increasegithe
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VI1.6.1) Model optimization according to into consideration, the MAE drops to 7.5 dB, whereas the
MAEs are 8.1 and 8 for the Rk and Plss models,

seasonal variation respectively.

To model the londgerm PL variations between summer andVI.7. Validation with international independent

winter, the measurements are split into the two corresponding

groups. Then each group is splicarding to the obstruction Mmeasurements

level (LOS, NLOS). Later, the proposed model is tuned for ] S o

each group by using the least squares algorithm implementé"(‘;_l orqer toverify the generalizability of our model, it is tested.
by the curve fit function in the optimization module of SciPyWith independent and open PL measurements for mobile
[65]. Therefore, four groups of parameters dreimed: LOS communication technology from seven different regions in
Summer, LOS Winter, NLOS Summer and NLOS Winter.England with radio link distances of over 25 km.
They are presented in Table XI, where the NLOS and Summ&{€asurements were made during summeweénter, and they

parameters are generally greater than LOSadngér ones. include rural, urban and suburban areas with various
obstructions, such as vegetation, buildings, hills, and so on.

Table VI-11 : The proposed mo del parameters for seasonal variations Frequency bands range from 449 MHz to 5850 GHz. A
Ao AL A2 As A A complete description of the measurements is available in [68].

Summer LOS 137 0.01 4 -2 -1494 6 Table XIIl presents a comparison of the RMSEs between our
Winter LOS 137 001 396 -2  -16 6 proposed m0(_jel an_d the-_ most accurate PL modgls among all
Summer NLOS 14106 0.1 ) 4 14 5 the _mode_ls listed in this paper. In each location, all the
configurations of the proposed PL model are compared to all

Winter NLOS 138.4 0.1 2 -2

14 6 listed PL models, but, for thale of simplicity, only the most
accurate configurations have been included in this table. This
Similarly, Figure 15 presents four groupscofves, where comparison includes many frequency bands, the obstruction
each one compares the measured and predicted PLs accordipge and the season for all concerned regions. According to this
to seasonal variations, line of sight obstructions (LOS andomparison, our model is among th@snaccurate, with a
NLOS) and regios (SLSJ and OUT). The predicted PLs steady performance in various environments despite the
during the summer are higher, as leaves are growing. Similarlollowing issues:
the PLseasonal variation is bigger for NLOS links than itis forl) The differences between technologies: our model has
LOS ones. This variation increases for greater distances since been optimized for WFi technology, whereas the test

more vegetation can be present along the signal path. measurements were taken for mobile GSM.
Table VI-12 : RMSEs for the prop osed model with seasonal variations in 2) The d_lffere_nce etween countries: our model has been
the SLSG and out regions optimized in Canada, whereas the other measurements
i PL,ok were made in England.
Winter Summer Total e . L
(No seasonal effects)  3) The diversity in topography: dense urban, suburban,
SLSJ 9.21 971 9.44 9.94 dense rural, high vegetation, mountainous, and so forth.
ouT 9.39 958 9.50 1052 4) The difference \Varousheignte nnas o6
were used for our model, and 1.5 m was used for the
All data - - 9.46 10.15

receiver antenna heights in England dataset.

Table XIlI shows that our model accuracy has beer?) The heterogeneous nature of our measurements and the
improved by 0.69 dB (in terms of the RMSE) when seasonal homogeneous test data.
effects are considered. The RMSE for the entire dataset @ The wide frequency range, which is extended from 450
about 9.46 dB, whereas it is 10.15 dB without taking seasonal MHz to 5.8GHz.
effects into consideration. kén taking the seasonal effects

Table VI-13 : Testing proposed PL model with international measurements for mobile communication technology from seven different regions i n
England.
. Line of Frequency (MHz)
Region  “gighy Season Model 449425 915950  1802.50 2695 3602.5 5850
Most] PLzex LOS 19.05 16.35 18.83 17.77 23.76 29.12
Scar Hill  NLOS summ}(/ar PLzexk NLOS 21.19 16.61 16.76 15.05 20.87 25.75
PLzex winter_NLOS 18.22 16.68 20.5 19.89 26.01 31.76
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|PLzec 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
PLzex LOS 11.69 13.97 17.34 - 2219 25.74
Wi PLzex NLOS 12.36 12.64 14.89 - 19.07 22.25
London NLOS Wnter-1pj . winter NLOS 11.92 15.21 19.09 - 2442 2824
sUmmenp| .. summer NLOS  11.99 13.22 16.21 - 21.04 24.62
Ericson urban 12.96 11.78 8.32 - 7.82 9.63
PLzex LOS 17.72 15.29 - 13.09 15.48 19.36
Most PLzex NLOS 20.40 16.65 - 12.56 13.75 16.9
Boston  Los Mosty I p o winter LOS 16.13 14.31 - 13.74 16.92 21.33
WInter | piye summer LOS  16.27 14.33 - 13.62_16.76 21.15
Walfish LOS 11.43 14.65 - 15.53 17.65 18.93
PLzex LOS 16.09 18.04 19.22 17.96 26.26 30.13
PLzex NLOS 16.65 16.59 16.55 15.02 22.89 26.55
PLzek winter NLOS 16.23 19.27 2117 20.16 28.73 32.84
Merthyr NLOS Winter - |PLzex summer NLOS  16.33 17.33 18.18  16.95 25.23 29.22
Tydfil summer Log_distance 41.91 37.74 29.86 22.504 36.52 33.91
COST 231 suburban
- - 21.92 - - -
rural
OH suburban 14.91 13.26 - - - -
PLzex LOS 18.61 13.11 15.67 1571 21.71 25.37
PLzex 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 17.13 175 23.94 27.89
. PLzex summer_LOS  16.96 12.56 17.02  17.46 24.05 28.08
: LOS- Winter- I PLzex summer NLOS  20.27 13.61 14.94 1491 20.74 24.47
Nottingham NLOS summer
22 60 1871 24.40 2(7-59 45.71 2(4-53
. . COST 231 L Eri L
(OH suburban; (OH suburban) SLEburban rural) dist:ngcé s(uk;IL::er(;m) dist:r?cé
ericson_urban 26.98 21.48 15.03 1478 1238 12.01
- 9.82 13.37
walfish LOS 5 ohen ares (OHopmarey 2604 2413 2934 29.88
PLzex LOS 12.3 17.00 18.55  18.07 25.90 30.98
PLzex NLOS 13.46 15.64 1596 1520 22.61 27.39
PLzek winter_LOS 11.65 17.88 20.68 20.54 2859 34.05
PLzek winter NLOS 12.22 18.18 20.37 20.14 28.26 33.62
. Plzex summer_LOS  11.64 17.74 20.50 20.35 28.39 33.85
Southamptor -OS- Winter-Ipi o summer NLOS  12.84 16.31 17.49  17.04 24.86 30.04
NLOS summer To.0a 5 20
- . 9.61 -
Log_distance (OH suburban (OH suburban) ségﬁg;nﬁ?;) 27.75 34.41 22.98
ericson_urban 14.44 12.31 9.27 8.91 977 11.27
. 14.62 20.21
walfish LOS 1 open ares OHopemarea) 3216 29.33 3406 36.01
PLzex LOS 19.61 15.51 18.27 1759 2586 31.22
PLzex NLOS 22.50 16.25 15.87  14.82 22.49 2753
PLzek winter NLOS 18.36 15.59 20.02 19.63 28.26 33.92
PLzexk summer NLOS 21.18 15.78 17.29 16.59 24.80 30.29
Winter - 18.48
Stevenage NLOS : 19.56 15.52 :
g summer Log_distance (OH suburban (OH suburban) ségﬁk?;—nzriial) 26.47 29.59 23.37
- 21.68 18.15
ericson_urban (COST 231 urban)(COST 231 urban 11.23 10.74 10.46 11.20
walfish_LOS 10.09 16.41 30.46  27.70 33.81 35.93

(OH open areg (OH open area)
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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

18

6

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
Wireless networks operating below 6 GHz preseattactive  various frequencies and configurations in two different rural
solution for connecting people in rural regions. Thereforeregions inCanadaThen the light is shed on how to derive a
wireless engineers need assistance in choosing a convenientlideful PL model for the rural area by proposing a new PL
model for their purposes from among the many availablenodel. The improvement brought by this new model is about
models. This paper provides a step towards dealing with this2dB in terms of the RSME. Taking the seasonal effect into
issue. consideration adds an additad improvement of 0.68B. The

This paper reviews the available PL models and discussesodel is tested on datasets from different regions in England,
the effects of vegetation on radio signal attenuation. Iand it provides predictions with very high accuracy. The
addition, longterm extreme PL seasonal variations that lasproposed model is valid for frequencies below 6 GHz, CPE

V1.8. Conclusion
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heights of 381 feet, AP antenna heights 6220 feet and link
distances below 34&m. Future research could consider a
solution for the user association and AP selection in order t0°
improve the QoS in difficult rural environments.
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CHAPITRE VII. Approches basées sur l'appre ntissage automatique
pour I'association d es utilisateurs et la sélection des points d'acces dans

les réseaux sans fil fixes hétérogénes

Zayan ELKhaled, Hamid Mcheick, Wessam AjiB
1 D®p ar t iefonmeatique eidmathématique, Université de Québec a Chicoutimi, QC G7H 2B1,

2D®partement do6in tﬂe@tgk?;aagaMoqtréah MondaInQuébex,rH&X 1ty 49 Canada
Correspondanc&ayan EL Khaleddourrid: zayan.ekhaled1l@ugac.ca).

Résumé : La planification et I'optimisation des liens sans fil impliquent plusieurs
parametres difficiles & estimer. Dans cet article, nous proposons deux algorithmes basés sur
I'apprentissage automatique supervisé qui prédisent le succes de | aésociation des utilisateurs
au réseau FWN par l'analyse de la satisfaction des utilisateurs et de leurs statuts
d d@bonnements, en plus de plusieurs autres informations combinées avec les parameétres
radiofréquences classiques. Le premier algorithme est basé sur le concept du proche vaisin,
ou une nouvelle fonction de distance est proposée en fonction des distances géographiques
entre les utilisateurs voisins. Lors du deuxiéme 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 auprés d'un vaste FWN au Canada.
De plus, nous concevons un schéma de sélection d AP basé sur | apprentissage par imitation

profonde pour prédire la réussite d'une association utilisateur-AP. Ce modéle a une meilleure

précision, soit de 94%, car il considére une grande variété de parameétres 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 pr opag atageovariété deparametres hétérogénes.Lé6obj ect i f slg®ci f i que
déoptimiser | 6association des wutil i sneevalasdes et | a

validité des liens sans fil en fonction de ces paramétres. Les sujets abordés sont les suivants



- Les paramétres qui entrent en jeu

- Le traitement des données

- La conception, | 6opti mi sation et | a validat
Enpremier i eu, nous proposons une approche
bas®e sur | dalgorithme du proche voisin. Deux m®

est empirique qui optimise les poids des voisins selon leurs distances géographiques. La
deuxiéme 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
domai nes. Par |l a suite, nous | tbragpiptremg ilssagkoipxard
profonde. Nous déduisons la nécessité des parameétres supplémentaires, qui décrivent les
utilisateurs, le réseau et le service, en plus des paramétres radio classiques qui évaluent la

gualité des liens radio.

Contribution ass ociée (Article envoyé)
Z. EL Khaled, H. Mcheick and W. Ajib, « Machine Learning-Based Approaches for User
Association and Access Point Selection in Heterogeneous Fixed Wireless Networks »,

Wireless Networks, 2021.
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Machine Learning -Based Approaches for User Association
and Access Point Selection in Heterogeneous Fixed Wireless
Networks

Zayan EL KHALED !, Hamid Mcheick *and Wessam Ajib 2
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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 pjaanéh
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 communicatierese

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
supervisd 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 funtion 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 us&P association. This model has a better
accuracy of94% 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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explicit programming, e.g., for resource management,
VII.1. Introduction and context mobility and UA policy [1]. For designers, deep learning is
more accessib than ever due to advancements in data

Fixed Wireless Networks (FWNs) can effectively providestorage and computer architecture as well as the availability
amenities to populations in remote and rural areas and facilitagé convenient datasets. Artificial Neural Networks (ANNS)
essential services, such as health carayedlsas economic can provide approximate performances with highly complex
activity. Advanced technigues have been developed to satisfiigorithms, as wireless networks areensitive to
their requirements and allocate limited resources efficienthe nvi r onment al changes. Furt he
[1]. In addition, FWNs can be implemented easily under thgjuantified feedback to be mixed with radio signal parameters
difficult propagation conditions found in rural areasv@ll as  in order to provide a prediction of FWN subscription success.
extreme circumstances and disasters [2], [3]. Due to itFor an indepth study of the application of supervised,
numerous advantages, many internet providers are shiftinghsupervsed and reinforcement ML algorithms in wireless
their focus toward FWN, such as Bell Canada with theinetworks, refer to Zapporet al.[6].
Wireless Home Internet technology [4]. This paper proposes Mhased approaches for UA and AP

Efficient planning andleployment of FWNs is a complex selection by considering the subscription statuses, feedback
and costly process in terms of time and resourcesand pertinent information of users in the QoS assestsafe
Regrettably, it is not a wetlovered subject, as most studiesan FWN. The target is to predict whether a subscriber with a
within the field focus on mobile networks. Convenientrequired QoS can be satisfied and associated with the FWN,
planning allows Access Points (APs) to cover given da@as then later select the most convenient AP. A new area can be
optimal resource allocation, while satisfying the requiredoutfitted with FWN through the use of the proposed
quality of service (QoS) for subscribers. Many pertinentalgorithms in the aection of convenient configurations.
parameters are involved, such as AP location, antenr@amples of the FWN dataset for two remote locations in
selection and power consumption. In mobile networks, thes€anada provided by a largeale internet service provider
parameters are typidgloptimized on the AP side before are used to develop the approaches. There are two main user
deployment since few of them can be tuned later [S]classifications: satisfied and unsatisfisddembers of the
Whereas, in FWN, these parameters can be tuned on bdtrmer group maintain their subscription statuses, while
sides (i.e., subscriber and AP). Hence, FWNs requirenembers of the latter group request disconnections. Two
additional investments on the user side to deploy conveniegupervised UA algorithms are investigated. The first one
receiver equipment with a given usP association (UA) relies on the Nearest Neighbor algorithm for which the
policy. However, if the required QoS is not respected, thelistance functin is based on the geographical distance
transmission performance drops and investments are logfetween neighboring users. In the second algorithm, named
Therefore, a prediction method is required, not only for APDeep Nearest Neighbor, we extract the distance function with
but also for the suces of FWN access given a target QoS onan ANN. Next, a new scheme based on deep imitation
the subscriber side. learning is proposed to select the most cormerg AP that can

Such a prediction method must focus on subscribers whos$ associated with and satisfy a given FWN subscriber. By
signals are not powerful enough to easily confirm theirusing this scheme, the connectivity conditions, which depend
subscriptions but not weak enough to unsubscribe them dug several conditions and parameters, making them difficult
to lack of QoS. For sugmower levels, other parameters may to ascertain, are estimated according to many performance
influence the QoS and the subscription decision, such dadicators.
antennas heights, lirgf-sight obstruction, the number of  Our main contributions are summarized as follows:
connected users, the link distance and so forth. In such a AWe compare the accuracies of several-béised UA
situation, since the subscribers can bestguithg quality of algorithms within the context of our study.
their service, their quantified feedback (e.g., number of AwWe propose two UA algorithms based on Nearest
assistance calls, number of maintenance or support requests, Neighbor and ANN. The first one is named the Weighte
and so on) and subscription statuses are important indicators ~ Geographical Radius-Klearest Neighbor (WGRKNN)
when evaluating QoS satisfaction. This study combines the  algorithm. The second algorithm is named Deep Nearest
well-known radio signal parameters (e.g., received signal  Neighbor (DNN).

power) with subscribersd i nAweg destribé @ mew teep inithtibnaldarmbaseduAPo ma t

and accurate subscription success predictions. selection scheme that optimizes resource allocation in
When  considering  performance  analyses and rural areas for a heterogenes FWN.

improvements to wireless networks, Machine LeariiMb) AWe extract the boundaries between connected and

is an invaluable asset because it can deal with complex issues, disconnected users according to a wide range of
infer knowledge, and learn rules from input datasets without  parameters with many performance indicators.
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To the best of our knowledge, we are the first to combineneasurements and throughput performance provided by a
subscriber subscription status and feedbatdrination with  simple wireless router. Tang et al. [25] optimized the
traditional QoS indicators to optimize FWN UA and AP throughput over the Wi network through joint AP selection
selection. and bandwidth allocation. The authors of [26] proposeul/al

This paper is organized as follows: Section Il introduces thapproach that halts exploration when a suitable AP is found
state of the art. In Section Ill, we provide details on FWNsand resumes it after some unsatisfactory association periods,
data collection and processing, use scenarios andytem and the authors of [27] optimized the AP association through a
model. In Section IV, we present two new UA algorithms.centralized potential game. Zheng et al. [28] formulated
Section V explains the deep imitation learning to be used farhannelselection and UA as an adversarial problem, which
AP selection. Finally, conclusions are drawn in Section VI. captures the uncertainty of channel states, along with

individual parameters of APs and stations.
VII.2. State of the art Khalili et al. [29] studied UA and resource allocation in a
HetNet to maximize the data rates of small aslérs while
In order to efficiently distribute the load betwedPs covering  protecting macraell users via a threshold on crdis
the same area, many UA algorithms have been proposed [Ijterference. Chaieb et al. [30] formulated a joint optimization
For instance, Zopporet al. [6], analyzed the performance of problem to maximize the number of associated users while
a ANN transmitteireceiver UA assigner with six hidden layers minimizing the number of allocated timeslots in a hybrid
(HLs). Maghsudi et al. [7] proposed a UA rule based on mearHetNet. Zhang et al. [31] focused on maximizing energy
field, multtarmed bandit games to solve the uplink cellefficiency while respecting the QoS under interference and
association problem in ult@dense small cells. Li et al. [8] power limitations for an mmWave NOMA HetNet. Huang et
proposed a distributed UA algorithm for balancing loads iral. [32] considered optimizing UA in a HetNet via utility
vehicular networks that employed online reinforcemenimaximization. They reformulated thetanization problem as
learning. Zhao et al. [9Jeveloped a distributed optimization a crossentropy minimization aiming to learn the probability
framework based on multigent deep reinforcement learning distributions of the variables in the optimal association. An
to maximize the longerm overall cellular network utility efficient solution using stochastic sampling is introduced to

whil e guaranteeing user so sbleewths ledrmnindproflkms . Kim et al . [ 1«
developed several UA policies for wirelesstworks by
focusing on balancing flowevel cell loads under spatially VI1.2.1) Discussion and motiv  ation

heterogeneous traffic distributions. Attiah et al. [11] provided
a survey of UA mechanisms and spectisimring approaches Existing UA and AP selection techniques are mainly
for mmWave networks. investigated for mobile networks, densely deployedFWi

In Wi-Fi networks, UA is mostly used in densely deployedlocal area networks, and muRAT networks, where an
AP networks. Many scenarios have been studied according itwappropriate configuration could result in AP overloading,
specifications, services, applications or QoS [12], [13]. Xu etesource underutilization oexcessive interference. Since,
al. [14] studied UA in densely distributed \Wi APs from an  traditionally, receiver terminals tend to connect to the AP with
energy efficieny perspective with the goal of turning off as the highest received signal, many approaches have been
many APs as possible without compromising QoS. Kafi et alproposed to optimize criteria such as latency, throughput,
[15] presented an online centralized UA scheme based gower consumption, channel allocation, taffiad, etc. To the
reinforcement learning to minimize subscriber dissatisfactiorbest of our knowledge, none of these approaches have
Xu et al. [16] considered chaginassignments and UA to considered all possible reifie constraints simultaneously.
balance the loads of APs operating on different channels. Ti&nce the conventional procedure starts with an objective
authors of [17] and [18] made use of reinforcemehe@rning  function to be optimized according to a unique scenario, the
for designing UA algorithms that considered differentpertinent network parameters are tuned according to the QoS
scenarios. Lye et al. [19] concluded that the litewais limited  indicators to maximize the parameter being considered.
regarding proposals for efficient largeale AP deployment. Objective functions include the optimization of radio resource
They proposed an energificient APs management (ON or allocations, latency, interference, power consumption, load
OFF) by using the historical association records of a wide Wibalancing, RAT cohatation and the number of APs. The
Fi system. Theoretical optimization framework andnetwork parameters and performance indicators are diversified
approximatim algorithms of resource allocation in dense Wi and cannot be included together in one optimization problem.
Fi networks are provided in [20] and [21]. The UA is alsoHence, relaxation techniques and malijective
investigated in multiple radio access technologies (FRAIT) optimizations have been used [20], [21], [30] ][3Zhe
networks such as in [22] and [23]. Bojovic et al. [24] outlinedproposed algorithms have been validated by simulations only,
an AP selection schemwith an ANN trained on WFi and they are rarely used in rdié implementations.
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UA is seldom used in FWNs since APs are manualllamong tens of parameters and a convenient tagging policy, a
selected during osite tests of the installation. This operation wide variety of practical implementation challenges and
requires the mokitation of several technicians, increasing optimization scenarios can be considered simultaneously.
the network deployment costs and wasting investments if
tests do not lead to subscriptions. Furthermore, many testdl.3. Preliminaries

produce doubtful results that complicate usersdé netwo
subscription decisions. More precisel, users fail to
subscribe to the service, then all investments are lost, whil&/I1.3.1) Fixed Wireless Networks (FWNs)

if they do subscribe, they may be unsatisfied with the QoS.

WhereasUA techniques can automate this decision and® typical fixed radio link for an FWN is presented in Fig. 1.
prevent usel ess oper at i on Ee AP gupperis ©Rgnge dViFi, orhi B commynicatios, e r s &
feedback with wetknown radio parameters may avoid With many CPEs providing broadband intero@tnectivity to
unfavorable outcomes because users are in the best positifed locations [3]. It can be installed in a high place, such as a

to judge the QoS of their wireless connecsioriThe Communication tower, tree or roof of a house, with a good line
heterogeneous nature of these two information streanf¥ sight (LOS) toward the area to be covered. A CPE can be
makes an ANN the obvious solution for mixing them toinstalled on a high spot, such as a roof, or, tfeen hardwired
produce accurate predictions of UA with less computatioh © userso6 inside equipment,
complexity. computers. The lines of sight contain hills, plains, and lakes,

The AP selection is often based on the received sign@nd they are mostly covered with trees. The propagation
power or signato-noise ratio (SNR). Whereas, in real life, environment varies between two extreme conditions during the
many other parameters are involved, such as the frequen¥nter and the summer: extremely cold and snowy weather
band efficiency, number of connected users, line of sight, an\dlth conifers, and hot and rainy weather with deciduous leaves,
synchronization rate. Unfortunately, it is difficult to consider respectively.
these parameters simulasusly while trying to ensure the

QoS of a radio link, especially in the case of a difficult ANT*’E%NA P Gap Pcre, Gere CPE

subscription decision. Furthermore, after custepremises ANTENNA a
equipment (CPE) installation, some conditions may change ((((.)))) = . 'ROUTER

For instance, more users can be connectddesame AP, WIRELESS @
decreasing individually supplied bandwidths. Furthermore HK :
leaves may decrease the received signal power during wai =

seasons, affecting the whole AP traffic, even in places whel D D
good radio signals are present. Moreover, interference mg CO’-*T%WE%AT'ON m
becomea problem when APs are deployed in the same are e 1

or new radio devices are installed by users, such as wirele
thermomete_rs _anq cameras. For mobile networks, advancgl‘aure VII-1.Typical fixed wireless radio link between a given AP and a
network optimizations or AP upgrades are used to combatre
these issues since service pdmrs do not control the user
side. Whereas, in FWNs, CPEs can be modified or The heterogeneity of FWN depends on the frequency bands
delocalized. However, if a user is unsatisfied, their915 MHz, 2.4 GHz and 5.8 GHz, in addition to the licensed
subscription may be dropped, resulting in the loss of alB.65 GHz band, for diverse radio signal penetration. Higher
investments. frequencies are mostly used for LOS links, whereas lower ones

In order to overcome these challenges, we use Miare usedfor nonLOS (NLOS) links, as they have better
teciques to predict whether a given user with a requireghenetration. The bandwidth ranges between 5 and 80 MHz for
QoS can be satisfied (and then subscribed). For this aim, twitiversified throughput options. Antenna heights range from
ML-based UA algorithms are proposed, and the scenario few feet to more than one hundred feet. Many AP and CPE
simplified into a binary decision to connect or notconnect@ nt ennas6 gai ns, c@&ay and mdo GCP
potential user basesh his GPS coordinates and connectiontransmitted powers PAP and PCPE, respectively, are used for
speed. Then an AP selection scheme is proposed throughvarious radio link configurations. They have one or two
deep imitation learning agent trained with a wide variety ofstreams for multiple inpumultiple output (MIMO) diversity.
APs, users, and service information from a wide FWN used he distance between radio links ranges from a few meters up
in two different rural regions in Canaddence, by using a to 34 km. More details are provided in our previous works [3]
supervised ML based on quan{38fied userso6 feedback, re
radio parameters measurements, pertinent feature selection
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[ distance between two GPS coordinates, the season and the
‘ ‘ subscription duration beyond a set date. Next, the data is scaled
1) ‘ a ’é it with the Scikit learn library in Python to improveettML
| é Q al gorithméds convergence [ 34].
‘R B - |

17|
)= A
s ;mg 4 5, )

A 1 4

Fixed wireless Fixed wireless Wireless link
infrastructure user Coverage  Uncovered Figure VII-3. Distribution of wireless links in the SLSJ region
area area
Figure VII-2. Typical FWN deployment in a rural area Despite the advantages of using a-fiéaldataset, many

challenges are present due to the recurrence of human

Fig. 2 shows a typical FWN deploymentinruralarea. Inthis p er at or s6 mi st akes and the
scenario, many APs are deployed to deliver broadband interngie fact that the industrial environment is constantly changing.
to all the houses in the target region. Since wireless links carherefore, sompertinent information was not collected in the

be obstructed, some houses cannot pick up coverage, evefst because it was not relevant at that time. For example, the

when they ee inside the coverage area. In some casegoogle APl was used to extract GPS coordinates for civic

subscribers can experience decreases in QoS due to a varigiitiresses since they had not been collected, even though they

of reasons, including interference and path loss attenuatiogre necessary for the calation of distances. In addition, the
that lead them to unsubscribe. In other cases, a given hougglio links are upgraded regularly, but sometimes their

might be situated in an ovapping coverage area, where many information is not updated due to human error; in such cases,
APs operate at the same time, or an area with decreased sigim@ dataset is updated by inference. Likewise, suspicious

power. Consequently, prediction algorithms are required tgample points are eliminated. For insensome radio links

decide if a given location can be subscribed to an FWN with are established on the secondary radiation patterns of APs, so

given QoS, then select a convenient éRconfiguration that  only the links included in their main lobes are retained. Eighty

guarantees this QoS. percent of the dataset is used to train the learning algorithms,

while the remaining 20% is used for testing
VIIL.3.2) Data collection

The collected data was extracted from the database and ra
link measurements of an internet service provider for two rurz
regions of Quebec Province in Canada: SagutaaBaint
Jean (SLSJ) and Outaouais (OUT). Fig. 3 and 4 show t
distributions of tlousands of wireless links in these two
regions. The dataset describes user profiles, provided servig
and network deployment. Firstly, it was cleaned to remov
inaccurate sample points and ensure the reliability of th
collected data. As an example, vilidntervals are verified,
for instance, the height of an antenna installed on a hou
cannot exceed 50 feet. In addition, it is adapted to the used to
such as replacing special character. It is also transformed &
needed, such as the transformatiordistances from km to Figure Vi-4. Distribution of wireless links in the OUT region
meters. Some missing information is inferred, such as the
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VII.3.3) Wireless link prediction scenarios highest probability of success is maintained. The same process
can be used to infer the best CPE configuration leading to the

Two scenarios are considered in this paper. The first one fgghest subscription probability for a new user.

illustrated in Fig. 5; it aims tpredict a successful subscription

to the FWN for a given connection speed at a given location.

User information

Traditionally, this scenario requires a wireless planning J/

software to establish AP coverage; such software requires

considerable resources to cover license csstailation times, Service | Algorithm Link

computing complexity and storage. Furthermore, a manual information Scenario 2 success

field test is then needed, which involves many qualified

technicians in the field and head office. This scenario can be /h

simplified greatly with supervised ML algorithms trainedwit ‘

the GPS coordinates and the connection speeds of all the AP information

sample points in the coverage area. Output classes correspond

to subscription statuses. "HWtY%eScengr 8i?#f rgh®™a new Il ocat

subscription status (connected or not) is predicted through i

GPS coordintes and the required connection speed, whicr?”'s'd') System model
reflects the satisfaction of the potential user with the QoS ({et fi
his wireless link. To do so, the algorithm uses distances tp

neighboring Users. Generally, the smaller the d'Staf“’e’ trH%eirsubscription statuses and network APs, respectively. Each
greater the similarity baeen users, and two ML algorithms user is either subscribed and satisfied with the QoS or

be_lsed on Ne_arest Neighbors and ANN are optimized to exploL'Jtnsubscribed due to bad QoS. In the first scenario, each user is
this assumption.

described by their GPS coordinates and connection speed. Let

_ pRfof8 FAB R, +  plfofB fuf > and
pltio8 hiiB hd  denote the sets of available users,

User information: ; _ T pltlof8 A AY and:  plgiof8 RB8 RO A Athe
GPS coordinate Algorithm ; Subscribed sets of connection speeds darthe GPS coordinates,
Scenario 1 Unsubscribed respectively, where each GPS coordinate consists of latitude

Service information:
Connection speed

and longitude, i.e’Q  ¢¥¢ . Each potential user has a set of
ascending distances with all their neighboring users, namely,
" pltfof8 HOB RO |, that is computed based the GPS
Figure VI-5.Scenario 16s scheme coordinates set.
Most UA and resource allocation systems are based on the

The second scenario, which is presented in Fig. 6, predictgta rate and SNR [9], [29], [30], [31], [32]. The data M
whether a given AP leads to an acceptable QoS level for @erk, in its most basic form, is given by:
given user. Traditionally, such a prediction is made with the Y wlig 3.2, (1)
received signal power or the SNR of all APs covering the _ _ . .
location. Whereasdn real life, many parameters are involved whereW IS the bandwidth. The _SNR. computation h|_des some
in the QoS estimation, and many cases lead to doubtful Qo@mpllcathns, such as the estimation of the received S|gnal.
indicators, as explained previously. Hence, the ML algorithrrpower' wh|ch_depends on the type of area (e.g., urb_an, rural);
must consider and mix relifle information with classical LOS obstruction; frequency band and so on. The noise can be

radio signal parameters to accefgtpredict the success of a gSenerated by ﬁny radggal :Eat dlslturb_s the lmamh?lgn?rl].
given usetAP association. For this aim, it is trained with users ome researcners consider thermat noise only, whie others

APs, service information a ﬁlst? COUZE?'%V F?%i%terfesreﬂlcgﬁ:;“%ﬂ?gila(ge{_gasaadr{;e icgpaé tus
outputs. This approach has better accuracy than previous ongg/se an Inter erence rgtl_o ) Is consi ered. An acc_urate
as it includes user feedback. Thisaqtified feedback is assessment of this ratio mportant when attempting to predict

coll ected through wuserso6 i Ftﬁet?%tar A% tgu}dit grngres (Feiiaiﬁo: eitirf? epo{)a]ll Qossri]kglee r
(e.g., calls, support and maintenance requests). Consequenﬁger erence n addition to the path loss propagation. This
n

good QoS ensures the satisfaction of users, who then mainteﬂ sessment is difficult since the radio environment is

their subscriptions. Whereas bad QoS lead totisfiga users " POl 1 ut-edo wi t h ingaigngls, dspeaialys o f
who unsubscribe and lost investments. since the FWN frequency bands are mostly open and the path

The algorithm for this scenario can also be used as Igss propagation is dependent on many diffinspredict

recommendation system for the best AP equipment to use 5g(jt\lrameters. To ensure QoS expectations are met despite the

cover new areas, as it is able to infer the probability of succe IR _comphcatlons,_we use th_e _measured data rafces of
potential users and infer subscription classes according to

for a given AP configutson. Thus, the AP leading to the )
9 9 9 scenarios 1 and 2.

112



VII.3.5) Rule-based data tagging VII.4. User association

The aim of rulebased data tagging is to support the dataset in

providing the optimal UA solution. Since the output classes fo¥I1.4.1) Comparison of machine learning

ML algorithms are basedho user sd subscription statuses, this

tagging need only refleeQoS fulfillment. For instance, some algorithms

satisfied users may unsubscribe for a better price or seasonal

leave, which is irrelevant as user feedback regarding QoSince the No Free Lunch Theorem establishes that when all
Hence, the optimal solutions of Milgorithms can be obtained Possible datgenerated distributions are averaged, all ML
by paying special attention to the output classes in order @gorithms will have the same performance [36]. Table |

remove random and irrelevant effects on QoS. presents the accuracy of many ML algorithms before and after
Data rule-based tagging. It identifies the most accurate algorithms to
i be improved later according to our dataset. We notice that the
Nearest Neighbor and ANN algorithms are the most accurate.
VE Basic N The accureies of the Support Sector Machine (SVM) and
} speed Cl Gaussian Radial Basis Function (RBF) algorithms are both
0.862 after ruldbased tagging. The Quadratic Discriminant
VES—» ?:;gr}ﬁ;t 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
RX >60 dBm YES Nearest Neighbors 0.764 0.865
Aok Avrtificial Neural Net 0.703 0.862
Linear SVM 0.703 0.862
RBF SVM 0.703 0.862
Gaussian Process 0.760 0.862
RX >65 dBm Random Forest 0.746 0.862
~And YES Decision Tree 0.759 0.861
U e AdaBoost 0.763 0.856
Naive Bayes 0.611 0.345
QDA 0.718 0.345
NO
¥ VIl.4.2) Nearest Neighbors
Original
The Nearest Neighbor algorithm is characterized by its

conceptual and implementation simplicity [37]. It basically
identifies sample points with features similar to those of

Rulebased tagging is presented in Fig. 7 Whereunlabeled data and then assign their tag to them by a majority

subscriptions are split into three groups according to thef0te: Many distancéunctions that assess this similarity are
connection speed: basic, medium and high. Medium and higg[pposed [38], and many technics have also been inspired by
subscriptions are tagged as Connect since they have a gdof concept [39]. Its basic form requirBK( Herations,
QoS. Users with basic speetdasignal power higher thab5

Figure VII-7. Rule-based tagging scheme

where)Xs the number of neighborsjs the number training

dBm are tagged as Connect as well. If the signal power %ample points aridis the daa dime_nsionality.. i

between55 and-60 dBm with a direct LOS, the tag will also Its- accuracy for UA f-or FWNs IS shown in Fig. 8 and was
be Connect. For a signal power betwed® and-65 dBm, a obtained using the Scikit learn library in Python [34]. The
direct LOS and a subscription of more than tyaars, a maximum of 0.872 is achieved fok= 9 in the KNearest

Connect tag is assigned as well since these users have had tM?éght?Of (KNN) c_las_sification schem(_a, which Iabels_ data
to unsubscribe if unsatisfied with the QoS. At the end, a@lccordlng to a majority vote. For Radius Nearest Neighbor

minimal margin of 5 to 10 dB is provided according to the(RNN), only sample points having distance values within the

sensitivity of the highest data rate [3] and the seasondfdius participate in the vote; its accuracy is 0.865. RN.N i
propagatn variation [35]. 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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of neighbors will not help. However, it remains within the
range of the statef-the-art, i.e., between 63 and 98%,
depending on the dataset used [41], [42]. The hyperparameters
(>Kandthe radius) are optimized with a parameter sweep.

Initialize
parameters and
hyperparameters

A

| Extract test

0.87 P A .
7 ‘o.\‘ N » e - L
0.86 o e ‘\,,J"
2 0.85
o
] 0.84 /
] /
< 0.83 [
0.82{ /
081 ¢
0 5 10 15 20 25 30 35 40
K number
Figure VII-8. Accuracy of KNN with Euclidean distance function
VI1.4.3) Weighted Geographical Radius K -

Nearest Neighbor (WGRKNN)

The Weighted Nearest Neighbor algorithm assigns largel’|
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

sample

I

Compute geographical
distance with whole
training set according
to radius and K

Disconnect
tagging

inimal distance
within radius

A

fE

of our research ahfor contextaware applications, in general
[40]. This proposed algorithm considers only the Krsample

Compute the maximal
connection speed
within the radius

points with the smallest distances within a given radius. Their
votes are weighted by their geographical distances and scaled
so that the sum of éhweights is equal to 1 to reflect the

prediction certainty. Here,

w L 2)

Compute the predicted
- class according to [#-YE
WGRNN equation

B —_—
h
wherew , is the weight an@@j; is the geographical distance
between thgth training sample point participating in the vote
regarding theth testing sample point (potential user). The
predicted class is presented according to the WGRKNN

eqguation:
® B of &, 3) 0-87
wherew is the predicted class of tlith testing sample point 0.86
and® is the class of thigh training sample point.

0.85

This algorithm is presented in Fig. 9. It avoids the
. . >
weaknesses of KNN and RNN, as it makes a better selection of & 0-84
and it controls their number and their radius maintaining the 3
same asymptotic time complexity. First, it detects whether the < 983
potential user ésting sample poigk is within the coverage

area (see Fig. 2), then it predicts whether the required 0.82
connection speed is available. If one of these conditions is not

- L o 0.81
satisfied, the subscription status is directly labeled as
disconnect If the two conditios are satisfied, then the 0.80

subscription status is predicted by the WGRKNN equation.
Fig. 10 presents its accuracy by the radius and the number of

Figure VII-9. WGRKNN scheme

Neighbors= 3
Neighbors= 5
Neighbors= 9
Neighbors= 15
Neighbors= 20
Neighbors= 30
Neighbors= 40

2 4 6 8 10
Radius (Km)

neighbors X This accuracy increases with the number Ofrigure vil-10. WGRKNN algorithm accuracy

neighbors until reaching its maximum of 0.868 foadius of
9 km and¥= 20, decreasing afterwards since a greater number
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VIl.4.4) Neural network optimization 4.0

Neurons = 2
Neurons = 4
3.5 Neurons = 10
Neurons = 30
Neurons = 50
Neurons = 80
Neurons = 100
—— Neurons = 200
Neurons = 300
—— Neurons = 400

ANN has been used as a universal approximator in many
technical fields, such as wireless networks [1], to approximate 3
the behavior of iterative and optimization algorithms for
various classification problems [43]. Therefore, an ANN is
optimized for UA forthe first scenario (see Fig. 5) by using the
TensorFlow library in Python. GPS coordinates and
connection speeds are the input parametéiey are
normalized and scaled before being injected into the input
layer.Various HL configurations have been triethd one HL 1.0
with 10 neurons works fine in our classification problem. The
output layer is composed of one neuron for connection tagging  9->
Other hyperparameters, such as batch size, epoch number ai 0.0
learning rate, are optimized with grid searches accoriding T2 3 4 5 6 7 8 9 10

Fig. 11, Fig. 12 and Fig. 13. The maximal accuracy is 0.862, Epoches

and convenient hyperparameters are a learning rate of 0.05Figure Vi-12.Loss functi on a crumberdineugnstasd HL 6 s

batch size of 4, and 20 epochs. epochs4 o

N
)

Loss function
N
o

y

Batch size = 1
Batch size = 2
3.5 Batch size = 4
Batch size = 8
Batch size = 16
Batch size = 32
Batch size = 64

3.0

=== Learning rate = 0.05
Learning rate = 0.01
= Learning rate = 0.001
= Learning rate = 0.0001
= Learning rate = 0.00001

w
o

2.5

N

o
Loss function
NN
o w

=
o

Loss function
-
i

1.0 —
e \ =
‘ —_—
L 0.5
0.5 -
O'OO 2 4 6 8 10 12 14
0.0 : : . : Epoches
0 10 20 30 40 50
Epoches Figure VII-13. Loss function according to batch size and number of
Figure VII-11. Loss function according to the  learning rate epochs
and number of epochs
The neural networks used during our research are trained yy1.4.5) Deep Nearest Neighbors (DNN)

using the learning rate decay which provides a better
convergence [44]. At first, the learning rate is set with a larg&he Deep Nearest Neighbor algorithm extracts the distance
value to accelerate the training and prevent its blockage infanction throudp an ANN trained with the geographical
local bad opium. Then, it decreases progressively to providelistances between the testing sample points and ¥eir
the convergence toward the optimal solution and prevent theeighbors. Hence, the input layer has as many neurons as there
oscillation. The convergence of ANN is analyzed earlier inare neighbors. The output layer has one neuron for connect or
many research such as [45] and [46]. It is also proved througlisconnect tagging. The number of HLs and the number of
the simulations and relsi that are presented in the remainingneurons in each layer are optimized for better accuracy. The
of this paper. Bienstoc&t al. [47] studied the computational optimizationis limited to two HLs, as that number is sufficient,
complexity of many types of ANN. The minimal in general [49], [50]. Hyperparameters are optimized in a
computational time compl ex imawer bimilar toAtNal Gsed 0 thé prévious sectiora iThei n
of O(t.w), wheret is the training data sizéjs the number of distance function is extracted and applied to the Nearest
HLs andw is the number of neurons per HL [48]. When theNeighbor algorithm, as shownn i Fig. 14. First, the
training is repeated during epochs, the time complexity is hyperparameters, number of HLs, number of neurons in each
O(e.t.w). layer, number of neighbors and the radius are initialized. For

each combination of parameters, the ANN is trained with the

distance vector®  'Q FQ FQ , whereXs the number of
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neighbors. After training, the weights are extracted and applied
corresponc
repeated for all testing sequences, then the accuracy is
computed. Finally, the configuration that leads to the best

to t he nei ghborsé

accuray is retained.

As justified previously, the ANN training requires a time
complexity of O(e.t.w). After the extraction of the distance
function, it is applied to the KNN algorithm requiri@>Kt) K
iterations. Hence, the training of a single configuratibthe
Complete
optimization requires many iterations according to the
mens.
WKvhere h is the number of
optimal

algorithm requires O(t(ew+ PKKiterations.

hyperparameterso6 di
complexity is O(ht(ew+
hyperparameter
configuration.

combinatien to find its

Initialize parameterg
and hyperparameter

A 4
Compute geographical distances o
»| each test sample with whole training
set according to radius and K

Y
Initialize ANN

A
Training ANN according to
geographical distances

Y

Extracting ANN weight

L2

Yes A -
Apply NN according td

extracted weights

A

Select parameters ang

distance function for
maximal accuracy
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o
™
w
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Figure VII-15. Comparison between DNN and ANN for one HL
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Figure VII-16. Comparison between DNN and ANN for two HLs
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Figure VII-17. DNN algorithm with one HL, all parameters tuned
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Fig. 15 and 18how the improvement of the DNN algorithm predict the subscription success of a new radio link. For this
over the ANN. They compare the accuracy of the DNNaim, pertinent iformation concerning the AP, user and service
algorithm with  ANNs having one HL and two HLs, is used as input, whereas the output classes con§lshoct
respectively. The number of neurons in each layer is optimizedndDisconnectabels. The target is to predict whether a given
The number of neighbors and the radius are settoghimal  wireless link will have a good QoS satisfying its user, who will
values extracted previoush¢ 20 and the radius = 9 km). The then remain a swlariber, or a bad QoS that will fail to satisfy
maximal accuracy is 0.842 for both one HL and two HLs. Irthis user, who will then unsubscribe.
addition, a DNN with three HLs is optimized, and the maximal
accuracy remains the same. Fig. 17 and 18 present the DNN  rwn
accuacy for one HL and two HLs, respectively, where the Expert
number of neighbors and the radius are also tuned. Note that demonstration
the optimal parameters have changed and the maximum
accuracy is improved to 0.863. The configuration of the one
HL DNN is =10, radius = 6, ah80 neurons in the HL. The _—
configuration of the twdHL DNN is 25 and radius = 9, with S i
one and 80 neurons in the first and second HLs, respectively.

Note that the WGRKNN algorithm is a good alternative since DILC)
it provides the same accuracy as the DNN gneater >
simplicity while requiring lower resources.

00000
[ S-a-W-5 -5
S
SR
et oo o0
gooo

HL1 neurones HL2 neurones

Training stage

O:oo 10
DIL(" )
Owcc e FWN information| S| Shhe
" — et | A > Connection
140 4 g?ggg e o prediction
x ST,
a O 50 68
< 120
g
h O = 100 Testing stage
O 15
# Figure VII-19. DIL scheme for FWN
075 o 10 60 Nowadays, DIL has attracted attention in many fields, such
0, 2 : ; i
R 4 as robotics [51] angvireless resource allocation [52], where
%n, P 6 W o 5 40 : .
o, 5 s @® ° advanced skills are learned through the observation of expert
) . . . .
e on 20 demonstrations. During these demonstrations, a convenient
. " . . . .
policy (* ), which maps a given action () to an environment
state (1): “ n , Is learnedThe concept is similar to the
Figure VII-18. DNN algorithm with two HLs, all parameters tuned. superwsed Ieammg approach, where a machine can learn a
wide variety of decisions and skills without explicit
VIIL.5. AP selection with deep imitation learning programming. The key element for the success of imitation

learning is the availability of highuality demonstratins that

When a user with a poor radio signal is connected to an ARclude all possible environmental states, which can be a
their data retransmission increases due to the increase in difficult task. Once this condition is satisfied, DIL has
error rate. Consequently, the data exchanges of users with go@inarkable advantages over traditional ML methods, including
radio signals can be delayed and the total available throughpotter accuracy, better performances for large datasets, fast
of the concerned AP is reduced. The main challenge of Ahferenes and easy deployment [53].
selection is allowing only satisfiable users to access to the Fig. 19 presents the DIL training and testing schemes, where
FWN through a given AP to avoid decreasing its throughputhe FWN radio link staté is fed into DIL policy*, which
This technique protects the QoS of satisfied users against usemsresponds to an ANN, to predict the subscription success.
with poor radio sinals. Thus, service providers focus onThe ANN is trained offline by comparing itaitput' * with
satisfiable users to save time and costs. the output of the expert demonstration of the FWN

In this section, we present a deep imitation learning (DIL) subscription status. At the end of the training, the pdlicy
based AP selection scheme for scenario 2. Thus, an ANN &@ble to provide convenient action for the corresponding
trained to imitate the UA behavior of an FWN in order toFWN radio link staten and the shift between and' * 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 challeng lies on the selection of the most pertinent_ s
parameters for representing the FWN radio link state faithfully.&

40

1]
c L)
Table VII-2 : Pertinent parameters used for AP selection -§_
FWN radio link staten Action’’ s’
AP User ANN Output
Frequency band, AF . . . Connect and
height, connectec IR?(C%'yed S'gngl strength, LOY i onnect 20
users antennz M istance, data rate, anteni labels 8
strear’ns receive streams, support requests f
signal siren th. client levels 1 and 2, maintenea
C(?nnection 9 (’]uality requests, calls, synchronizatic
rate, SNR, CCQ, path loss -40 -30 -20 -10 ] 10 20 30 40
(CCQ) QP Coordinate 1

. Figure VII-21. The test dataset with TSNE 2D dimensionality reduction
Classically, the most frequently used parameters are thverresponding to 20 % of the complete dataset

received signal power, data rate and SNR. Yet, in real life,
many scenarios come into playnultaneously, meaning that o
more parameters must be considered. The pertinent parameters ,,
presented in Table Il were selected through a correlation study

of a wide variety of FWNs and user information with
subscription status. Fig. 20 presents ttstributed stochastic  ~
neighbor embedding (TSNE) 2D dimensionality reduction of%
the AP selection dataset to ease its representation sincegt °
includes around twenty parameters. This technique aims t§
help with the visualization of higtimension datasets, by
redwcing 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 he KMeansSMOTE up sampler to correct for
any imbalance [55]. During our research, in a test involving o _
many up samplers, the KMeansSMOTE up sampler provideies, 122 TSN 20 fimerscnaly feduction o e e doase e
the best accuracy. Fig. 23 presents the TSNE of tisangpled  correct the dataset imbalance

test dataset after its transformatioith the MaxAbsScaler of

-20

—40 —20 [} 20 40 60 80
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the Scikit learn library in Python [34]. o
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Figure VII-23. TSNE 2D dimensionality reduction of the up  -sampled test

Figure VII-20. The dataset for AP selection with TSNE 2D dimensionality

reduction

dataset after its transformati

on with the MaxAbsScaler
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model to infer the subscription decisions for new FWN users
VIIL.5.1) Deployment (&) by providing their state vectora. AP selection is

presented in Fig. 25. Afténitializing the optimal parameters
The deployment flow is subdivided into three main phasesand hyperparameters (e.g., batch size, learning rate and so
dataset generation for o | ifarte), ndighbodng sisers of the dation to bef pretlicied are r a
optimize the imitation policy and finally, the online extracted in order to deduce information regarding potential
subscription success predictions for potential users. FirsfPs. During the data inference steyldor each extracted AP,
accurate and relde demonstrations are generated throughhe corresponding new state vector is applied to the trained
measuring thousands of radio links in addition to gatheringA\NN. When there is more than one prediction of success, the
other relevant information from the central database, aaP with the highest probability is selected since the DIL
presented in Table Il. Then the dataset isguoEessed by outputs probabilites of success for wireless link$e
removing irrelevant information and féxring missing extraction of available APs is made with the nearest neighbor

information. It is also usampled to correct for any minority algorithm requiring BOKK)Kiterations. The AP selection
class imbalance and then scaled for better ANN convergence.

Subscription
status for ith
user
Measurements < ;
Yi
Stored
information
Fixed wireless network
Input Hidden Output
layer layers layer
Figure VII-24. Offline training of deep imitation learing process injects possible APs into the trained ANN, then selects

the AP with the maximal output. The ANN requi@&K.'+w
This information (Table 1) is transformed into an input 2 iteratins. The totall time complexity of the online
vector of state® N ;i ;N ;8 M ; , where thaéth user ~ deployment iDOKK K + 1+ HOKw
has their own radio link state vector and subscription decision

@ for the DIL output class. The DIL ANN policy model is 3
trainad offline to imitate the subscription patterns for the FWN, Initialization Data
as shown in Fig. 24. During training, its coefficients are tuned inference
through the backpropagation of the difference between the ¢ ¢
annotated output class (or action sp'ac)eand its prediction Neighbors

' *. The ectified linear unit (ReLU) is used conventionally as extraction AP
the activation function for the HLs, whereas the sigmoid ¢ selection
function is used for the output layer. Binary cross entropy

serves as the loss function and stochastic gradient descent Available AP

(SGD) is used to optimizthe ANN coefficients. The input

layer hasn neurons, with each one representing a state
parameter, and the output Iayer has one neuron for making th§ure VII-25. Proposed AP selection online deployment
binary decision. Since the DIL training process is essentially
based on ANN, its time complexity is the same as that studied|.5.2) Optimization
previously.

At the end bthe training, the predicted actions converge Since AP selection depends mo
toward the true action spa(':e, allowing the ANN policy many ANNs with various HLs have been tested. The maximal

119




























































