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Instituto Superior Técnico, Universidade de Lisboa;
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Abstract

This thesis presents a channel model for off-body communication with dynamic users, which considers

the depolarisation effect and takes the important influence of user mobility into account. A geometry-

based propagation channel model was developed, where the depolarisation effects due to propagation

path geometry, scattering mechanisms, antennas’ polarisation characteristics and their orientations are

considered. An analytical mobility model for wearable antennas was also developed to account for the

effects of user’s motion, with parameters calculated from high-resolution Motion Capture data; the po-

sition and antenna orientation errors in between the two are below 3.2 cm and 9◦, respectively. The

channel model is used to simulate scenarios with the user at a fixed distance from the off-body antenna,

walking or running in place, considering free space propagation and scattering on a cylinder centred

around the user. Simulation results show that significant polarisation mismatch losses occur due to

wearable antenna rotations, resulting in the received power variation up to 37.5 dB for the Line-of-Sight

component and 41.4 dB for the scattered one, in the considered scenarios. User’s motion and wearable

antenna placement have an important impact on channel characteristics. That is, antenna placements

on the arms and legs yield larger and faster signal variations compared to those on less dynamic body

parts as the torso and head, hence presenting themselves as less favourable from the system perfor-

mance perspective. The importance of modelling the polarisation aspect of the channel is demonstrated

by comparing simulation results between polarised and non-polarised channel models in a free space

propagation scenario, where the difference in between the two is observed to be up to 53 dB.

Keywords: Wireless Communications, Body Area Networks, Signal Depolarisation, Dynamic Users,

Radio Channel Modelling.
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Sažetak

Ova doktorska disertacija predstavlja razvoj modela komunikacijskog kanala izmedu fiksne antene i

uredaja na tijelu korisnika u pokretu, a koji uzima u ozir depolarizaciju signala te uticaj korisnikovog

kretanja. U prvom koraku je razvijen propagacijski model koji obuhvata depolarizacijske efekte vezane

za geometriju putanja signala izmedu antena, propagacijske mehanizme, polarizacijske karakteristike

antena, te njihovu orijentaciju. Potom je razvijen analitički model kretanja antena nošenih na tijelu, da bi

se uzeli u obzir efekti pokreta korisnika. Parameteri ovog modela su odredeni na osnovu Motion Capture

podataka visoke rezolucije, sa maksimalnom dobijenom greškom u poziciji i orijentaciji antene od 3.2 cm,

odnosno 9◦. Model kanala je korišten za simulaciju scenarija u kojima korisnik hoda ili trči u mjestu, na

konstantnoj udaljenosti od fiksne antene, razmatrajući propagaciju u slobodnom prostoru i refleksije na

cilintričnoj površi sa korisnikom u centru. Rezultati simulacije pokazuju da rotacija antene tokom kre-

tanja korisnika uzrokuje značajne gubitke uslijed polarizacijskog nesklada izmedu antene i dolazećeg

radio talasa, što u razmatranim scenarijima dalje rezultira varijacijom prijemne snage do 37.5 dB u slo-

bodnom prostoru, te 41.4 dB u slučaju višeputanjske propagacije. Kretanje korisnika i položaj antene na

tijelu imaju značajan uticaj na karakteristike kanala. Varijacije prijemnog signala dobijenog sa antena

postavljenih na rukama i nogama su veće i brže nego kada su antene postavljene na manje dinamičnim

dijelovima tijela, npr. torzo i glava, bivajući tako manje pogodnim sa aspekta performansi sistema. Na

primjeru scenarija sa propagacijom u slobodnom prostoru, važnost modeliranja depolarizacije signala u

komunikacijskom kanalu je demonstrirana poredenjem rezultata simulacije dobijenih korištanjem modela

kanala koji uzima i onog koji ne uzima u obzir polarizaciju, gdje je uočena razlika i do 53 dB.

Ključne riječi: Bežične komunikacije, Komunikacijske mreže na tijelu, Depolarizacija signala,

Dinamični korisnici, Modeliranje radio kanala.
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Resumo

Esta tese apresenta um modelo de canal para comunicações extra-corpo com utilizadores dinâmicos,

que considera o efeito de despolarização e contabiliza a importante influência da mobilidade do uti-

lizador. Foi desenvolvido um modelo de canal de propagação baseado em geometria, onde se con-

sidera o efeito de despolarização devido à geometria do percurso de propagação, aos mecanismos de

rerradiação, e às caracterı́sticas de polarização e orientação das antenas. Desenvolveu-se também um

modelo analı́tico para antenas usáveis no corpo que contabiliza os efeitos da mobilidade do utilizador,

com parâmetros calculados a partir de dados de alta-resolução de Motion Capture; os erros na posição

e orientação da antena entre as duas abordagens é inferior a 3.2 cm e 9◦, respetivamente. O modelo de

canal é usado para simular cenários com o utilizador a uma distância fixa da antena externa, andando

ou correndo no lugar, considerando propagação em espaço livre, e rerradiação num cilindro centrado

no utilizador. Os resultados de simulação mostram que ocorrem perdas significativas por desadaptação

de polarização devido à rotação das antenas usáveis, resultando em variações na potência de receção

até 37.5 dB para a componente de linha de vista e 41.4 dB para a de rerradiação, nos cenários anal-

isados. A mobilidade dos utilizadores e a localização das antenas usáveis têm uma grande influência

nas caracterı́sticas do canal: antenas nos braços e nas pernas levam a variações do sinal grandes e

rápidas, comparadas com as que ocorrem em partes menos dinâmicas do corpo, como a cabeça e o

tronco, apresentando-se como localizações menos favoráveis do ponto de vista de desempenho do sis-

tema. A importância de modelar a polarização do canal é demonstrada pela comparação de resultados

de simulação, entre os casos de modelos contabilizando ou não a polarização num ambiente de espaço

livre, com a diferença atingindo 53. dB.

Palavras-chave: Comunicações sem-fios, Redes Corporais, Despolarização do sinal, Utilizadores

Dinâmicos, Modelação de canais rádio.
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Sažetak . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

Resumo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvii

List of Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix

List of Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiii

List of Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiv

1 Introduction 1

1.1 Motivation and the main goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Novelty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Research strategy and impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Structure of the Dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 An overview of Body Area Networks 11

2.1 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Ongoing research and existing projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 Communication systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.6 Radio propagation in BANs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.7 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.7.1 General overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.7.2 Depolarisation effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.7.3 Influence of user dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.7.4 Open issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Channel model development 29

3.1 Channel impulse response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

xi



3.2 Polarisation matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.1 General model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2.2 Geometry-based derivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3 Influence of user dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4 Antenna mobility model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.4.1 Position and orientation of the antenna . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.4.2 Estimation of model parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.4.3 Exploration of symmetries to reduce information . . . . . . . . . . . . . . . . . . . 45

3.4.4 Model parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.5 Scattering cylinder environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.5.1 General description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.5.2 Model simplification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.5.3 Geometry-based derivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4 Model implementation 57

4.1 Simulator structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2 Simulation procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.3 Input parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.4 Output metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.5 Simulator development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.6 Simulator assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.6.1 Mobility model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.6.2 Propagation model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5 Measurements description 73

5.1 Measurement campaigns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2 Measurement environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.3 Narrowband channel measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.3.1 Measurement scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.3.2 Measurement equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.4 Wideband channel measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.4.1 Measurement scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.4.2 Measurement equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6 Measurement-based channel analysis 83

6.1 Narrowband channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.1.1 Preprocessing and components extraction . . . . . . . . . . . . . . . . . . . . . . . 84

6.1.2 Channel analysis description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6.1.3 Path loss and fading statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6.1.4 Polarisation characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

xii



6.2 Wideband channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.2.1 CIR deconvolution procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.2.2 Estimation of CIR parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.2.3 Path loss and polarisation characteristics . . . . . . . . . . . . . . . . . . . . . . . 99

6.2.4 Delay dispersion characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6.3 Model comparison against measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7 Model-based channel analysis 109

7.1 Scenario description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.2 Results analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

7.3 Depolarisation mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7.3.1 Depolarisation due to antenna dynamics . . . . . . . . . . . . . . . . . . . . . . . . 119

7.3.2 Depolarisation by scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

8 Conclusions 125

8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

8.2 Main results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

8.3 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

References 150

xiii



List of Figures

1.1 History of wearable devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 Illustration of a military BAN application. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Two types of BCC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3 A general architecture of a BAN-based health monitoring system . . . . . . . . . . . . . . 20

3.1 Considered propagation problem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 AAoD and EAoD in the Tx antenna’s local coordinate system. . . . . . . . . . . . . . . . . 32

3.3 Polarisation directions and mismatch angles in space, for the first-order MPCs. . . . . . . 34

3.4 Wedge diffraction geometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.5 AAoD and EAoD in the rotated antenna coordinate system. . . . . . . . . . . . . . . . . . 40

3.6 Illustration of the model for antenna position. . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.7 Successive Euler rotations, for the axis rotation sequence Z-Y-Z. . . . . . . . . . . . . . . 43

3.8 Wearable antenna placements and their association with the skeleton model. . . . . . . . 44

3.9 Scattering cylinder geometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.10 Geometry of a scattering cylinder centred around the wearable Rx antenna. . . . . . . . . 52

4.1 Simulator structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2 Simulation procedure flowchart. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.3 Wearable antenna placements supported by the simulator. . . . . . . . . . . . . . . . . . 60

4.4 Structure of the wearable antenna mobility module. . . . . . . . . . . . . . . . . . . . . . . 63

4.5 Structure of the scattering environment module. . . . . . . . . . . . . . . . . . . . . . . . . 64

4.6 Detailed structure of the propagation model module. . . . . . . . . . . . . . . . . . . . . . 64

4.7 Multipath components block structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.8 Antenna mobility model error for position and orientation. . . . . . . . . . . . . . . . . . . 67

4.9 Replicated two-ray ground reflected scenario. . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.10 Replicated wedge-diffraction scenario considered by Luebbers. . . . . . . . . . . . . . . . 70

4.11 Replicated MPC depolarisation scenario considered by Kwon et al. . . . . . . . . . . . . . 71

4.12 Replicated LoS component depolarisation scenario considered by Jaeckel et al. . . . . . 71

5.1 Propagation environment floor-plan. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

xiv



5.2 Images of the measurement environment, taken during the wideband measurements

campaign. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.3 Static (S1 - S5) and quasi-dynamic (S6) scenarios. . . . . . . . . . . . . . . . . . . . . . . 76

5.4 Dynamic scenario with the user walking (S7). . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.5 Wearable antenna placements considered in narrowband and wideband measurements. . 77

5.6 Block scheme of the measurement stand. . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.7 Generalised gain of the on-body patch antenna. . . . . . . . . . . . . . . . . . . . . . . . 79

5.8 Block diagram of the wideband measurement stand. . . . . . . . . . . . . . . . . . . . . . 80

6.1 Propagation condition classification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2 Instantaneous path loss obtained for quasi-dynamic and dynamic scenarios. . . . . . . . 87

6.3 MPL at reference distance and standard deviation of the MPL model fit, relative to the

values obtained for CP-LoS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.4 Multipath fading PDF fit illustration (male user, B1). . . . . . . . . . . . . . . . . . . . . . . 93

6.5 XPD as a function of user’s orientation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.6 An example of CIR deconvolution and normalisation. . . . . . . . . . . . . . . . . . . . . . 98

6.7 Instantaneous values of CIR parameters, for the LL L antenna in the user approaching

case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.8 Rx power and XPD for user approaching and departing, averaged over repeated mea-

surements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.9 Mean delay and standard deviation for user approaching and departing, averaged over

repeated measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.10 Replication of the narrowband measurements scenario S6 (du = 4 m, φu = 90◦). . . . . . 104

6.11 Replication of the wideband measurements scenario with the approaching user. . . . . . 105

6.12 Replication of the wideband measurements scenario with the approaching user, using a

non-polarised propagation model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.13 Replication of the XPD characteristics in the narrowband scenarios S1 and S6. . . . . . . 107

7.1 Considered scenarios and wearable antenna placements. . . . . . . . . . . . . . . . . . . 110

7.2 Generalised gain of the on-body patch antenna. . . . . . . . . . . . . . . . . . . . . . . . 110

7.3 LoS component Rx power in Scenario 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.4 LoS direction of departure in Scenario 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.5 On-body antenna gain variation in Scenario 1. . . . . . . . . . . . . . . . . . . . . . . . . 114

7.6 Rx signal polarisation variation, PLF and the on-body antenna XPI in Scenario 1. . . . . . 115

7.7 Rx power from the MPCs in Scenario 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

7.8 Rx power obtained for the non-polarised and polarised channel models in Scenario 3. . . 116

7.9 Rx power obtained for the different mobility models in Scenario 3. . . . . . . . . . . . . . . 117

7.10 Rx power obtained for the different mobility models in Scenario 3, using a non-polarised

propagation model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.11 Wearable antenna total gain variation due to rotation. . . . . . . . . . . . . . . . . . . . . 119

xv



7.12 On-body antenna XPI variation over the motion cycle. . . . . . . . . . . . . . . . . . . . . 120

7.13 Minimum XPR over the motion cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

7.14 Normalised incident and reflected E-field vectors in the polarisation plane. . . . . . . . . . 122

xvi



List of Tables

2.1 Exposure limits for general public. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Radio technologies employed in BANs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 Frequency bands used for BANs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1 Estimated parameters for antenna position (periodic component). . . . . . . . . . . . . . . 47

3.2 Estimated parameters for antenna orientation (Euler angles, for rotation sequence Z-Y-Z). 48

4.1 Simulator input parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2 List of considered scenarios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.1 Summary of narrowband measurement scenarios. . . . . . . . . . . . . . . . . . . . . . . 78

5.2 Summary of the measurement scenarios. . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.3 Summary of the wideband measurements parameters. . . . . . . . . . . . . . . . . . . . . 81

6.1 User orientation angles corresponding to different propagation conditions. . . . . . . . . . 85

6.2 Overview of estimated mean path loss model parameters. . . . . . . . . . . . . . . . . . . 88

6.3 Overview of estimated mean path loss model parameters for scenarios S4 and S5. . . . . 89

6.4 Overview of Log-normal distribution fitting for large-scale fading. . . . . . . . . . . . . . . 90

6.5 Overview of distribution fitting results for small-scale fading in the co-polarised channel. . 91

6.6 Overview of distribution fitting results for small-scale in the cross-polarised channel. . . . 92

6.7 XPD mean and standard deviation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.8 CIR parameters global statistics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

7.1 Minimum value, the range, mean and standard deviation for Rx power, XPI, Rx polarisa-

tion angle and PLF in Scenario 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

7.2 Range of the Rx power in Scenario 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

7.3 Statistics of the Rx powers difference for non- and polarised channel models in Scenario 3.116

7.4 Statistics of the Rx powers difference for MoCap data and mobility models in Scenario 3. 117

7.5 Max. difference between Rx power obtained from MoCap data and the mobility models in

Scenario 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

xvii



List of Acronyms

3D Three-dimensional

AAoA Azimuth Angle of Arrival

AAoD Azimuth Angle of Departure

AIC Akaike Information Criterion

AoA Angle of Arrival

AoD Angle of Departure

AP Access Point

BAN Body Area Network

BCC Body Coupled Communication

CIR Channel Impulse Response

CP Co-Polarisation

CPR Co-Polarisation Ratio

CSMA-CA Carrier Sense Multiple Access with Collision Avoidance

DoA Direction of Arrival

DoD Direction of Departure

DS-SS Direct Sequence Spread Spectrum

EAoA Elevation Angle of Arrival

EAoD Elevation Angle of Departure

EIRP Equivalent Isotropically Radiated Power

EM Electromagnetic

FEC Forward Error Correction

GBSC Geometry-Based Stochastic Channel

GO Geometrical Optics

GoF Goodness of Fit

GTDe Geometrical Theory of Depolarisation

H Horizontal (polarisation)

HCI Human-Computer Interface

ICC Inductive Coupled Communication

IF Intermediate Frequency

IR-UWB Impulse Radio UWB

xviii



ISM Industrial, Scientific and Medical

LAN Local Area Network

LoS Line-of-Sight

MAC Medium Access Control

MIMO Multiple-Input Multiple-Output

mmWave Millimetre Wave

MoCap Motion Capture

MPC Multipath Component

MPL Mean Path Loss

NLoS Non-LoS

PAN Personal Area Network

PDF Probability Density Function

PHY Physical layer

PLF Polarisation Loss Factor

QLoS Quasi-LoS

RMSE Root Mean Square Error

RPGM Reference Point Group Mobility

Rx Receiver

SAR Specific Absorption Rate

Sc Scatterer

Tx Transmitter

UTD Uniform Theory of Diffraction

UWB Ultra-wideband

V Vertical (polarisation)

VNA Vector Network Analyser

VR Virtual Reality

WAN Wide Area Network

WSN Wireless Sensor Network

XP Cross-Polarisation

XPD Cross-Polarisation Discrimination

XPI Cross-Polarisation Isolation

XPR Cross-Polarisation Ratio

xix



List of Symbols

αw Wedge inner angle

βr Regularising term weight for CIR path estimation

χ2 χ2 test statistic

χ2
crit χ2 test statistic critical value

∆ht/s Tx/Sc height relative to Rx

∆Lls Large-scale fading

∆r Wearable antenna periodic displacement

∆τ Delay resolution in CIR

∆Lss Small-scale fading

εr Relative dielectric constant

γi Euler rotation angles for antenna orientation

Γr/d Reflection/diffraction matrix

λ Wavelength

µ Mean value

µL Log mean parameter of Lognormal distribution

ΩNak Scale parameter of Nakagami-m distribution

φ
t/d
i Incidence/diffraction angle with respect to the 0-face of the wedge

φmax Maximum antenna gain direction azimuth

ϕn Phase of n-th multipath component

φs Sc position azimuth in the scatterning cylinder

φ̂t/r AAoD/AAoA in the global coordinate system

φt/r AAoD/AAoA in the Tx/Rx antenna’s local coordinate system

φu User orientation angle

ψi Diffraction incidence angle with respect to the edge

ψ̂t/r EAoD/EAoA in the global coordinate system

ψt/r EAoD/EAoA in the Tx/Rx antenna’s local coordinate system

σ Standard deviation

σL Log standard deviation parameter of Lognormal distribution

σRay Scale parameter of Rayleigh distribution

σRice Scale parameter of Rice distribution

xx



στ Delay spread

τ Propagation delay

τ Mean excess delay

ϑe Angle between the conventional and edge-fixed planes of incidence

ϑi Incidence/reflection angle

ϑ
0/n
i Incidence/reflection angle at the 0/n -face of the wedge

ϑLoS Angle between Tx and Rx θ -polarisations in LoS direction

ϑ
i/r
pol Incident/reflected signal polarisation angle, relative to incidence plane normal

ϑ
ta/ra
pol Tx/Rx antenna polarisation angle, relative to θ -polarisation

ϑt/r Angle between Tx/Rx antenna’s θ -polarisation in DoD/DoA, and incidance plane normal

ϑta/ra Angle between Tx/Rx antenna θ -polarisation and V -polarised reference in DoD/DoA

ϑts/rs Angle between Tx/Rx antenna θ -polarisation and V -polarised reference in DoD/DoA

a0 Average antenna displacement vector (Fourier series representation)

An Amplitude of n-th multipath component

a
c/s
n Amplitude of n-th harmonic’s cosine/sine component for antenna displacement (Fourier

series representation)

An
sf Wavefront spreading factor of n-th multipath component

b0,i Average value of i-th Euler angle in Fourier series representation

b
c/s
n,i Amplitude of n-th harmonic’s cosine/sine component for i-th Euler angle in Fourier series

representation

c Speed of light

d Horizontal distance between the Tx and Rx antennas

D
0/n
i/r Diffraction coefficient for incidence/reflection associated with 0/n -face of the wedge

rts/rs Horizontal distance between the Tx/Rx and Sc

f Frequency

fc Carrier frequency

fD Doppler shift frequency

g
θ/φ
t/r Complex Tx/Rx antenna gain in θ/φ -polarisation

Gt/r Total Tx/Rx antenna gain

gt/r Field pattern with components in θ and φ directions of the Tx/Rx antenna

hap AP height

hch Complex baseband channel transmission coefficient

Hp Path polarisation matrix
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Chapter 1

Introduction

This chapter provides an overview of the work developed within the thesis, presents the motivation for the

performed research, its main objectives and challenges, points out the main achievements and outlines

the novelty. The publications that have disseminated some parts of this work are listed. A detailed

structure of the thesis is presented at the end of the chapter.
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1.1 Motivation and the main goals

Wireless communications are constantly evolving, where everyone has witnessed the fast transformation

of mobile communication systems over the last decades. With their pursue of connectivity anywhere and

at any given time, there are only a handful places one can find themselves nowadays without coverage.

With networks, the services evolved as well; once voice-call only, one is now able to stream music from

an apparently unlimited online database or watch a high-quality video while commuting to work in public

transport. This interconnected evolution in systems and services was supported by the transformation of

personal communication devices, to the point that nowadays one calls ”phone” to a device that performs

a multitude of different tasks, a phone call being just one of them.

To satisfy the increasing capacity demand imposed by these new services, and tailor the network to

its specific spatial distribution, the service area has been fragmented into finer units over which fewer

users are served with better quality. This trend of shrinking the focus areas emerged from a number of

reasons, where the efficient use resources, coexistence, security and system control issues are among

the most important ones. One had a transformation from large networks covering wide areas, to Local

Area Networks (LANs) that handle communications for a single institution, all the way to Personal Area

Networks (PANs) for the exchange of information among personal devices, typically within a room.

The latter emerged as technology advancements allowed for wired communications to be replaced

by radio in many applications, the wireless mouse and keyboard being popular examples. This transfor-

mation went so far that today one uses wireless devices for all sorts applications, including contact-less

payment, car-keys, computer unlocking dongles, and recently even wireless headphones. The evolution

is so fast that well-known electronics manufacturers are already omitting the ”old-fashioned” headphone

jacks from their smartphones and tablets.

With personal devices carried in clothes or worn by the user, communication is closely confined to

the user’s body and its immediate vicinity, and the concept of Body Area Networks (BANs) naturally

emerges. Nowadays, one has smart watches, glasses or even jewellery exchanging data with a smart-

phone in carried in a pocket, while a more peculiar example of body-centric communication involves

devices implanted inside the human body. There are many existing systems that fall under the hat of

BANs, especially less widely know ones, beyond the popular consumer electronics.

Consisting of multiple wearable devices equipped with sensors, actuators and communication mod-

ules, BANs capable of operating autonomously and continuously for long periods of time are ought to be

exploited in a vast range of applications, from life-saving to leisure [1]. BANs have drawn the attention of

the research community and their potential was recognised in various domains, healthcare, military and

sports industry being the main drivers of technology development. Although wearable networking is a

somewhat newer concept, it is based on technology that has been available for decades now [2]. Some

of the most representative historical examples are shown in Fig. 1.1.

The sports industry seems to be the hottest market for BAN technologies, where the available de-

vices range from the fitness monitoring devices for recreational athletes to professional systems, rapidly

adopted by sports teams in the everlasting search for the ways to prevent the injuries and improve the

2



Figure 1.1: History of wearable devices (adopted from [2]).

performance of their athletes. The latter lead Major League Baseball, in the United States, to approve

two wearable biometric devices for use during the 2016 season [3].

While the available systems already demonstrate the potential of BANs, their implications are even

greater and the full potential is yet to be reached. As an example, in a concept similar to the camera

drone Lilly which records video while tracking a user equipped with a wireless device [4], BANs can allow

advanced and intuitive control of robots and machines with simple gestures, but also ensure the robot-

human awareness and safe interaction in the environments of next-generation factories. Furthermore,

BAN systems monitoring user’s health and environment can warn the user of dangerous situations, thus

playing a role of an artificial ”spider-sense”, i.e. a real-life equivalent to that from the ”The Amazing

Spider-Man” comic-book. In a somewhat more distant future, together with the advances in virtual and

augmented reality technologies, BANs can make science-fiction concepts, like the ”holodeck” from Star

Trek series, a reality.

The performance of BANs highly relies on the ability to exchange information among body-worn

devices, a wearable device and the nearby infrastructure, or between BANs. The latter two communi-

cation scenarios are particularly important, as they allow for a BAN to interact with its surroundings and

achieve its full potential. With seamless mobility being paramount, radio is a likely choice for facilitating

the information exchange in BANs, and almost an exclusive one for off-body communications. While

providing all the convenience of being wireless, the radio channel is characterised by very challenging
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conditions. In order to overcome these and ensure communications’ quality, such as required by delicate

BAN applications in emergency healthcare, for example, the underlying propagation phenomena have

to be well-understood and modelled.

While a considerable progress has been made in BAN channel modelling, with contributions from a

large number of authors worldwide, there are several open issues and effects yet to be properly under-

stood. As a matter of fact, the channel modelling approach should be generally changed to better match

the peculiar characteristics of BAN communications. The models available in literature typically adopt

statistical approaches initially developed for mobile communications channels, while their suitability for

BAN channels is questionable. More precisely, these models assume that the channel is non-stationary

over fairly large local areas, an assumption that typically does not hold in the latter due to effects asso-

ciated with user’s motion.

One can easily expect that the wearable antenna rotation on a dynamic user yields gain variations

and polarisation mismatch losses. With signal propagation over the Line-of-Sight (LoS) path being

particularly affected, channel characteristics can vary considerably over short distances traversed by

the user. Moreover, the imposed signal variations are often periodic, due to cyclic nature of walking

and running motions. The body-shadowing effects are an additional source of deviation from the typical

assumptions, where a wearable antenna can move from being visible to the off-body Access Point (AP)

to being shadowed by the user, as a matter of rotation.

While statistical path loss models capture the global channel characteristics on average, they fail

to properly separate different sources of received signal variation, as necessary for appropriate repre-

sentation of their dynamics. Therefore, multipath propagation effects have to be separated from those

associated with wearable antenna dynamics, in order to properly take the influence of user’s motion into

account. A lack of off-body channel models that consider these important effect is the main motivation

for the work presented in the thesis.

The main goal was to develop a simple geometry-based channel model for off-body communications,

which considers signal depolarisation and user’s motion, while being simple to use. It should facilitate

different wearable antenna placements and typical user motions, i.e. walking and running. In order to

achieve this goal, the following objectives were set:

1. to develop a theoretical geometry-based off-body channel model that takes the polarisation aspect

into account, and considers antennas’ radiation characteristics;

2. to develop a mobility model for wearable antennas on dynamic users and expand the channel

model to take the effects of users’ motion into account;

3. to develop a Geometry-Based Stochastic Channel (GBSC) model based on a simplified geometry

of the propagation environment, i.e. a scattering cylinder,

4. to implement the model in a simulator and investigate off-body channel characteristics, with the

focus on the depolarisation mechanisms and on the effects of user’s dynamics.

The developed model should allow for dynamic off-body channel simulation, for performance analysis

of different system designs and evaluation of signal processing algorithms designed to improve system
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performance. In summary, the main goal of the thesis was to develop a realistic yet simple BAN channel

model for polarised off-body communications with dynamic users, facilitating different wearable antenna

placements and user activities.

1.2 Novelty

Although the off-body BAN communications channel has received quite some attention in recent years,

many open issues remain regarding the understanding and modelling of specific phenomena within.

There is a general lack of channel models, where the existing ones typically adopt traditional modelling

approaches that fail to capture the peculiar aspects of BAN channels, the depolarisation effect and the

influence of dynamic users’ motion being of main concern. While providing valuable modelling guide-

lines, the polarised channel models developed for other radio systems, such as mobile communication

networks, are inadequate for BANs, as the latter are characterised by lower transmitter (Tx) powers, low

antenna heights and significant influence of user dynamics.

The novelty of this work is two-fold. First, an analytical mobility model for wearables in BANs with

dynamic users was developed, considering different on-body antenna placements and user’s motions.

The model is simple yet realistic, as its parameters were calculated from high-resolution motion data

obtained for a real person. It is suitable for use with a variety of propagation channel models and

can allow for analytical inference in simplified scenarios. Second, the antenna mobility model was

employed with a geometry-based off-body propagation channel model, which takes signal depolarisation

due scattering into account. Combining the two is the main novelty of this work, as joint modelling of

the depolarisation effect and the influence of user dynamics was not previously reported in literature,

to the best of the author’s knowledge. The developed model allows for realistic simulation of off-body

communications scenarios with dynamic users, facilitating performance evaluation and system design

optimisation.

1.3 Research strategy and impact

The three main research questions posed in this thesis were:

1. What are the main depolarisation mechanisms in off-body communications with dynamic users?

2. How does user’s motion affect channel’s characteristics?

3. How can one appropriately model and simulate a dynamic polarised off-body channel with the

least computational effort?

In order to answer these questions, a channel model for polarised off-body communications with dynamic

users was developed over several phases. A geometry-based channel model with a static user was

developed first, with the polarisation aspect being considered. In order to expand the channel model

to take the influence of user’s motion into account, an analytical mobility model for wearable antennas
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in BANs with users walking or running was derived, with Motion Capture data used to calculate its

parameters. The obtained dynamic model was then implemented in a simulator, and used to investigate

the depolarisation mechanisms in the off-body channel with a dynamic user. Channel characteristics

were also analysed, based on data from narrow- and wideband channel measurements, allowing for a

comparison with the observations made from simulation results.

This work was developed within the framework of the COST Action CA15104, Inclusive Radio Com-

munication Networks for 5G and Beylond (RACON) [5]. The participation in this project and regular

attendance to its meetings allowed for interaction with researchers working on similar topics in Europe

and worldwide, with whom the work was discussed and from whom valuable criticism was received.

Most importantly, the experience obtained in these interactions inspired parts of this thesis and many

ideas for future work.

Parts of the work presented in this thesis were already disseminated in several papers, published or

submitted for publishing in international journals and conferences, as well as in internal reports prepared

and presented within IRACON:

[Book chapters]

• K. Turbic, K. Cwalina and L. M. Correia, “BAN Channel Measurements and Modelling,” in Inclusive Radio

Communication Networks for 5G and Beyond, C. Oestges, Ed. Cambridge, MA, USA: Academic Press,

2020. In preparation.

[Journals]
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63 648, Dec. 2018. [Online]. Available: https://doi.org/10.1109/ACCESS.2018.2877500
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Oct. 2017. [Online]. Available: https://doi.org/10.1186/s13638-017-0956-6
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Par of the work presented in this thesis was developed in collaboration with colleagues from Gdansk

University of Technology (GUT), primarily Dr. Slawomir J. Ambroziak. His main contribution includes

preparation of measurement equipment and software, used for narrow- and wideband off-body channel

measurements performed as a part of this work (Chapter 5). This collaboration also resulted in several

joint conference and journal publications, as indicated above.

1.4 Structure of the Dissertation

This thesis is structured in eight chapters, the rest of the document being organised as follows.

Chapter 2 gives an overview of BANs, discussing potential applications and imposed requirements,

available communication technologies, general architecture and finally focusing on the wireless com-

munication channel and propagation phenomena within. The final section presents an overview of the

state of the art in off-body BAN channel modelling, with the focus on the depolarisation effect and on the

influence of user dynamics.

Chapter 3 presents a geometry-based polarised off-body channel model, which takes free-space

propagation, reflections and diffractions into account, while allowing for arbitrary antenna orientations,

polarisations and radiation characteristics to be specified. The depolarisation effect in the channel is

modelled by polarisation matrices associated with each propagation path, being derived from the sce-

nario geometry. A general model formulation is provided first, followed by a derivation of the polarisation

matrices for free-space propagation, reflection and diffraction, considering an arbitrary environment ge-

ometry. A mobility model for wearable antennas with dynamic is presented, facilitating 14 different

on-body antenna placements and user walking and running motions. With the employment of the mo-

bility model, the final channel model for off-body communication with dynamic users is obtained. Finally,

a simplified scattering environment with scatterers distributed on a cylinder centred around the user is

presented, allowing for further simplification of the model discussed at the end of the chapter.

Chapter 4 describes the model implementation and development of an off-body channel simulator.

The structure of the simulator is outlined and its components described in detail, indicating the underlying

mathematical models within each one. Its parameters are listed and their specification described, as

well as the considered output metrics. Finally, the performance of the simulator is assessed in the final

section; the model was used to recreate several scenarios from literature, specifically chosen to assess

different aspects of the simulator.

Chapter 5 describes two indoor off-body channel measurement campaigns, which provided data

for the analysis in this thesis. These campaigns were carried out in collaboration with colleagues at

Gdansk University of Technology (Gdansk, Poland), who provided the facilities and prepared the mea-

surement equipment. They involved narrow- and wideband channel measurements in an indoor office

environment, considering scenarios with different wearable antenna placements and both user activities.

General information about the measurements is provided first, followed by a detailed description of the

environment, scenarios, methodology and equipment.

Chapter 6 presents the analysis of the obtained measurement data, the off-body channel polarisation

8



characteristics, the influence of user’s motion being the focus. Data processing procedures are outlined

first, providing the expressions used to calculate the considered metrics. This is followed by the chan-

nel characterisation analysis, with the modelling aspects and implications on the system design being

discussed. Finally, the available measurements data are used to validate the developed channel model,

were a comparison is performed for a selected set of measurement scenarios recreated in the simulator.

Chapter 7 presents the simulation-based analysis of the off-body channel characteristics using the

developed simulator. The considered scenarios are chosen to investigate the signal depolarisation ef-

fects as well as the impact of user’s motion on the channel. These involve user walking and running

motions, with different wearable antenna placements chosen for their specific motion dynamics, but also

being representative of popular BAN applications The depolarisation mechanisms in the channel are

discussed and analysed in detail, both effects associated with scattering mechanisms and the influence

of the user dynamics being considered.

Finally, Chapter 8 concludes the thesis by summarising the presented work, recalling the main goals,

shortly describing the undertaken steps and discussing the met objectives. The main results of the

thesis are summarised and the potential improvements of the developed simulator are discussed. Some

of the remaining open issues are outlined, pointing out directions for future work.
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Chapter 2

An overview of Body Area Networks

This chapter gives an overview of BANs, discussing potential applications and imposed requirements,

available communication technologies and general architecture, and finally focusing on the wireless

communications channel, as the main topic of interest for the work developed within this thesis. The

mechanisms governing channel characteristics are considered, with a focus on specific aspects of body-

centric propagation. An overview of the state of the art in off-body BAN channel modelling is also

presented, with a particular attention given to the depolarisation effect and influence of user dynamics.

Open issues and existing gaps in the available literature are identified at the end of the chapter.
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2.1 Applications

Consisting of multiple wearable devices equipped with sensors, actuators and communication modules,

BANs operating autonomously and continuously for long periods of time are ought to be exploited in vari-

ous applications, ranging from life-saving to leisure, always with a general purpose to improve the quality

of human life. With the ability to continuously monitor the body/environment parameters and provide a

remote access to the collected data in real-time, BANs not only promise to revolutionise healthcare and

increase patient handling efficiency, but also provide means to prevent accidents and improve safety of

emergency rescue missions, military teams on the ground, astronauts in space exploration missions,

professional drivers, etc. Furthermore, the access to the user’s biometric characteristics makes BANs

suitable for advanced multi-level authentication in facilities requiring high-level security. Similarly, BANs

can allow easy and fast exchange of information between people passing by each other or while shaking

hands [6].

BAN applications in healthcare are numerous, including health monitoring for different purposes,

e.g. detecting critical patients and prioritising treatment in emergency rooms, and monitoring elderly

people’s health without requiring a visit to the hospital. These applications help to improve the efficiency

of delivering the medical service and reduce the load of healthcare centres, faced with an increasing

rate of elderly patients [7]. Moreover, the extensive databases of medical data collected by BANs can

be subjected to data mining algorithms, in order to extract disease-specific patterns and improve the

early stage diagnosis [8]. BANs can be also used for wireless endoscopy, where ingestible capsules

with built-in cameras [9] will not only allow for the examination of previously unreachable areas, but also

provide a less uncomfortable experience for patients.

The employment of BANs for close-loop control will show their true power, where autonomously

operating devices can significantly improve the life quality of diabetes patients or people with disabilities.

For the former, a BAN could act as an artificial pancreas, by continuously monitoring blood sugar levels

and injecting insulin accordingly, whereas in the latter case it can provide smart prosthetics for amputee

patients, a speech synthesiser for mute, pacemaker adjustments for heart disease patients, etc.

BANs can be also employed for accident prevention, where their monitoring capabilities can be ex-

ploited to detect health incidences or sleepy drivers, nauseous construction workers, high environmental

risks, etc. In collaboration with the surrounding environment, a BAN can trigger safety mechanisms to

avoid lethal accidents, potentially playing an important role in reducing the number of casualties in road

accidents, currently being among the top 10 causes of death in the world [10].

Owing to their capability to monitor user’s health, environment and equipment conditions in real-time,

BANs are attractive for many applications in which users are exposed to harsh environments. Such are

public safety and rescue services, which can benefit from BANs employed for providing the logistics

support in terms of positioning, coordination and safety warnings for ground team members when the

high risk situations are encountered, e.g. a fireman entering the room with high CO2 levels, whilst the

oxygen level in the carried tank is low. Similar benefits are available for military ground units, where

collaborating BANs of an infantry team can detect the direction of the incoming enemy fire and allow
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the team to quickly organise and respond to a threat. Additionally, BANs can improve the efficiency of

medical support teams by providing the position of a wounded soldier and information about the injury in

real time. An illustration of a military application is shown in Fig. 2.1; BANs are employed on each soldier

to facilitate exchange of data in between on-body sensors, while BANs communicate with each other and

with an external AP, which exploits satellite communication for data delivery to remote headquarters.

Figure 2.1: Illustration of a military BAN application (adapted from art obtained at [11]).

Alongside coordination in between humans, BANs can allow intuitive and straightforward interface

for different pieces of equipment. As an example, a drone can collaborate with BANs worn by ground

team members and track their position, monitor the surrounding area and give a warning if any danger

is detected. With simple hand gestures, a soldier can also navigate the drone to inspect a suspicious

area without risking the lives of human team members.

The entertainment industry can benefit from BANs in various ways, where these systems are fore-

seen to revolutionise Human-Computer Interface (HCI). As wireless motion tracking technologies are

already commercially available, it is a matter of time when more complex BAN-based controllers will

appear and allow for realistic video game controls or navigation through Virtual Reality (VR).

In sports industry, BANs can be used to comprehensively monitor performance of athletes and im-

prove training efficiency in the everlasting pursue to push limits. Similarly, by monitoring the recovery

process and adjusting therapy, BANs can shorten the time after injury before the athlete returns to full

training intensity. Moreover, the collective performance information obtained for individual athletes can

be used to adapt the team’s tactics to the current condition of its members. Considering the budgets of

world class sports teams and the benefits BANs can deliver, the sports industry is anticipated to be the

main technology driver in the future.

2.2 Ongoing research and existing projects

As the interest for BANs grew over the past years, a number of related projects were developed, ranging

from small prototypes and smart-phone applications to full-scale systems that involve on-body data

collection, off-body communications and remote access [12, 13]. The considered applications include

large-scale healthcare and rescue support systems, personal wearable health monitoring, military and

space exploration support, motion tracking, and personal data exchange.
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Among the most notable projects involving full-scale system development are CodeBlue [14], AID-N

(Advanced Health and Disaster Aid Network) [15], and SMART (Scalable Medical Alert and Response

Technology) [16]. These systems are primarily designed to improve patient handling efficiency by pro-

viding a communication infrastructure for patient monitoring in large healthcare centres and emergency

rooms, or on-site during the post-disaster rescue support.

Serving as a proof of concept, the majority of BAN projects developed personal monitoring systems

for various applications. While a common set of sensors is used in most of these systems, the differences

are in the number of acquired signals, data processing methods and the employed communication

technology. Several notable projects in this domain are listed in what follows. LiveNet [17] and WHMS

(Wearable Health Monitoring System) [8] are representative examples of systems capable of providing

a real-time feedback to the user, remote access to medical personnel, and long-term monitoring for

personalised health profile development. MagIC (Maglietta Interattiva Computerizzata) [18], WEALTHY

[19] and Smart Vest [20] aim at the individuals affected by cardiovascular diseases. These systems

are using washable conductive yarns integrated in clothes for on-body communication, and the radio

for off-body transmission. Some of the projects consider specific diseases, in a search for previously

unavailable means of treatment and diagnosis, e.g. HealthGear [21] and AUBADE [22]; the former

aims to improve sleep apnea diagnosis, whereas the latter is an emotion monitoring system for users

operating under extreme stress conditions or patients suffering from psychological disorders.

Projects like Mercury [23] and WiMoCA (The Wireless Sensor Node for a Motion Capture System with

Accelerometers) [24] employ multiple distributed on-body devices equipped with tri-axial accelerometers

and gyroscopes for motion tracking. While the former is primarily designed for treatment of patients with

neuromotor disorders, the latter also considers HCI application.

As the possibilities of BANs attract great attention from the military, projects as LifeGuard [25], GTWM

(Georgia Tech Wearable Motherboard) [26], and WPSM (Warfighter Physiological Status Monitoring)

system [27] consider BAN-based uniforms for next-generation soldiers. These systems are intended to

continuously monitor user’s health, motion and surrounding environment, and provide feedback to the

user and/or a remote logistics support centre. The LifeGuard project initially considered BANs employed

on astronauts during space exploration missions, but expanded its scope to military applications due to

similar system requirements.

The employment of BANs for personal data exchange was demonstrated by Zimmerman [28]. The

developed system also introduced the concept of Body Coupled Communication (BCC) (Section 2.4).

It was designed for information exchange among wearable devices, for instance, while two users hand-

shake.

2.3 Requirements

BAN applications often impose conflicting requirements [29], which compel system designers to find

a compromise for each application, since they cannot satisfy all requirements in general. The main

requirements include comfort, safety, security, energy efficiency, reliability, low latency, ease of use, and
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scalability.

The requirement for comfort implies that the devices should be small, compact and made of mate-

rials appropriate for use inside the body or in contact with the skin [7]. Unfortunately, such materials

typically have undesirable electrical characteristics, thus yielding higher losses and increased power

consumption.

The safety requirement primarily imposes restrictions on the amount of Electromagnetic (EM) radia-

tion to which the body can be exposed. The established exposure limits are derived by considering risks

following from increased tissue temperature due to EM energy absorption. The extreme body proximity

grants this requirement a considerably higher priority in BANs than in other wireless systems. The limits

are most commonly specified by Specific Absorption Rate (SAR) values, representing a measure of the

rate at which the energy is absorbed per mass of tissue. For the frequencies beyond a few GHz the

exposure limits are given in terms of incident power density, as most of the energy is absorbed near

the body surface in this case. Table 2.1 provides a summary of worldwide adopted exposure limits for

general public in the frequency range most common for BANs, as extracted from ICNIRP Guidelines

1998 [30] and IEEE/ANSI C95.1-2005 [31]. Though reducing the Tx power in order to meet exposure

limits also works in favour of data confidentiality, BAN coexistence and energy efficiency, it also affects

the communications range.

Table 2.1: Exposure limits for general public, as given in [30, pp. 509], [31, pp. 20,25].

Guidelines ICNIRP 1998 IEEE/ANSI C95.1-2005

Frequencies [Hz] 100 k - 10 G 100 k - 3 G 3 G - 5 G 5 G - 10 G

Whole body average SAR [W/kg] 0.08 0.08 - -

Peak local SAR, head/trunk [W/kg]* 2 2 - -

Peak local SAR, extremities [W/kg]* 4 4 - -

RMS power density [W/m2]† - - 10 10

Averaging time [min] 6 6 30 150/f[GHz]

*spatially averaged over any 10 g of contiguous tissue with nearly homogeneous electrical properties
†spatially averaged over any contiguous area corresponding to 100λ2

[cm]

The security requirement is paramount for large number of BAN applications, primarily in healthcare

and military, where a security breach has devastating and potentially lethal consequences. Therefore,

reliable security mechanisms are required to ensure data confidentiality, integrity and authenticity. The

redundancy introduced by these mechanisms results in increased power consumption and longer pro-

cessing delays. However, it is important to acknowledge the security issue as the key factor to limit the

widespread employment of BANs in critical applications [32].

In addition to high security levels, critical medical and military applications also require high relia-

bility, fault tolerance and robustness to interference. This means that BANs have to provide a robust

communications channel whenever data transmission is needed, and allow fast recovery after outages.

Nevertheless, this is a very challenging task to achieve while ensuring seamless coexistence with other

devices operating in populated frequency bands, such as Industrial, Scientific and Medical (ISM). Relia-

bility is typically improved by either providing multiple communication paths among nodes or employing
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Forward Error Correction (FEC) codes, both solutions conflicting with the requirements for comfort and

energy efficiency.

The limited energy available to battery-powered devices requires them to operate efficiently and

consume least energy possible. While implants are a peculiar example where autonomous operation is

required for years, the requirement to recharge batteries of multiple body-worn devices daily will certainly

affect users’ enthusiasm. Therefore, BANs should be able to operate continuously over long periods of

time, i.e. from several days to months. One way of achieving these goals is by resorting to classic energy

saving mechanisms, such as reduced duty cycle communication, which negatively reflects on system

delay, being critical in some medical applications. Alternative options include the use of wireless energy

transmission mechanisms for effortless battery recharge [33], or employment of harvesting techniques

to scavenge energy by exploiting thermoelectric and piezoelectric effects [34, 35].

In applications where a quick reaction is of importance, e.g. interactive control, BANs must ensure

low latency and fast connection establishment. Other applications demand high data rates to support

transmission of high quality music and video content in real-time. These two requirements are clearly in

contradiction with the security and reliability ones.

Finally, one should consider that BANs will be mostly handled by non-technicians, e.g. patients,

caregivers and athletes. Therefore, they should be simple to employ, scalable, and capable of self-

configuring. In general, BANs should be able to cope with dynamic changes in network topology, allow

for effortless upgrade, enhancement and introduction of new nodes, thereby, complying with the plug-

and-play concept.

2.4 Communication systems

Several different communication technologies have been used in BANs, including wired communications,

Inductive Coupled Communications (ICCs), BCCs and radio. Some of these systems are more suited

for certain BAN applications than the others.

Wired communications assume that the nodes are physically connected by wires or conducting gar-

ments. While these systems have a certain advantage regarding security and reliability issues, they

involve uncomfortable wiring. Apart from being excluded as an option for communication with implants

and off-body devices, wires can limit user’s movement and are prone to wear out due to constant twist-

ing when the user is dynamic. Classical wired communications are suitable for use only if users are

wearing special suits and are not involved in very dynamic activities, such as in the case of military

pilots, Formula 1 drivers or astronauts [25]. Smart textiles overcome the common drawbacks associated

with wires by allowing integration of power distribution, communication and sensing circuitry of a BAN

within washable clothes [36]. In addition to comfort, their ability to conform with different shapes has the

additional advantage of providing a firm and stable contact between sensors and the body.

With ICC [37], the transmission channel is established between two magnetic-coupled coils at the Tx

and receiver (Rx) sides, with the transmission mechanism being described by Faraday’s law of induction.

Since the voltage induced in the Rx coil is inversely proportional to the cube of distance, the coupling
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exists only for very short Tx-Rx separations. The channel quality highly depends on the coils’ alignment,

while being independent of the surrounding tissue. Since the inductive coupling also facilitates power

transfer, the same coils can provide both the communication link and the power supply for the coupled

pair. Since the two impose conflicting requirements on the coil design [38], the system designer has

either to optimise the trade-off in a single-coil design or use two separately optimised coils. ICC is

suitable for information exchange between external devices and passive near-surface implants, animal

identification being the most widespread application.

In BCC, the Tx and Rx couple with the user’s body and use it as a transmission medium [39, 40].

Based on the coupling principle, one can distinguish between capacitive and galvanic BCCs, while both

result in guided wave propagation at higher frequencies, at which the body acts as a wave-guide. These

two types of BCCs are illustrated in Fig. 2.2.

a) Capacitive BCC. b) Galvanic BCC.

Figure 2.2: Two types of BCC (adapted from [39]).

Capacitive BCC requires one of the Tx/Rx electrodes to be in contact with the body and the other to

float in the environment, e.g. touching the ground, assuming the two are electrically isolated [6]. The

Tx and Rx couple to the body through capacitive links created by the electrodes in contact with the skin,

thus establishing a direct communication path. Similarly, the floating electrodes capacitively couple to

the environment, thus providing a return path and closing the communication circuit. Transmission is

achieved as the Tx disturbs the potential of the environment and the Rx detects them by sensing varia-

tions in the electric field in between its electrodes. At frequencies below 10 MHz, the field is quasi-static

and the communication system can be modelled as an electric circuit in which the body is represented

by a simple RC network or a perfect conductor [41].

Galvanic BCC exploits ionic properties of body fluids for signal transmission, with both Tx/Rx elec-

trodes being in contact with the body. By applying a variable voltage between its electrodes, the Tx

induces currents into the body and the Rx senses potentials developed on the skin surface [42]. As in

the capacitive BCC, the induced fields at low frequencies are quasi-static and the communication system

can be modelled as an electric circuit, while the body cannot be modelled as a perfect conductor in this

case. At frequencies below 10 kHz, it is represented by a mash of complex impedances corresponding

to different layers of body tissues, whereas a much simpler circuit can be used in the range between

10 kHz and 10 MHz [43].
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At frequencies above 50 MHz, the field induced by either capacitive or galvanic body coupled Tx is

not quasi-static and the guided wave propagation occurs, with the creeping (surface) waves presenting

themselves as the dominant mechanism [44]. For better performance, Tx and Rx are typically modified

to exploit benefits of both coupling methods [45]. While the signal is still confined to the body in this case,

at frequencies above 300 MHz the human body becomes comparable to the wavelength and radiates

power into the environment, in which case the security and energy efficiency advantages of BCC are lost.

Although the aforementioned communication systems are associated with certain advantages, ra-

dio is by far the most considered option for BAN communications, due to the convenience of cordless

transmission and a number of existing mature technologies. Considering their design goals, the most

relevant ones are Bluetooth, Bluetooth Low Energy (Bluetooth LE), ZigBee and Ultra-wideband (UWB).

The main characteristics of these communication systems are summarised in Table 2.2.

Table 2.2: Radio technologies employed in BANs (adapted from [12, 13]).

Technology
Frequency band

[MHz]

Channel

bandwidth

[MHz]

Number of

channels

Data rate

[b/s]

Typical

range [m]
Availability

Bluetooth 2 400 - 2 483.5 1 79 3 M 10 - 100 Worldwide

Bluetooth LE 2 400 - 2 483.5 2 40 1 M 10 Worldwide

Zigbee

779 - 787

2

4 250 k

10 - 75

China

868 - 870 1 20 k EU, Japan

902 - 928 10 40 k US, Canada

2 360 - 2 400 15 250 k US

2 400 - 2 483.5 16 250 k Worldwide

UWB
3 244.8 - 4 742.4

499.2
3

480 M <10 US, Europe
6 240 - 10 233.6 8

Bluetooth (IEEE 802.15.1) [46, 47] was initially created by Ericsson for connecting personal devices

in order to exchange audio and data in the 2.4 GHz ISM band. The operating devices are organised in

small star topology networks (piconets) with a single master node coordinating up to 7 others (slaves).

By allowing slave nodes to join multiple piconets, larger networks (scatternets) can be established. While

the range and available data rates make Bluetooth suitable for off-body transmission of aggregated BAN

data, the high duty cycle and consequent energy inefficiency are its unfavourable characteristics.

Bluetooth LE [48] was proposed by Nokia as an energy efficient and low cost alternative to Blue-

tooth, primarily intended for communication in between sensors and a mobile phone. At the expense of

reduced range and data rate (Table 2.2), the new Physical layer (PHY) design introduced for peripheral

devices (stand-alone) aims to allow a year long operation on a button cell battery, but also to reduce

synchronisation time to milliseconds, compared with seconds in Bluetooth. The latter makes Bluetooth

LE convenient for delay-critical BAN applications. In order to allow for the existing communication in-

frastructure to be used, Bluetooth LE also supports devices (dual-mode) capable of communicating with

both single-mode and Bluetooth devices.

ZigBee (IEEE 802.15.4) [49, 50] was initially designed for the Wireless Sensor Networks (WSNs),
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where energy efficiency, low cost and scalability are the main design goals, data rate being less impor-

tant. It uses Direct Sequence Spread Spectrum (DS-SS) to combat interference from coexisting devices.

Carrier Sense Multiple Access with Collision Avoidance (CSMA-CA) is used for medium sharing in both

synchronous (beacon enabled) and asynchronous (non-beacon enabled) modes of operation, where

the former allows devices to ”sleep” during the inactivity periods for improved energy efficiency. By al-

lowing for multi-hop transmission, ZigBee can extend nodes’ coverage and also circumvent the direct

propagation path obstructions, thus improving the communication reliability.

UWB (IEEE 802.15.4a) [51] is a common reference for radio communication system with operating

bandwidth exceeding 500 MHz or 20% of the arithmetic centre frequency. The most popular of such

systems is the Impulse Radio UWB (IR-UWB), which feeds the series of narrow pulses directly to the Tx

antenna, while time hopping is exploited for medium sharing. The wide bandwidth yields high capacity,

but also imposes challenges when trying to ensure a flat transfer function. This is proven to be a

difficult task with such bandwidths, where even antennas act as pulse shaping filters. Moreover, the

corresponding fine resolution in time allows for RAKE receivers to be employed for fading mitigation

and use of UWB for precise positioning in indoor environments, but also requires strict synchronisation.

With its Tx power density required to satisfy the -41.3 dBm/MHz regulation limit, UWB signals are of

the same order as noise and spurious emissions. This makes it convenient for operation around the

equipment sensitive to EM radiation, e.g. in hospitals, but also suitable for on-body communication due

to low corresponding exposure levels.

Finally, one should note that the mentioned radio systems were adopted as an IEEE 802.15.6 stan-

dard for BANs [52], with two PHY specifications, summarised in Table 2.3, with the frequency range,

number of allocated channels and Tx constraints being indicated.

Table 2.3: Frequency bands used for BANs, according to [52].

Frequencies [MHz]
Channel bandwidth

[Hz]

Number of

channels
Transmit constraint Communication

402 – 405 300 k 10 -40, -16 dBm EiRP

Narrowband

420 – 450 320 k 12

–10 dBm EiRP

863 – 870

400 k

14

902 – 928 60

950 – 958 16

2 360 – 2 400
1 M

39

2 400 – 2 483.5 79

3 244.8 – 4 742.4
499.2 M

3
-41.3 dBm/MHz UWB

6 240 – 10 233.6 8

2.5 Architecture

The architecture of a BAN-based network depends on the application, ranging from a simple on-body

network to a full-scale one which interconnects with a Wide Area Network (WAN) to facilitate commu-
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nication with remote locations. An example in healthcare is shown in Fig. 2.3, consisting of the intra-,

inter- and beyond-BAN segments [13].

Figure 2.3: A general architecture of a BAN-based health monitoring system (extracted from [13]).

The intra-BAN segment enables in- and on-body communications, and is responsible for data ex-

change in between body-worn and/or implanted sensors and actuators. Its nodes are commonly ar-

ranged in a single- or two-hops star topology, with a central coordinator device in charge for synchro-

nisation, data aggregation and off-body transmission. This part of the network has to ensure that the

application-specific requirements are fulfilled, while dealing with constrained power supply. Therefore,

the employed Medium Access Control (MAC) layer and routing protocols are required not only to achieve

maximum throughput with minimum delay, but also to maximise battery lifetime while preserving data

authenticity, integrity and confidentiality.

The inter-BAN component is responsible for off-body communications with the nearby infrastructure,

thus facilitating data transmission in between the on-body nodes and external APs, or other BANs. As

it is crucial to ensure user mobility, radio communications is the standard choice herein. Alternatively,

BCCs can be used in applications where establishing a physical contact with the environment is part

of the user’s activity. The communication protocols employed in this segment must ensure quick and

effortless connection, allowing for the information exchange to finish within short periods of time that the

user spends in the service area of an AP. While the energy-efficiency issue is not as critical as in the

inter-BAN segment, the security and QoS mechanisms have to be employed.

The beyond-BAN segment includes the backbone infrastructure for communications of a large num-

ber of devices. Upon being delivered from a BAN to the AP, data is carried through the core network

and delivered to the final destination, e.g. a medical centre. In order to handle the aggregated load from

different users, this segment has to provide enough throughput. Since it is most likely to rely on networks

shared with other systems, with an uncontrolled access by many entities, security mechanisms have to

be implemented. Due to accessibility and global availability, internet LAN or the core network of a mobile

system are typically exploited for beyond-BAN communications.

20



2.6 Radio propagation in BANs

The ability of radio communications to provide seamless mobility makes these systems an obvious

choice for BANs. On the other hand, the radio channel is characterised by severe Rx signal degrada-

tions, where ensuring the required communication quality may be a difficult task. Besides the additive

noise, the Rx signal is subjected to random variations as the Tx and/or Rx move in space. The total

path loss in the channel can be factorised into three main components, i.e. propagation loss, large- and

small-scales fading.

The propagation loss represents the average signal attenuation due to energy diffusion and absorp-

tion in the propagation medium. It is a deterministic quantity, which determines the average signal atten-

uation for a given Tx-Rx distance, being typically represented by the standard log-distance model [53].

The large-scale fading represents the variation of the local average Rx power as the user moves

over the environment. It is primarily associated with obstructions of the direct propagation path, i.e.

shadowing, but it is also associated with the general changes in the local propagation environment.

Two types of shadowing are distinguished in off-body channels: body-shadowing from the user, and

shadowing from the objects or other people in the surrounding environment. The former is due to partial

or full obstructions of propagation paths by the user’s body, and the latter is caused by barriers, cars and

pedestrians around the user. Due to the random nature of human motion, the described obstructions of

the propagation path occur in a random manner, where the resulting Rx power variations are typically

described by the Lognormal distribution [54].

The small-scale fading represents random signal variations due to multipath propagation effects,

where multiple replicas of the Tx signal arrive at the Rx antenna after reflecting, diffracting or scattering

from objects in the environment [53]. These Multipath Components (MPCs) arrive with different delays,

phases and amplitudes, due to differences in path lengths and attenuation exhibited in their paths. The

signal at the output of Rx antenna is a phasor sum of MPCs, which interfere in a constructive or a

destructive manners, depending on their relative phases. Since the path length difference of λ/2 yields

a relative phase of 180◦, the Rx signal can change drastically as the Tx or Rx move by a fraction of a

wavelength. Therefore, even at low user velocities associated with BANs scenarios, the Rx signal can

exhibit a fairly fast variation with the user moving or changing posture. Although less severe, small-scale

fading also occurs due to the movement of objects with which the propagating waves interact, cars in

the street and people in the user’s surroundings being the most notable examples.

The distribution of scatterers in indoor and outdoor environments yield different multipath configura-

tions. The enclosed indoor space is characterised with dense arrival of strong MPCs from all directions,

while the open outdoor space yields somewhat sparser arrivals, fewer directions and weaker MPCs. The

latter is attributed to the low Tx power in BANs, and greater distances in between the user and scatter-

ers in outdoor environments. While signal variation due to multipath fading is deterministic in theory, the

complexity of real environments makes the tracing of all contributing MPCs impossible, thus, small-scale

fading is typically modelled as a stochastic process.

Signal depolarisation is an important effect in the channel, which results in losses due to mismatched
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polarisation of the Rx antenna and the arriving MPCs. It arises due to physical misalignment of the Tx

and Rx antennas, but also due to polarisation dependent scattering effects. The former directly affects

the LoS component, thus having a strong influence on channel conditions, where antenna rotation can

result in a low Rx power even with the clear LoS path. The latter is due to unequal treatment of differently

polarised waves interacting with objects depending on their EM properties, thus the polarisation char-

acteristics of the channel being dependent on the particular environment in which the communication

takes place.

Finally, one should note that the wearable antennas’ radiation patterns are commonly considered

as inseparable parts of the BAN channel, due to random gain variations experienced when the user

is in motion. On the one hand, these variations can be attributed to variable antenna efficiency [55]

and distortion of the radiation pattern due to twisting/stretching and varying distance from the body. On

the other hand, the dominant MPCs’ directions of departure/arrival (DoDs/DoAs) vary randomly due

to wearable antenna rotation associated with user’s motion, where the magnitudes of these variations

depend on their on-body placement and user’s activity [56]. One should note that with the antennas

being considered as an integral part of the channel, gain variations are mostly embedded within the

large-scale fading component, when the typical path loss component extraction procedure is applied.

2.7 State of the art

With the growing interest in BANs, channel modelling for these systems has become an active research

area. As it is of main interest for the work presented in this thesis, the most notable off-body channel

modelling studies are reviewed in this section, where a special attention is given to the depolarisation

effect and the influence of user dynamics.

2.7.1 General overview

A number of off-body channel studies are available in literature, most of which are based on narrowband

measurements and the proposed models are empirical [57]. The authors typically adopt the standard

three-component statistical path loss model [58, 59]. While a deterministic log-distance model is used

for the Mean Path Loss (MPL), statistical models are used for large- and small-scales fading. The Log-

normal distribution is commonly adopted for large-scale fading, while the Rice and Nakagami-m ones

are typical choices for the small-scale fading.

A slightly different approach is taken by some authors [60, 61, 62], where fading components are

considered jointly. In this case, Rx signal variations are represented as a composite fading, with its

distribution being derived from a product of two random variables representing each of the fading com-

ponents. In [60], the authors consider κ -µ and Log-normal distributions for small- and large-scales

signal variations, respectively, the obtained composite fading distribution fitting measurements very well.

However, the Probability Density Function (PDF) cannot be obtained in a closed analytical form and re-

lies on numerical integration, hence, being somewhat impractical for use. A similar approach is found in
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[61], where the Gamma distribution is considered for large-scale fading instead. In [63], the authors con-

sider η -µ distribution for small-scale variations and additionally assume that the mean power is subject

to large-scale variation with the Inverse Gamma distribution.

Similar modelling approaches are adopted for the body-to-body channel, where the most notable

work on its statistical description is performed by Cotton et al. [60, 64, 65, 66, 67, 68, 69]. Therein,

the authors adopt the log-distance model for MPL and advocate the κ-µ distribution as a statistical

model for composite fading. Based on a comparison against measurements available for indoor [64, 65]

and outdoor [67, 68, 69] environments, the proposed statistical model is reported to outperform other

common fading distributions, most notably the Nakagami-m one. The standard path loss model is also

adopted in [70, 71], where the Log-normal and Rice distributions are used for large- and small-scales

fading, respectively. In order to model the body shadowing losses, the authors propose a modification of

the log-distance MPL model, specifying its parameters depending on users’ mutual orientation. Thereby,

the full-body blockage loss is represented by the orientation-dependent intercept term, whose values are

tabulated in [70], while a piece-wise linear model is proposed in [71].

One should note that the large-scale variations in these models are typically attributed to body shad-

owing, even when LoS is unobstructed. While partial path obstructions certainly contribute to these

variations, it seems that the contribution of shadowing effects is a minor one in the latter case, to the

best of the author’s judgement. The most dominant contributors are likely to be the wearable antenna

gain variation, periodic polarisation mismatch losses due to antenna rotation on a dynamic user, and the

local average Rx power variation with changing scattering conditions across the environment.

With the rising popularity of Millimetre Wave (mmWave) communications for the next-generation

mobile networks, BANs operating at these frequencies have received attention as well. A few reported

studies consider the off-body channel, almost exclusively based on narrowband measurements in the

licence-free band at 60 GHz. The standard three-component path loss modelling approach is adopted for

mmWave off-body channels as well, with MPL represented by a log-distance model [72], and a statistical

approach taken for large- and small-scales fading [73, 62]. The model parameters are typically reported

for LoS and Non-LoS (NLoS) propagation conditions, according to body shadowing from the user. In

[73], the authors report the Gamma distribution as an appropriate model for large-scale fading, and Rice

and Nakagami-m distributions for small-scale one in the LoS and NLoS cases, respectively. Based on

the same measurement set, the authors revisit the NLoS channel in [73], and propose the η-µ/Inverse

Gamma distribution for the composite fading, as previously applied at 5.8 GHz [63].

In addition to these dedicated BAN studies, all of which consider the antenna placement on the chest,

a few mmWave mobile off-body channel studies with a dynamic pedestrian user are also relevant for

BAN communications [74, 75]. Some of the scenarios considered therein, i.e. with the mobile terminal

placed in a pocket or held against the head, can be considered as BAN ones. Both of these studies are

based on narrowband measurements at 60 GHz, and adopt the same statistical model as in [73]; the

difference being in the considered location of the AP. While the off-body antenna is on a stand in [74], a

ceiling-mounted one is considered in [75].

Only a few other mobile off-body channel studies actually consider user effects. In [76], the authors
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use ray-tracing to investigate the user’s influence of body shadowing on the channel, where blockage

effects are represented as a part of the mobile terminal’s radiation pattern. Although a scenario with the

user walking is investigated, only the linear forward motion is considered. In [77], the authors show that

even the small changes in the antenna height can yield a significant Rx signal variation in the LoS case

at mmWave frequencies [77], due to the interference between LoS and ground-reflected components

[78, 79]. While this study demonstrates the importance of taking antenna mobility into account, the

statistical model assumed by the authors does not reflect the realistic characteristics of human motion.

2.7.2 Depolarisation effect

The interest in better describing the depolarisation effect arose, as it was noticed that polarisation can be

exploited as an additional degree of freedom in the channel, in order to improve communication quality

by means of polarisation diversity [80], or increase the available data rates by means of polarisation

multiplexing [81]. Recently, the employment of dual-polarised antennas is considered for preserving high

data rates in Multiple-Input Multiple-Output (MIMO) systems when the channel matrix is rank-deficient

due to a strong LoS component, i.e. the keyhole effect. Moreover, the importance of the depolarisation

effect is even greater if mmWave communications are employed; the higher propagation losses and

fewer significant signal components in the channel, compared to frequencies below 6 GHz [82], result in

a strong impact of depolarisation on mmWaves [83]. The impact is even more significant if beamforming

is employed [84], as the channel then effectively relies on a single component, i.e. LoS or a specular

reflection.

The existing models for depolarisation effect in mobile channels are typically statistical and based

on measurements, while only few studies provide physical models explaining the actual source of de-

polarisation. In [85], the authors consider the depolarisation effect due to antenna mismatch, where

polarisation rotation angle for the LoS component is derived based on geometry, for arbitrary antennas’

orientations. The depolarisation of MPCs is typically modelled by introducing factors dependent on the

Co-Polarisation Ratio (CPR) and Cross-Polarisation Ratio (XPR). A step towards better modelling of the

depolarisation effect in NLoS conditions is made by Geometrical Theory of Depolarisation (GTDe), pro-

posed in [86], where the orthogonal polarisation components of an MPC reflected from a scatterer on

the cylinder centred around the mobile antenna is derived from the scenario geometry, taking the relative

positions of the Tx, Rx and scatterer (Sc) into account. However, this model only considers reflections

from perfectly conducting surfaces, whereas the depolarisation due to realistic scattering is considered

in [87, 88].

Only a few authors have considered signal depolarisation in the off-body BAN channel. The analy-

sis of the antenna polarisation mismatch based on a simple simulation scenario is presented in [89].

The possibility to exploit polarisation diversity for off-body communications is considered in several

measurement-based studies. In [90], the authors consider a joint polarisation and spatial diversity

achieved with dual-polarised wearable antennas, observing a great potential for system performance

improvement; moreover, the authors report that the wearable antenna’s polarisation changes from linear
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(in free space) to elliptical, when placed on the body. This work is further expanded in [91], where the

polarisation and spatial diversity are considered at the off-body side as well. A similar study is presented

in [92], where diversity gains achieved using linearly and circularly polarised antennas are compared.

A unique modelling treatment of the depolarisation effect in BAN channels is given in [93, 94], where

an on-body channel model is developed based on the GTDe [86]. The coupling coefficients in between

the vertical (V) and horizontal (H) polarisations at the Tx and Rx are derived from geometry, for scatterers

distributed on a cylinder centred around the on-body Rx antenna. While initially considering reflections

from perfectly conducting surfaces [93], the model was expanded to account for realistic scattering [94].

One should note that the proposed model is applicable for the off-body channel, as the scattering in the

environment is fairly similar. It is important to note that this model considers only a static user and fixed

antennas’ orientations.

The influence of body dynamics on depolarisation in the on-body channel is considered in [95],

where the authors use animation software to extract motion patterns in order to apply them to the body

phantom in EM simulation software. As simulations were performed for free space, this paper considers

only depolarisation due to interaction with the body and Tx-Rx antenna polarisation mismatch due to

antenna rotation during motion.

2.7.3 Influence of user dynamics

The influence of user’s motion on BAN channels is an important one. While changing antenna position

yields signal variations associated with multipath fading and body shadowing [96], its rotation imposes

variations in the gain and polarisation mismatch associated with MPCs arriving at the Rx. For the

LoS component, the latter is primarily due to physical misalignment between the antennas on the two

communication ends [85, 97].

Most of the studies related to dynamic BAN channels are based on measurements [65, 98], where

the proposed empirical models consider the influence of motion only through parameters of the statistical

distributions for path loss. In a more theoretical approach [99, 100], the authors use an autoregressive

model to represent the temporal and cross-correlation properties of on-body channels for a dynamic

user. While in this case the Rx signal characteristics for the dynamic user are represented directly within

a statistical channel model, a more detailed mobility model is required for use with ray-tracing or GBSC

models [101]. Several proposals, discussed in what follows, have been presented by researchers.

Adopting the existing approach used for mobile communications networks [102], the mobility models

proposed in [103] and [104] are based on a general Reference Point Group Mobility (RPGM) framework.

The motion of an antenna is modelled as a composition of the motion of a reference point associated

with a group of antennas within the same BAN, and the individual motion of the antenna relative to

this reference. In both proposed models, the former is represented by a set of straight path segments

with randomly chosen direction and velocities, and the latter by a random displacement vector. While

[103] assumes horizontal motion, the model in [104] is three-dimensional (3D) and additionally considers

different user activities. However, it should be pointed out that these models only consider the antennas’
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positions, and generally fail to capture the true characteristics of human motion.

Following the initial proposal in [105, 106], some authors have used animation software to obtain

realistic human body motion for on-body channel simulations [95, 107, 108, 109]; this software is used

to generate a sequence of postures for virtual body phantom models in numerical EM simulators. In

[110] and [111], the authors use animation software to obtain wearable antenna positions for the body-

to-body channel and inter-BAN interference simulations based on ray-tracing. A similar approach is

used in [56] to extract on-body antenna motion, in order to analyse its influence on the radiation pattern

during movement. The authors further use this approach for body-to-body channel simulations based

on a GBSC model in [112].

In order to eliminate the need for animation software, the authors in [113] used a skeleton-based

motion model with Motion Capture (MoCap) data to obtain postures of a simplified cylinder-based body

phantom for EM simulations. A similar approach is used to obtain the time-varying distances between

wearable antennas in [114, 115], in order to improve the on-body channel simulations based on statistical

models [116]. Together with a cylinder-based body model, the motion model is further exploited to

account for body shadowing losses by performing a simple LoS obstruction test. A similar skeleton-

based model is used to obtain the antennas’ positions and orientations for their individual mobility within

the RPGM model adopted in [117]. With the user’s forward motion (i.e. reference point) generated by an

agent-based simulation, the mobility model is used as an input to a ray-tracer for dynamic on-, off- and

body-to-body channels simulation.

2.7.4 Open issues

From the presented overview of the previous work available in the literature on off-body channel models,

several open issues can be identified, mainly related to the modelling of the depolarisation effect and the

influence of user dynamics. While some progress is made towards understanding signal depolarisation

from mostly measurement-based off-body channel characterisation studies, very few modelling efforts

were made to the date [93, 94]. It is important to note here that the depolarisation effect has received

considerably more attention in the mobile channel studies [118], but although the reported findings

provide a valuable insight into the depolarisation mechanisms, applicability of the available models is

limited. Even though the similarities between the mobile and off-body channels are obvious, the main

differences follow from the latter being associated with shorter distances and low-elevated antennas.

These characteristics in turn make a significant difference in the channel depolarisation characteristics,

according to GTDe [86]. Moreover, with the antennas worn on clothes, one anticipates far greater

influence of user dynamics in the off-body channel than in the mobile one.

In a similar way, the applicability of the findings considering the depolarisation effect in the on-body

channel is also limited, as different propagation mechanisms dominate the channel. More precisely, the

polarisation relative to the body surface is important in the on-body channel, where the one perpen-

dicular to the body yields better channel conditions than the tangential one, due to the strong excited

creeping (surface) wave propagating around the body when the Tx and Rx are placed on opposite sides
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of the body [95, 119]. On the other hand, the creeping wave propagation is far less significant in the

off-body channel, which is dominated by the scattering mechanisms in the surrounding environment.

Therefore, the polarisation with respect to the objects in the environment is more important in this case,

as the reflection, diffraction and scattering characteristics are dependent on it [120]. Moreover, with the

different relative motion in between the Tx and Rx antennas in these channels, the influence of user

dynamics is different as well. Therefore, dedicated studies are required to address the peculiarities of

the off-body channel.

The influence of user’s motion on BAN channels has been addressed by several researchers, where

the use of realistic MoCap data allowed for a notable progress in the investigation of these effects.

However, mobility models based on MoCap data are limited by their resolution and size, whereas the

required data storage and involved calculations considerably add to the complexity of a simulator [113,

117]. While being acceptable when the skeleton-based model is also used to modify the posture of the

body phantom in full-wave on-body channel simulations [107, 95], this complexity is beyond the required

one if only position and orientation of the antenna are needed, e.g. in GBSC channel models [121, 122].

Most of the available studies consider only the antenna’s position, whereas its orientation is consid-

ered only by a few authors [56, 113, 117]. Moreover, the models for wearable antenna rotations in [56]

and [117] are not complete. Since the authors considered only the normal vector to the patch antenna

plane for its orientation in [56], the rotation about this axis is neglected. Similarly, due to limitations of the

used MoCap data and the method used to obtain the orientation vectors, the rotation about the vertical

axis of the antenna is neglected in [117]. However, these two rotations can have an important impact on

the channel, where the former can yield significant depolarisation losses and the latter variations in the

antenna gain and Cross-Polarisation Isolation (XPI), in directions of the arriving MPCs.

Finally, one should note that there is a general lack of off-body channel models that consider its

polarisation aspect. Most importantly, none of the available models provide a joint treatment of the

depolarisation effect and the influence of user’s motion, to the best of the author’s knowledge. Therefore,

there is a clear need for deriving such a model. In addition to the depolarisation effect due to scattering in

the environment, this model should specifically address the impact of wearable antenna rotation during

motion. The outlined open issues are addressed in this thesis, which is devoted to the development of a

novel channel model for polarised off-body communication with dynamic users. Such a channel model

is not only paramount for optimised system design in terms of energy efficiency, but also allows for the

performance evaluation of multi-polarised antenna systems [118], i.e. employed to mitigate fading [80],

increase capacity [81], or to facilitate medium sharing among users [123].
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Chapter 3

Channel model development

This chapter presents the development of a geometry-based polarised channel model for off-body com-

munication with dynamic users. A general formulation of the propagation model is presented first, as-

suming static antennas with arbitrary orientations. Polarisation matrices, modelling the depolarisation

effect for different propagation mechanisms, are derived for the LoS, reflected and diffracted signal com-

ponents, considering an arbitrary geometry of the propagation environment. An analytical mobility model

for wearable antennas on dynamic users is then developed in order to take the influence of user’s motion

into account. Finally, a simplified scattering environment geometry is considered and a simple GBSC

model formulation with fewer modelling parameters is derived at the end of the chapter.
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3.1 Channel impulse response

In radio communications, the signal emitted by the Tx antenna propagates towards the Rx over multiple

paths, both directly over the LoS path and after interacting with objects in the propagation environment,

through mechanisms of reflection, diffraction and scattering. This is illustrated in Fig. 3.1, for an off-body

communications scenario in an indoor environment, where the propagation phenomena associated with

the depicted MPCs is indicated.

Figure 3.1: Considered propagation problem.

With multipath propagation taking place in the environment, the channel can be described by the

complex baseband Channel Impulse Response (CIR) given by [124]:

hch(t, τ) =

Np(t)∑
n=1

An(t)e−j2πfcτn(t)e−j2πf
n
D (t) t δ(τ − τn(t)) (3.1)

where:

• t : observation time;

• τ : delay relative to the observation time;

• Np : number of propagation paths;

• An : n-th component’s complex amplitude;

• τn : n-th component’s path delay;

• f nD : n-th component’s Doppler shift frequency;

• fc : carrier frequency;

• δ : Dirac delta function.

For narrowband communications, where the inverse of the signal bandwidth is much smaller than the

maximum path delay, the channel can be represented by the complex baseband transmission coefficient:

hch(t) =

Np(t)∑
n=1

An(t)e−j2πfcτn(t)e−j2πf
n
D (t) t (3.2)
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As indicated in (3.1) and (3.2), due to the movement of the antennas and scatterers1, the number of

MPCs arriving at the Rx antenna, their delays, amplitudes and Doppler shifts are time-variant in general.

However, in most scenarios these changes are slow and negligible over local areas, hence, the time-

dependence is typically neglected and constant values are assumed.

The complex amplitudes of the individual MPCs in (3.1) and (3.2) depend on the involved propagation

mechanisms, with the general expression being:

An =
λ

4π
An
sf gH

r (φnr ,ψn
r )[1×2] Hn

p [2×2] gt(φ
n
t ,ψn

t )[2×1] (3.3)

where:

• λ : wavelength;

• An
sf : wavefront spreading factor;

• φnt/r : azimuth angle of departure/arrival (AAoD/AAoA);

• ψn
t/r : elevation angle of departure/arrival (EAoD/EAoA);

• gt/r : polarimetric gain vector of the Tx/Rx antenna;

• Hn
p : path polarisation matrix;

• ( . )H : conjugate transpose (Hermitian).

The spreading factor models the dependence of the wavefront power density on distance, being

determined by the wavefront geometry. For the LoS component and MPCs reflected from flat surfaces,

the wavefront is spherical and the spreading factor is obtained as the inverse of the path length, while

the geometry of the diffracted MPCs’ wavefront yields a different form, as given in [125, 126].

The components of the gain vectors in (3.3) are the antenna field gains in θ- and φ-polarisations,

assumed complex to facilitate arbitrary polarisations. These gains are specified in the antennas’ local

coordinate systems, i.e. associated with the angles of departure/arrival (AoD/AoA), i.e. φnt/r and ψn
t/r ,

being defined accordingly (the upper/lower sign corresponds to index t/r ):

φnt/r = arctan

±kn
t/r · u

t/r
y

±kn
t/r · u

t/r
x

 (3.4)

ψn
t/r = arcsin

(
±kn

t/r · ut/r
z

)
(3.5)

where:

• kn
t/r : DoD/DoA unit vector of the n-th MPC;

• u
t/r
x/y/z : unit vector(s) along the x/y/z axis of the Tx/Rx antenna coordinate system.

Fig. 3.2 illustrates these angles for a Tx antenna, taken as a patch represented by a dark grey rectangle,

whose plane lies within the Y-Z plane of the associated local coordinate system, defined by vectors ut
y

and ut
z .

One should note that the depolarisation effect is jointly modelled by the gain vectors and the po-

larisation matrix in (3.3). While the former account for the imperfect antenna XPI, the latter models

depolarisation due to interaction in between the MPC and objects on its path. The polarisation matrix

1The term ”scatterer” is used in a loose sense, i.e. as a common reference for any object the MPCs interact with.
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Figure 3.2: AAoD and EAoD in the Tx antenna’s local coordinate system.

has different forms, depending on the involved propagation mechanism, being determined by the path

geometry and the antennas’ orientations.

The time-variant MPCs’ phases due to the Doppler shift, as the result of relative motion in between

the antennas and/or scatterers, are the principal cause of small-scale fading variations in the radio chan-

nel. The Doppler shift frequencies in (3.1) and (3.2) are obtained according to the following expressions

for the LoS component and MPCs, respectively2:

f LoSD = − fc
c

(vr − vt) · k (3.6)

f nD = − fc
c

(vr · kn
r − vt · kn

t ) (3.7)

where:

• vt/r : velocity vector of the Tx/Rx antenna;

• k : common LoS DoD/DoA unit vector;

• c : speed of light.

One should note that (3.7) assumes fixed static scatterers, where the considered Doppler shift is due to

the relative motion in between the antennas and their closest scatterers with which the MPC interacts

on its path. In general, one has to take the relative motion in between the successive scatterers into

account as well. Nevertheless, these effects are beyond the scope of this thesis and static scattering

points are assumed.

3.2 Polarisation matrix

The polarisation matrix in (3.3) is the modelling term that takes signal depolarisation into account, and

it is the central term in the polarised channel model developed in this thesis. It can be derived from ge-

ometry, by following the principles of Geometrical Optics (GO) and Uniform Theory of Diffraction (UTD).

This section first presents a general model for the polarisation matrix, considering LoS propagation,

reflection and diffraction, followed by its derivation for an arbitrary propagation environment geometry.
2The vectors herein are defined in physical 3D space, and the multiplication operation denotes their dot-product.
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3.2.1 General model

Depolarisation of the LoS component is primarily caused by physical misalignment of the Tx and Rx

antennas. Following a similar approach to the one in [85], the polarisation matrix for this component is

represented as:

HLoS
p [2×2] = Q(ϑLoS)[2×2] (3.8)

where:

• Q : rotation matrix, i.e.

Q[2×2](ϑ) =

 cos (ϑ) sin (ϑ)

− sin (ϑ) cos (ϑ)

 (3.9)

• ϑLoS : LoS mismatch angle.

The LoS mismatch angle is the one in between vectors associated with the θ-polarisations of the Tx and

Rx antennas, i.e. ut
θ and ur

θ. It can be derived from geometry, given the orientations of the antennas,

as demonstrated in [127] for a dipole and in [85] for an arbitrary antenna. One should note that the

LoS mismatch angle and the polarimetric gain vectors jointly determine the total polarisation mismatch

angle, which directly translates to Polarisation Loss Factor (PLF) [55].

Following an approach similar to the one adopted in [83, 128], the channel polarisation matrix of

an MPC can be represented as a sequence of linear transformations along its path. For the first-order

MPCs, i.e. reflected or diffracted, the polarisation matrix has the form:

Hp [2×2] = Q(ϑr )[2×2] Γr/d [2×2] Q(ϑt)[2×2] (3.10)

where:

• Γr/d : scattering (reflection/diffraction) matrix.

• ϑt/r : Tx/Rx mismatch angle.

The mismatch angles correspond to those in between the antennas’ orthogonal polarisation compo-

nents, i.e. u
t/r
θ and u

t/r
φ , and directions perpendicular and parallel to the incidence plane, i.e. u⊥ and

u
t/r
‖ , as illustrated in Fig. 3.3. These angles jointly model the depolarisation due to inclination of the

incidence plane [86, 93], and the physical orientation of the antennas [85]. The polarisation matrix of the

higher-order MPCs is obtained by applying the same principle along the paths.

The scattering matrix models the depolarisation and attenuation of an MPC interacting with an object

in the environment, and its form depends on the particular propagation mechanism. For reflected MPCs,

this matrix is diagonal [124], i.e.

Γr [2×2] =

R⊥(ϑi ) 0

0 R‖(ϑi )

 (3.11)

where:

• ϑi : incidence angle;
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Figure 3.3: Polarisation directions and mismatch angles in space, for the first-order MPCs.

• R⊥/‖ : reflection coefficient for polarisation perpendicular/parallel to the incidence plane.

Considering the typical (non-magnetic) dielectric materials, the reflection coefficients are given by [124]:

R⊥ =
cos(ϑi )−

√
εr − sin2(ϑi )

cos(ϑi ) +
√
εr − sin2(ϑi )

(3.12)

R‖ =
εr cos(ϑi )−

√
εr − sin2(ϑi )

εr cos(ϑi ) +
√
εr − sin2(ϑi )

(3.13)

where:

• εr : relative dielectric constant of the surface material.

The exhibited reflection loss and the reflected field’s polarisation angle can be determined from the

reflection coefficients, according to:

Rloss =
√

R2
⊥ cosϑipol + R2

‖ sinϑipol (3.14)

ϑrpol = arctan

(
R‖ sinϑipol
R⊥ cosϑipol

)
(3.15)

where:

• θipol : incident polarisation angle, with respect to the incidence plane normal vector.

For diffracted MPCs, according to [125, 129], with a simple rearrangement, the diffraction matrix Γd

is given as:

Γd [2×2] = −(D0
i + Dn

i )Q(2ϑe)[2×2] + D0
r Γr (ϑ

0
i )[2×2] + Dn

r Γr (ϑ
n
i )[2×2] (3.16)

where:
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• ϑe : angle between the conventional and edge-fixed planes of incidence;

• ϑ
0/n
i : angle of incidence at the 0/n-face of the wedge;

• D
0/n
i/r : diffraction coefficient for incidence/reflection associated with the 0/n -face of the wedge.

According to UTD, the diffraction coefficients are given as (the upper/lower sign corresponding to super-

script 0/n) [126, Ch. 6]:

D
0/n
i =

− e−j
π
4

2nα
√

2πk sin(ψi )
cot

[
π ∓ (φdi − φti )

2nα

]
F [kLda

∓
d (φdi − φti )] (3.17)

D0/n
r =

− e−j
π
4

2nα
√

2πk sin(ψi )
cot

[
π ∓ (φdi + φti )

2nα

]
F [kLda

∓
d (φdi + φti )] (3.18)

where:

• ψi : incidence angle with respect to the edge;

• φ
t/d
i : incidence/diffraction angle with respect to the 0-face of the wedge;

• nα : wedge inner angle parameter, with the inner angle being given as:

αw = (2− nα)π (3.19)

where for the typical wedges, one has αw = π/2 and nα = 3/2;

• k : propagation constant, i.e. k = 2π/λ;

• Ld : distance parameter, given as:

Ld =
rts rsr sin2(ψi )

rts + rsr
(3.20)

rts/sr being the distance in between the Tx/Rx antenna and the diffraction point;

• a∓d ( . ) : functions defined as:

a∓d (x) = 1 + cos
[
2πnαN

∓
d (x)− x

]
(3.21)

with:

N∓d (x) = round

(
x ∓ π
2πnα

)
(3.22)

where round( . ) returns the integer closest to the argument;

• F ( . ) : transition function in the form of a Fresnel integral, given as:

F (x) = 2j
√
xe jx

∫ ∞
√
x

e−jt
2

dt (3.23)

The geometry associated with the wedge diffraction is shown in Fig. 3.4, where the important pa-

rameters in (3.17) and (3.18) are indicated. The conventional incidence plane is dotted in the figure,

while the edge-fixed ones are depicted with a grey shade. One should note that the former is defined by

antennas positions and the diffraction point, and the latter two by the edge and the Tx and Rx antennas,

respectively. The angles in between both edge-fixed planes and the conventional one are equal, being

derived in [130, App. III].

Finally, one should note that body-shadowing from the user is not explicitly modelled in this work, but

it is assumed to be accounted for by the wearable antenna radiation pattern, obtained with it operating
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Figure 3.4: Wedge diffraction geometry.

on the body. If a more delicate treatment of the shadowing by the user is required, the UTD for cylinder

diffraction [131, 132] can be employed to account for the body-diffracted MPCs that propagate around

the body as creeping waves [133, 134]. A similar approach can be adopted for the shadowing from other

people obstructing the LoS or MPCs’ paths [135]. However, the latter is out of the scope of this work.

3.2.2 Geometry-based derivation

The polarisation matrix elements represent the coupling coefficients in between the θ - and φ -polarisations

of the Tx and Rx antennas. As demonstrated in what follows, these coupling coefficients depend on the

path geometry of an MPC and the involved propagation mechanisms. One should note that the expres-

sions provided herein are general and applicable to any propagation environment geometry.

LoS

Considering the LoS component, for the LoS mismatch angle one has:

cos(ϑLoS) = ut
θ · ur

θ (3.24)

sin(ϑLoS) = ur
θ · ut

φ (3.25)

where:

• u
t/r
θ/φ : unit Tx/Rx antenna θ/φ -polarisation vector.
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The unit polarisation reference vectors for the direct path are obtained as:

u
t/r
φ =

k× u
t/r
z∥∥∥k× u
t/r
z

∥∥∥ (3.26)

u
t/r
θ = u

t/r
φ × k (3.27)

with the LoS component DoD/DoA being given as:

k =
rr − rt
‖rr − rt‖

(3.28)

where:

• rt/r : Tx/Rx antenna position.

By replacing (3.24) and (3.25) in (3.8), one obtains the polarisation matrix for the LoS component, i.e.

HLoS
p [2×2] =

 ut
θ · ur

θ ut
φ · ur

θ

−ut
φ · ur

θ ut
θ · ur

θ

 (3.29)

Reflection

The mismatch angles for the first-order reflected MPCs are obtained as (the upper/lower sign corre-

sponds to index t/r ):

cos(ϑt/r ) = u
t/r
θ · u⊥ (3.30)

sin(ϑt/r ) = ±u
t/r
φ · u⊥ (3.31)

where:

• u⊥ : unit vector perpendicular to the incidence plane.

The unit polarisation reference vectors are in this case obtained according to:

u
t/r
φ =

kt/r × u
t/r
z∥∥∥kt/r × u
t/r
z

∥∥∥ (3.32)

u
t/r
θ = u

t/r
φ × kt/r (3.33)

u⊥ =
kr × kt

‖kr × kt‖
(3.34)

with the DoD/DoA vectors given by (the upper/lower sign corresponds to index t/r ):

kt/r = ± rs − rt/r∥∥rs − rt/r
∥∥ (3.35)

where:

• rs : scatterer position, i.e. reflection point.

By replacing (3.32) -(3.34) in (3.10), one obtains the polarisation matrix as:

Hp [2×2] =

ur
θ · u⊥ −ur

φ · u⊥
ur
φ · u⊥ ur

θ · u⊥

R⊥ 0

0 R‖

 ut
θ · u⊥ ut

φ · u⊥
−ut

φ · u⊥ ut
θ · u⊥

 (3.36)

37



The reflection coefficients in (3.36) are obtained according to (3.12) and (3.13), where:

cos(ϑi ) =

√
1

2
(1− kr · kt) (3.37)

sin(ϑi ) =

√
1

2
(1 + kr · kt) (3.38)

Diffraction

The mismatch angles for the first-order diffracted MPCs are obtained according to the same expressions

as for the reflected ones, with the scatter position in this case being the diffraction point on the edge.

For the angle in between the conventional and edge-fixed planes of incidence in (3.16), one has [130,

App. III]:3

cos(ϑe) = ût
⊥ · u⊥ (3.39)

sin(ϑe) = ût
‖ · u⊥ (3.40)

where:

• ût
⊥/‖ : unit vector perpendicular/parallel to the edge-fixed plane of incidence (Fig. 3.4).

With the DoD and DoA given by (3.35) in this case as well, the unit polarisation reference vectors

associated with the edge-fixed incidence plane are obtained according to [126, Ch. 6] (the upper/lower

sign corresponds to index t/r ):

û
t/r
⊥ = ± kt/r × us

z∥∥kt/r × us
z

∥∥ (3.41)

û
t/r
‖ = kt/r × û

t/r
⊥ (3.42)

where:

• us
z : unit z-axis vector of the local coordinate system associated with the wedge, i.e. aligned

with the edge (Fig. 3.4).

By replacing (3.39) and (3.40), together with (3.30) and (3.31), one obtains the polarisation matrix as:

Hp [2×2] =

ur
θ · u⊥ −ur

φ · u⊥
ur
φ · u⊥ ur

θ · u⊥

Γd11 Γd12

Γd21 Γd22

 ut
θ · u⊥ ut

φ · u⊥
−ut

φ · u⊥ ut
θ · u⊥

 (3.43)

with:

Γd11 = D0
r R

0
⊥ + Dn

r R
n
⊥ − (D0

i + Dn
i )
[
(ût
⊥ · u⊥)2 − (ût

‖ · u⊥)2
]

(3.44)

Γd22 = D0
r R

0
‖ + Dn

r R
n
‖ − (D0

i + Dn
i )
[
(ût
⊥ · u⊥)2 − (ût

‖ · u⊥)2
]

(3.45)

Γd12 = −Γd21 = 2 (ût
‖ · u⊥)(ût

⊥ · u⊥) (3.46)

where:

• R
0/n
⊥/‖ : reflection coefficient for the polarisation perpendicular/parallel to the incidence plane, for

reflection on the 0/n-face of the wedge.

3One uses the double angle formulas for sine and cosine to then obtain the elements of the rotation matrix in (3.16).
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Considering the remaining parameters required to calculate diffraction coefficients according to (3.17)

and (3.18), for the incidence angle with respect to the edge, one has:

sin(ψi ) =
√

1− (kt · us
z)2 (3.47)

Similarly, the incidence and diffraction angles with respect to the 0-face of the wedge are obtained

according to (the upper/lower sign corresponds to index t/d):

φ
t/d
i = arctan

(∓kt/r · us
x

∓kt/r · us
y

)
(3.48)

where:

• us
x ,y : unit x/y -axis vector of the local coordinate system associated with the wedge (Fig. 3.4).

Finally, the incidence angles for reflections from wedge faces are given by:

cos(ϑ0
i ) = max{−kt · us

x , kr · us
x} (3.49)

cos(ϑni ) = max{ kt · us
y ,−kr · us

y} (3.50)

3.3 Influence of user dynamics

Both displacement and rotation of the antenna affect the channel. The former yields changes in the prop-

agation path geometry, which primarily result in MPCs’ phase variation, hence, giving rise to multipath

fading. The latter changes the radiation characteristics of the antenna relative to the surroundings, i.e.

the spatial characteristics of the radiated field in the Tx mode, or the sensitivity to arriving MPCs in the Rx

one. This means that the DoDs/DoAs of the MPCs, as seen by the wearable antenna, are time-variant.

These DoDs/DoAs are given by the corresponding azimuth and elevation angles (the upper/lower sign

corresponds to index t/r ):

φt/r (t, φ̂t/r , φ̂t/r ) = arctan

(
±kt/r (φ̂t/r , φ̂t/r ) · ua

y (t)

±kt/r (φ̂t/r , φ̂t/r ) · ua
x(t)

)
(3.51)

ψt/r (t, φ̂t/r , φ̂t/r ) = arcsin
(
±kt/r (φ̂t/r , φ̂t/r ) · ua

z(t)
)

(3.52)

where:

• ua
x/y/z : unit vector along the x/y/z axis of the antenna coordinate system.

The terms in (3.51) and (3.52) are illustrated in Fig. 3.5, for a rotated patch antenna whose plane lies

within the Y-Z plane of the associated local coordinate system, shown as a grey rectangle. One should

note that the DoD/DoA vectors in (3.51) and (3.52), kt/r , also change with the antenna displacement.

However, these changes are slow over the motion cycle, the antenna rotation having the dominant

influence.

A variable DoD/DoA of the MPC yields variations in the associated gain, as one has:

Gt/r (φt/r ,ψt/r )[dB] = 20 log
∥∥gt/r (φt/r ,ψt/r )

∥∥ (3.53)

However, user’s motion has even a more significant effect on channel characteristics when signal polar-

isation is considered. In addition to amplitude fluctuations due to variable gain, DoD/DoA variations due
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to antenna rotation also contribute to the depolarisation effect. The imbalance between gain components

results in a rotation of the antenna polarisation relative to the reference, i.e. θ - and φ -polarisations. More

precisely, considering a linearly polarised antenna, the polarisation angle relative to the θ -polarisation is

given as:

ϑ
ta/ra
pol (φt/r ,ψt/r ) = arctan


∣∣∣gφt/r (φt/r ,ψt/r )

∣∣∣∣∣∣gθt/r (φt/r ,ψt/r )
∣∣∣
 (3.54)

where:

• g
θ/φ
t/r : complex Tx/Rx antenna gain in θ/φ -polarisation.

This means that the polarisation of a departing MPC on the one hand, and the mismatch in between

the polarisations of an arriving MPC and the antenna on the other hand, are changing due to user’s

motion. This depolarisation mechanism, associated with imperfect polarisation characteristics of prac-

tical antennas, affects MPCs as well as the LoS component, thus having an important influence on the

average Rx power. This, however, does not apply to antennas with ideal polarisation characteristics, e.g.

dipoles, which radiate and receive energy only in the θ-polarisation [55]. This depolarisation mechanism

is typically quantified by the antenna XPI, calculated as:

X
t/r
pi (φt/r ,ψt/r )[dB] = 20 log

∣∣∣∣∣g
θ
t/r (φt/r ,ψt/r )

gφt/r (φt/r ,ψt/r )

∣∣∣∣∣ (3.55)

The antenna rotation has another, more significant, contribution to the depolarisation effect. The

consequent rotation of the antenna polarisation reference vectors, i.e. ua
θ and ua

φ, results in a further

mismatch between the antenna and the MPC. In the model, this is represented by the LoS mismatch

angle in (3.8), and by the Tx and Rx mismatch angles in (3.10).
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3.4 Antenna mobility model

This section presents an analytical mobility model for wearable antennas in BANs with dynamic users,

developed in order to take the influence of user dynamics into account. The model is simple, yet realistic,

with MoCap data being used to calculate its parameters. It is suitable for use with a variety of propagation

channel models, including deterministic ray-tracing and stochastic geometry-based ones, but also allows

for analytical inference in simplified scenarios.

3.4.1 Position and orientation of the antenna

The uniform motion of a person walking and running is distinctively cyclic, and can be represented as

the composition of two components: forward motion at a constant velocity, and a periodic component

corresponding to the change in body posture during a motion cycle. Considering the position of an on-

body antenna, the former translates into a linear component common to all on-body antennas, describing

the position of a reference point associated with the body, while the latter corresponds to the relative

motion of the antenna with respect to this reference. Hence, the position of the antenna over time can

be represented as:

r[m](t) = r0 [m] + vu [m/s]t[s] uv + ∆r[m](t) (3.56)

where:

• vu : user’s velocity;

• r0 : starting point, i.e.

r0 = (r0,x , r0,y , 0) (3.57)

• uv : unit direction vector, i.e.

uv = (cosφu, sinφu, 0) (3.58)

with φu being the direction azimuth angle;

• ∆r : periodic component.

The terms in (3.56) are illustrated in Fig. 3.6. In order to allow for the highest level of flexibility and the

most straightforward modification of motion for an arbitrary path, model parameters are calculated for

the reference case in which the user starts at the origin and moves in the positive x-axis direction, i.e.

r0,x/y = 0 m and φu = 0◦.

Following an approach similar to the one used in computer animation [136], the periodic component

is modelled by a Fourier series for each coordinate, i.e. ∆rx , ∆ry , and ∆rz , which can be expressed in a

vector form by:

∆r(t) = a0 +

Nh∑
n=1

[
ac
n cos

(
n

2π

T
t

)
+ as

n sin

(
n

2π

T
t

)]
(3.59)

where:
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Figure 3.6: Illustration of the model for antenna position.

• Nh : number of harmonics;

• T : motion cycle period;

• a0 : mean values of position coordinates;

• ac
n : amplitudes of n-th harmonic’s cosine component;

• as
n : amplitudes of n-th harmonic’s sine component.

This approach yields a unified model for all on-body antennas and user motions, where only the

values of the parameters change; the period (T ) is fixed for a particular user motion, while the amplitude

parameters a0, ac
n and as

n vary for antenna’s placements and motions. The number of harmonics can

be chosen separately for each component, depending on its variability; Nh is chosen according to the

most variable component, while the higher harmonics’ amplitude parameters are set to zero for the less

variable ones. One should note that a0 obtained for a walking user approximates the antenna position

for the static standing posture, hence, it can be used for static off-body channel considerations.

The antenna orientation can be represented as a rotation of the local coordinate system relative to

the global one (i.e. ux , uy and uz ), which in turn can be represented by a sequence of Euler rotations

[137]. With a chosen axis rotation sequence Z-Y-Z, the antenna orientation is represented by three

(proper) Euler angles4 γ1, γ2 and γ3, corresponding to the successive elementary rotations about the z-,

y - and z-axes of the local coordinate system, respectively, as illustrated in Fig. 3.7.

The antenna orientation vectors at the end of the rotation sequence are obtained in the columns/rows

of the composite rotation matrix (considering column/row-vector representation) [137], where one has:

ua
x = ( cos γ1 cos γ2 cos γ3 − sin γ1 sin γ3,

sin γ1 cos γ2 cos γ3 + cos γ1 sin γ3,

− sin γ2 cos γ3) (3.60)

ua
y = (− cos γ1 cos γ2 sin γ3 − sin γ1 cos γ3,

− sin γ1 cos γ2 sin γ3 + cos γ1 cos γ3,

4While this notation is chosen for convenience, in computer animation and aerospace engineering Euler angles are typically

denoted as α, β, γ or φ, θ, ψ, respectively.
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sin γ2 sin γ3) (3.61)

ua
z = ( cos γ1 sin γ2, sin γ1 sin γ2, cos γ2) (3.62)

With the chosen rotation sequence Z-Y-Z, the first two Euler angles specify the antenna tilt; γ1 is the

azimuth direction in which the antenna is tilted and γ2 is the tilt angle. The last angle in the sequence,

i.e. γ3, determines the final pointing direction of the antenna.
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Figure 3.7: Successive Euler rotations, for the axis rotation sequence Z-Y-Z.

For the periodic character of the antenna rotation imposed by motions due to walking or running,

Euler angles exhibit periodic variations, hence, they can be modelled via a Fourier series given as:

γi (t) = b0,i +

Nh∑
n=1

[
bcn,i cos

(
n

2π

T
t

)
+ bsn,i sin

(
n

2π

T
t

)]
(3.63)

where:

• b0,i : mean value of angle γi ;

• bcn,i : amplitude of n-th harmonic’s cosine component;

• bsn,i : amplitude of n-th harmonic’s sine component.

The period of the series for Euler angles (3.63) is the same as that for antenna position (3.59), for each

user motion.

3.4.2 Estimation of model parameters

In order to obtain realistic motion, the calculation of the model parameters is based on MoCap data [138].

While these data are provided for the human body, the motion of the attached on-body antennas can be

obtained by using the methods from computer animation. To do so, one should consider that MoCap

data are provided for a skeleton model that represents the body as a set of bones and connecting joints

[137]. The skeleton’s motion is provided in terms of the position of an associated reference point and a

set of rotations for each joint; the former specifies the global position of the body, and the latter sets the

orientations of the associated bones and posture of the body, altogether.

In a way similar to the one used to drive the motion of a character in computer animation, the skeleton

with its associated MoCap data can be used to drive the motion of an on-body antenna. This is achieved
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by associating the antenna with a bone in the skeleton based on the on-body placement, i.e. by defining

its position and orientation relative to the bone, and inheriting its motion. Fig. 3.8 shows this association

for several on-body antenna placements: front and back sides of the torso (To F/B), left and right sides

of the waist (Wa L/R), left and right sides of the head (He L/R), left and right upper arms (AU L/R), left

and right hand wrists (AL L/R), left and right upper legs (LU L/R), and left and right lower legs (LL L/R).

These antenna placements are chosen to represent popular BAN applications, such as smart watch,

smart glasses, and chest band cardio monitor, among others [1].

To F?
To B

He L?
He R

Wa L?
Wa R

AU L?

AU R

AL L?

AL R

LU L?

LU R

LL L?

LL R

uax

uay

uaz

Figure 3.8: Wearable antenna placements and their association with the skeleton model.

With the established antenna-bone association, the antenna motion is obtained by using the MoCap

toolbox in MATLAB [139], [140] and the data available in the CMU Graphics Lab Database [138], namely,

motions 33 (walking) and 26 (running) for subject 35. A simple linear transformation is applied to the

data to obtain the motion with a user moving in the positive x-axis direction, starting at the origin. Then

the data corresponding to a single motion cycle period are extracted based on a gait analysis [137].

The parameters of the forward motion component in (3.56) are first calculated by fitting a linear model

to the x-axis coordinate of the extracted antenna position, where the obtained slope corresponds to the

velocity (vu). The least squares fit of the series is then performed for the periodic components, where

the least number of harmonics is chosen for which the maximum absolute error is below a tolerance

threshold, i.e. 5 cm for the position and 10◦ for the angles. The angle of the relative rotation between the

orientations obtained from the proposed model and the MoCap data, i.e. extracted from the axis-angle

representation [137], is considered for the latter.

The main goal is to capture the main characteristics of the periodic antenna motion while preserving

simplicity. Imposing more stringent constraints on the error tolerance would result in a higher number

of harmonics in the Fourier series representation, while just marginally improving the model’s accuracy.

Since human motion is not perfectly periodic, the periodicity imposed by the Fourier series yields devi-

ations from the MoCap data that are tolerated by the adopted thresholds. If required, these deviations

can be simulated by adding additional periodic components to antenna position and orientation, with

their period stretching over several (e.g. 2 or 3) motion periods. One could justifiably argue that the

antenna position error, in channel modelling applications, has more significance at higher frequencies,
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e.g millimetre waves. Nonetheless, the above reasoning still applies and one should restrain from over-

modelling. Furthermore, one should remember that human motion is not deterministic, thus an effort to

improve the model accuracy beyond a certain threshold is not of value for the purpose in mind.

3.4.3 Exploration of symmetries to reduce information

The evident symmetries characterising the human body and its motion allow for a considerable simplifi-

cation of the model. For the on-body antenna placements shown in Fig. 3.8, it is sufficient to provide the

parameters for those marked with a star, while the motion for the remaining ones can be obtained from

the symmetry relations, derived in what follows.

With the perfect symmetry of the body and its motion being assumed, one starts by observing that

the walking and running motions are characterised by periodic changes in the posture of a person, which

yield symmetric movement of the left and right sides of the body, but with an offset of a half the motion

period. Hence, exhibited rotations and trajectories traced by two symmetrically placed antennas are

images of each other. Considering that the user is aligned with the z-axis and faces the positive x-axis

direction, the plane of this symmetry is the X-Z plane.

Since the reflection of a point about the X-Z plane is essentially obtained by changing the sign of the

y -coordinate, the positions of the antennas on symmetric placements on the left and right sides of the

body are related according to:

∆rRx/z(t) = ∆rLx/z(t − T/2) (3.64)

∆rRy (t) = −∆rLy (t − T/2) (3.65)

where superscripts L/R indicate the left/right sides of the body.

The orientations of these wearable antennas exhibit states that are also mirrored images of one

another, with the matching orientations occurring with half the motion period offset between the two

antennas. In order to obtain the symmetry relations for the Euler angles, one should consider the

orientation of the antenna over time as a rotation by an angle γ3, about the axis established by the

sequence of the first two elementary rotations (γ1, γ2). This axis corresponds to the vector ua
z of the

antenna’s local coordinate system, which is aligned with that of the arm or the leg it is attached to.

For symmetric wearable antenna placements, the corresponding vectors ua
z are reflections of one

another with respect X-Z plane, and the rotations about these axes are reversed in sense. The latter

means that γ3 is equal in magnitude but reversed in sign for the symmetric placements, while the former

and (3.62) yield:

cos γR1 (t) sin γR2 (t) = cos γL1 (t − T/2) sin γL2 (t − T/2) (3.66)

sin γR1 (t) sin γR2 (t) = − sin γL1 (t − T/2) sin γL2 (t − T/2) (3.67)

In turn, the symmetry relations for Euler angles can be written as:

γRi (t) = (−1)i γLi (t − T/2), i = 1, 2, 3 (3.68)
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These relations do not hold for antennas on the waist and the head. While their positions are related

according to (3.64) and (3.65), the Wa L and Wa R antennas have the same orientation as they share the

common vertical rotation axis (i.e. ua
z ) and face the same side of the body. The He L and He R antennas

also share the vertical axis, i.e. the one of the head, but face opposite directions. This also means that

their orientations are directly related, i.e. without a time offset of T/2; thus it comes straightforward that:

γR1/2(t) = γL1/2(t) (3.69)

γR3 (t) = γL3 (t) + 180◦ (3.70)

By assuming their placement on exactly opposite sides of the head, the distance between the He L and

He R antennas is equal to the head’s diameter, DH (e.g. 18 cm [113]), but in the direction that varies

over a motion cycle, hence:

∆rR[cm](t) = ∆rL[cm](t)− DH [cm] ua L
x (3.71)

The case for the To F and To B antennas is essentially the same as for the He L and He R ones,

while the common vertical axis is now the one of the torso. Therefore, (3.69) and (3.70) also hold for the

To F and To B antennas, where superscripts L/R are replaced by F/B. However, the diameter of the

torso, DT (e.g. 26 cm [113]), should be used in (3.71) instead of the one of the head.

3.4.4 Model parameters

Following the procedure described in Section 3.4.2, the model parameters were calculated from MoCap

data for walking and running motions [138] (subject 35, motions 33 and 26, respectively). User’s velocity

is estimated to be 1.307 m/s and the motion cycle period is 1.142 s for the former, while the respective

values are 3.551 m/s and 0.717 s for the latter.

As discussed in Section 3.4.3, the parameters of the Fourier series representation of the periodic

components are calculated for the antenna placements indicated by a star in Fig. 3.8. These values are

summarised in Table 3.1 for the position coordinates, and in Table 3.2 for the Euler angles representing

orientation. For the antenna position (Table 3.1), a single harmonic in the Fourier series is typically

sufficient, two being required only for a few components in the case of the walking motion, while two

harmonics are also mostly required for the running case. On the other hand, the orientation angles in

most cases can be represented by a single harmonic and only a few components require two, for both

walking and running.

It is noted that the parameters in Table 3.1 correspond to walking and running motions of a regular

person, where variations across different people are expected to be insignificant for channel modelling

purposes. Moreover, they correspond to the user moving in the positive x-axis direction of the global

coordinate system. The user motion specified by these parameters can be easily modified for arbitrary

path and velocity.

For a straight motion path specified by its end points, the direction vector in (3.56) is obtained ac-

cording to:

uv =
rd − r0

‖rd − r0‖
(3.72)
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Table 3.1: Estimated parameters for antenna position (periodic component).

Walking, T = 1.142 s Running, T = 0.717 s

Ant. Comp.
a0 ac1 as1 ac2 as2 a0 ac1 as1 ac2 as2

[cm] [cm] [cm] [cm] [cm] [cm] [cm] [cm] [cm] [cm]

To F

∆rx 10.1 0.3 0.2 - - 14.9 0.1 0.4 - -

∆ry 0.1 -0.5 2.4 - - -0.6 -2.3 0.3 - -

∆rz 135.5 0.1 -0.1 - - 134.9 -0.3 -0.9 -3.3 -3.9

He L

∆rx 5.0 0.0 -0.8 - - 7.0 0.8 0.3 - -

∆ry 9.1 -0.3 2.5 - - 5.9 -0.9 -0.1 - -

∆rz 165.1 -0.2 -0.3 - - 166.0 -0.3 -1.0 -3.1 -3.6

Wa L

∆rx 8.5 0.8 0.7 -1.6 0.7 7 0.7 0.1 0.3 -1.4

∆ry 11.9 -2.3 2.3 - - 12.2 -0.6 -0.8 - -

∆rz 90.9 -1.0 0.3 - - 90.8 -0.3 -1.6 -2.8 -3.4

AU L

∆rx -0.3 -3.4 -2.7 - - 0.3 4.1 -5.9 - -

∆ry 22.9 -2.5 1.2 - - 20.7 0.9 -1.9 - -

∆rz 128.7 -0.5 -0.5 - - 130.9 0.3 1.4 -3.7 -4.0

AL L

∆rx 10.1 -11.3 -8.8 - - 21.3 2.4 -9.6 1.6 0.9

∆ry 27.1 -4.8 1.3 - - 14.2 -3.7 2.2 - -

∆rz 87.0 -3.1 -2.2 - - 116.1 -2.9 -11.7 -6.4 -4.1

LU L

∆rx 7.9 8.9 1.4 -3.2 -0.9 5.6 -2.1 10.0 1.3 0.2

∆ry 13.6 -1.4 1.3 - - 13.9 1.1 1.0 - -

∆rz 71.1 0.8 -0.2 - - 71.9 0 0.6 -3.9 -3.2

LL L

∆rx 4.2 23.8 8.0 -0.1 -2.5 -4.5 -13.5 23.2 2 -1.3

∆ry 10.3 0.0 -0.3 - - 9.3 3.1 2.8 - -

∆rz 32.2 0.3 -3.9 -1.8 -0.1 39.4 9.9 1.0 -1.3 -1.5

where:

• rd : destination point.

The azimuth angle of the motion direction is obtained as:

φu = arctan

(
uv · uy

uv · ux

)
(3.73)

Since the default motion is in the direction of the positive x-axis, an additional rotation about the z-axis

for angle φu has to be applied to the periodic component in (3.56) and orientation vectors (3.60) - (3.62).

Considering that Euler rotations are equivalent to the ones about the global (fixed) axis in the reverse

order [137, Ch. 2], the latter is equivalent to adding angle φu to the Euler angle γ1 (i.e. for all antennas):

γ̂1 = γ1 + φu (3.74)

where the hat indicates the parameters of the new modified motion, the original values being provided in

Table 3.1. In a general case, the direction vector and the corresponding azimuth angle change over time.

An arbitrary motion path can be represented by a parametric curve [137, Ch. 3], whose (normalised)

first derivative in each point represents the direction vector. If the path curve has a simple analytical

expression for the first derivative, the mobility model should remain fairly simple.
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Table 3.2: Estimated parameters for antenna orientation (Euler angles, for rotation sequence Z-Y-Z).

Walking, T = 1.142 s Running, T = 0.717 s

Ant. Comp.
b0 bc1 bs1 bc2 bs2 b0 bc1 bs1 bc2 bs2

[deg] [deg] [deg] [deg] [deg] [deg] [deg] [deg] [deg] [deg]

To F

γ1 -23.9 24.1 13.7 - - -24.4 -17.5 8.9 - -

γ2 3.9 - - - - 8.8 - - - -

γ3 22.8 -19.8 -10.3 - - 25.6 8.3 -3.7 - -

He L

γ1 -10.0 7.5 5.9 - - 113.7 -3.2 5.7 - -

γ2 14.8 - - - - -8.3 - - - -

γ3 93.1 -5.2 -3.3 - - -32.5 -2.4 -4.1 - -

Wa L

γ1 -24.4 -66.3 23.8 - - 23.1 0.4 40.4 - -

γ2 -4.9 - - - - 4.7 - - - -

γ3 22.8 62.8 -24.9 - - -22.8 -5.8 -41.6 - -

AU L

γ1 124.8 45.5 30.1 - - -16.6 -16.6 21.6 - -

γ2 -12.6 - - - - 28.1 0.1 18.4 - -

γ3 -16.1 -37.8 -20.6 - - 110.7 3.7 -11.7 - -

AL L

γ1 24.8 7.8 13.4 - - -11.9 -13.5 11.3 - -

γ2 -23.8 12.2 9.0 - - -85.6 5.8 29.6 4.5 -0.1

γ3 41.8 -2.2 -4.7 - - 94.9 -3.1 2.2 - -

LU L

γ1 2.0 -5.4 -4.6 - - 8.4 13.4 -7.2 - -

γ2 -11.7 -22.5 -2.2 5.0 5.1 -11.0 7.1 -29.9 -3.6 -5.5

γ3 83.8 2.1 1.6 - - 84.1 -14.4 9.2 - -

LL L

γ1 3.1 -5.3 4.3 - - 9.5 -7.7 0.7 - -

γ2 21.2 -19.8 -18.7 -15.0 1.5 46.4 36.7 -8.1 8.6 11.0

γ3 82.6 1.4 -7.5 - - 82.2 9.0 2.7 - -

Motion velocity can be modified by directly providing a value for the forward motion component in

(3.56), and appropriately changing the period of the Fourier series representing the periodic component.

For a given velocity (v̂u), the corresponding motion period is obtained according to:

T̂ =
vu
v̂u

T (3.75)

where again the hat indicates the parameters of the new modified motion. However, one has to be

careful when modifying the velocity, since values far from the ones estimated from the MoCap data may

yield unnatural motion. Finally, it should be noticed that the starting posture of the user can be changed

as well. This is achieved by setting a common initial phase to all periodic components.

3.5 Scattering cylinder environment

3.5.1 General description

The scattering effects in the propagation environment surrounding the user can be effectively modelled

by a simplified geometry. This approach has been taken for a variety of radio channels, being a popular

choice for mobile communication [86, 141], and recently adopted for the on-body channel as well [93, 94].
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In the latter, scatterers are assumed to be distributed on a circular cylinder, centred around the wearable

antenna. The same geometry is adopted herein, but with the scattering cylinder centred around the

user, as illustrated in Fig. 3.9. This choice allows for a consistent consideration of wearable antennas on

different on-body placements simultaneously.

Origin

z

y x

Figure 3.9: Scattering cylinder geometry.

The global coordinate system chosen for reference is such that the user is over the origin, and the

off-body antenna is at a specified distance along the x-axis. The user’s orientation is specified by the az-

imuth angle, by default facing in the positive x-axis direction. The scatterers’ positions on the cylinder are

given in cylindrical coordinates. Therefore, positions of the AP and scatterers are respectively given by:

rap = (d , 0, hap) (3.76)

rns = (Rs cosφns ,Rs sinφns , hns ) (3.77)

where:

• d : distance between the user and the off-body antenna;

• hap : off-body antenna height;

• hns : n-th scatterer height;

• φns : n-th scatterer azimuth;

• Rs : scattering cylinder radius.

The scattering cylinder radius can be either a fixed parameter, if one considers a narrowband channel,

or a random variable, if different MPCs’ delays need to be represented for wideband channel considera-

tions. The wearable antenna’s position and orientation is changing over time, according to the presented

mobility model (Section 3.4), depending on the on-body antenna placement and the user’s motion. By

additionally considering the antennas’ orientations, the polarisation matrix for the MPC associated with

n-th scatterer is obtained according to Section 3.2.2, by replacing the antennas’ position vectors accord-

ing to the assigned Tx and Rx roles.

Finally, with typically clustered distributions of the scatterers being adopted in GBSC models, one

might argue that the direct application of the reflection coefficients is not an appropriate approach. If

arbitrary distributions of the MPCs’ amplitudes are to be used, e.g. as extracted from measurements,
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the polarisation matrix elements should be additionally normalised by the reflection loss, i.e.

Rloss =
√
R2
⊥ cos2 ϑt + R2

‖ sin2 ϑt (3.78)

=
√
R2
⊥(u

t/r
θ · u⊥)2 + R2

‖(u
t/r
φ · u⊥)2 (3.79)

3.5.2 Model simplification

Since the wearable antenna displacement over the motion cycle has a minor effect on the incidence

plane inclination and AoDs/AoAs variations it can be neglected, and the channel model can be further

simplified by assuming the cylinder is centred around the wearable antenna. One should note that this

assumption is valid for off-body channels with a single on-body antenna, while it should be revised in

the case that wearable MIMO systems are considered, as the spatial configuration of the antennas is

important in the latter case.

Polarisation matrix

The effects of the environment can be separated from those associated with antennas’ orientations, thus

the wearable antenna rotations with user’s motion, if an alternative factorisation of the polarisation matrix

is used. By considering the V and H polarisations as a reference, i.e. dependent only on the antennas’

positions, the polarisation matrix for the LoS component can be written as:

HLoS
p [2×2] = Q(ϑra)[2×2]Q(ϑta)[2×2] (3.80)

where:

• ϑta/ra : angle between the Tx/Rx antenna’s θ-polarisation and the V-polarisation reference.

Similarly, for the first-order reflected MPCs one has:

Hp [2×2] = Q(ϑra)[2×2]Ĥp [2×2]Q(ϑta)[2×2] (3.81)

where:

• Ĥp : polarisation matrix in case the Tx and Rx antennas are vertical;

• ϑts/rs : angle between the Tx/Rx antenna’s θ -polarisation and the V -polarised reference.

With Ĥp obtained according to (3.10), i.e. for u
t/r
z = uz , one additionally has (the upper/lower sign

corresponds to index ta/ra):

cos(ϑta/ra) =
u
t/r
V · u

t/r
z√

(u
t/r
V · u

t/r
z )2 + (u

t/r
H · u

t/r
z )2

(3.82)

sin(ϑta/ra) = ± u
t/r
H · u

t/r
z√

(u
t/r
V · u

t/r
z )2 + (u

t/r
H · u

t/r
z )2

(3.83)

where:

• u
t/r
V/H : V/H -polarisation unit vectors at the Tx/Rx antenna, i.e.

u
t/r
H =

kt/r × uz∥∥kt/r × uz

∥∥ (3.84)
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u
t/r
V =

u
t/r
H × kt/r∥∥∥u
t/r
H × kt/r

∥∥∥ (3.85)

By expressing the DoD/DoA vectors in terms of the corresponding AoDs/AoAs (with respect to the

global coordinate system), and additionally using (3.62), from (3.82) and (3.83) one obtains (the up-

per/lower sign corresponds to index t/r ):

cos(ϑta/ra) =
cos γ

t/r
2 cos ψ̂t/r − sin γ

t/r
2 sin ψ̂t/r cos ∆φ̂t/r√

(cos γ
t/r
2 cos ψ̂t/r )2 + (sin γ

t/r
2 sin ψ̂t/r cos ∆φ̂t/r )2

(3.86)

sin(ϑta/ra) = ± sin γ
t/r
2 sin ∆φ̂t/r√

(cos γ
t/r
2 cos ψ̂t/r )2 + (sin γ

t/r
2 sin ψ̂t/r cos ∆φ̂t/r )2

(3.87)

where:

• φ̂t/r : AAoD/AAoA in the global coordinate system;

• ψ̂t/r : EAoD/EAoA in the global coordinate system;

• γ
t/r
i : Euler angles for the Tx/Rx antenna orientation;

• ∆φ̂t/r : azimuth angle difference:

∆φ̂t/r = φ̂t/r − γt/r1 (3.88)

One should note that (3.88) has to take the user’s orientation into account for the wearable antenna, for

which (3.74) should be used in place of γt/r1 .

AoDs and AoAs

In order to take the radiation characteristics of the antennas into account, one considers AoDs/AoAs in

the antenna’s local coordinate system. With the adopted assumptions and considering the Euler angle

representation of antenna orientation in Section 3.4.1, one has:5

ψt/r = arcsin
(

sin γ
t/r
2 cos ψ̂t/r cos ∆φ̂t/r + cos γ

t/r
2 sin ψ̂t/r

)
(3.89)

φt/r = arctan

(
− sin γ

t/r
3 (cos γ

t/r
2 cos ∆φ̂t/r − sin γ

t/r
2 tan ψ̂t/r ) + cos γ

t/r
3 sin ∆φ̂t/r

cos γ
t/r
3 (cos γ

t/r
2 cos ∆φ̂t/r − sin γ

t/r
2 tan ψ̂t/r ) + sin γ

t/r
3 sin ∆φ̂t/r

)
(3.90)

One should note that (3.89) and (3.90), as well as (3.86) and (3.87), hold for all signal components

regardless of the involved propagation phenomena, while the AoD/AoA are determined from the corre-

sponding path geometry.

3.5.3 Geometry-based derivation

In order to obtain the polarisation matrices for the LoS component and single-bounce MPCs, one con-

siders the geometry shown in Fig. 3.10. One should note that the wearable antenna is additionally

assumed to be the Rx one for convenient presentation, without loss in generality.

5By replacing (3.60) - (3.62) in (3.51) and (3.52), and additionally representing the DoD/DoA vectors in terms of the correspond-

ing AAoDs/AAoAs and EAoDs/EAoAs in the global coordinate system.
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Figure 3.10: Geometry of a scattering cylinder centred around the wearable Rx antenna.

Polarisation matrix

With the adopted Euler angle representation of the antenna orientation, the polarisation matrix for the

LoS component is obtained as:6

HLoS
p [2×2] =

1

bt0b
r
0

 bt1b
r
1 − bt2b

r
2 bt1b

r
2 + bt2b

r
1

−(bt1b
r
2 + bt2b

r
1) bt1b

r
1 − bt2b

r
2

 (3.91)

with the following notation being used:

b
t/r
1 =

1

r

(
d cos γ

t/r
2 −∆ht cos γ

t/r
1 sin γ

t/r
2

)
(3.92)

b
t/r
2 = sin γ

t/r
1 sin γ

t/r
2 (3.93)

b
t/r
0 =

√
(b

t/r
1 )2 + (b

t/r
2 )2 (3.94)

where:

• ∆ht : Tx height relative to the Rx, i.e.

∆ht = ht − hr (3.95)

ht/r being the (absolute) Tx/Rx antenna height;

• d : horizontal Tx - Rx distance;

• r : slant Tx - Rx distance, i.e.

r =
√
d2 + ∆h2

t (3.96)

Similarly, for the first-order reflected MPCs one has:

Hp [2×2] =
1

a0bt0b
r
0

 br1 br2

−br2 br1

R⊥d2rts rsr − R‖a1a2 −(R⊥rsra1 + R‖rtsa2)d

(R⊥rtsa2 + R‖rsra1)d R‖d2rts rsr − R⊥a1a2

 bt1 bt2

−bt2 bt1

 (3.97)

6By replacing (3.86) and (3.87) in (3.80), with the global coordinate system AoDs/AoAs obtained from the scenario geometry

in Fig. 3.10.
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with the following notation being used:

a0 =
dtsdsr

sin2 φ̂r

[
(r sin φ̂r )

2 +

(
∆ht cos φ̂r + ∆hs

d

dsr

)2
]

(3.98)

a1 =
1

sin φ̂r

[
∆ht(dsr − d cos φ̂r ) + ∆hs

(
d2

dsr
− d cos φ̂r

)]
(3.99)

a2 =
1

sin φ̂r

(
∆htdsr −∆hsd cos φ̂r

)
(3.100)

bt1 =
1

rts

{
d2
ts cos γt2 − (hs − ht)

[
d cos γt1 − dsr cos(φ̂r + γt1)

]
sin γt2

}
(3.101)

bt2 =
[
dsr sin(φ̂r + γt1)− d sin γt1

]
sin γt2 (3.102)

br1 =
1

rsr

[
dsr cos γr2 −∆hs cos ∆φ̂r sin γr2

]
(3.103)

br2 = sin ∆φ̂r sin γr2 (3.104)

where:

• ∆hs : Sc height relative to the Rx, i.e.

∆hs = hs − hr (3.105)

hs being the (absolute) Sc height;

• dts/sr : horizontal distance in between Tx/Rx and Sc, i.e.

dts =

√
d2 + d2

sr − 2ddsr cos φ̂r (3.106)

dsr = Rs (3.107)

• rts/sr : slant distance in between Tx/Rx and Sc, i.e.

rts =
√
d2
ts + (hs − ht)2 (3.108)

rsr =
√
d2
sr + ∆h2

s (3.109)

Moreover, (3.94) applies for bt/r0 here as well. If an additional normalisation by the reflection loss is to

be performed as discussed in Section 3.5.1, one would in this case have:

Rloss =
1

bt0

√
1

a0

dsr
dts

[
R2
⊥(bt1d rts + bt2a1)2 + R‖(bt2d rts + bt1a1)2

]
(3.110)

One should note that (3.97) generalises the polarised channel models based on GTDe [86, 93, 94], by

additionally allowing for arbitrary antennas’ orientation. The special case from these models is obtained

for vertical antennas, i.e. γt/r2 = 0, in which case one has:

Hp [2×2] = Ĥp [2×2] =
1

a0

R⊥d2rts rsr − R‖a1a2 −(R⊥rsra1 + R‖rtsa2)d

(R⊥rtsa2 + R‖rsra1)d R‖d2rts rsr − R⊥a1a2

 (3.111)

where the same notation (3.98) - (3.100) is used.

Finally, one additionally considers the small-scale fading effect due to user’s movement through

the imposed Doppler shift. By considering only the constant velocity of the user’s forward motion, the
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Doppler shift frequencies in (3.6) and (3.7) are obtained as:

f LoSD = vu
fc
c

d

r
cosφu (3.112)

f nD = vu
fc
c

dsr
rsr

cos(φ̂r − φu) (3.113)

One should note that the model considerably simplifies by neglecting the periodic antenna velocity com-

ponent associated with the changes in user’s posture. Nonetheless, the choice to consider only the

forward motion velocity should have little effect on the channel, especially for wearable antenna place-

ments on the head, torso or waist. Further investigation in this direction is left for future work, where

one should investigate whether the increase in model complexity by considering a full velocity vector is

justified by a possible improvement in accuracy.

AoDs and AoAs

While (3.89) and (3.90) are given in the general form, with the AoDs/AoAs obtained from the geometry

in Fig. 3.10 , for the LoS component one has (the upper/lower sign corresponds to index t/r ):

ψLoS
t/r = ∓ arcsin

[
1

r
(d cos γ

t/r
1 sin γ

t/r
2 + ∆ht cos γ

t/r
2 )

]
(3.114)

φLoSt/r = arctan

(
±ct/r sin γ

t/r
3 ± sin γ

t/r
1 cos γ

t/r
3

∓ct/r cos γ
t/r
3 ± sin γ

t/r
1 sin γ

t/r
3

)
(3.115)

where:

ct/r = cos γ
t/r
1 cos γ

t/r
2 − ∆ht

d
sin γ

t/r
2 (3.116)

Similarly, for the MPCs one obtains:

ψt = arcsin
1

dts

{[
d cos γt1 − dsr cos(φ̂r + γt1)

]
sin γt2 + (hs − ht) cos γt2

}
(3.117)

ψr = arcsin

{
cos ∆φ̂r sin γr2 +

∆hs
dsr

cos γr2

}
(3.118)

φt/r = arctan

cAt/r cos γ
t/r
3 − cBt/r sin γ

t/r
3

cAt/r sin γ
t/r
3 + cBt/r cos γ

t/r
3

 (3.119)

where:

cAt = dsr sin(φ̂r + γt1)− d sin γt1 (3.120)

cBt = [d cos γt1 − dsr cos(φ̂r + γt1)] cos γt2 − (hs − ht) sin γt2 (3.121)

cAr = dsr sin ∆φ̂r (3.122)

cBr = dsr cos ∆φ̂r cos γr2 −∆hs sin γr2 (3.123)

In conclusion, one should note that the channel model formulation presented in this section is fairly

simple and involves straightforward expressions, obtained by adopting a few reasonable assumptions.

While being simple, the model still considers the depolarisation effects associated with scattering as well

the influence of user dynamics, where the two are separated and represented by individual terms in the
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polarisation matrix. This simplifies further considerations related to first- and second-orders statistical

properties of the channel transmission coefficients between antennas’ polarisations, since the multiple

integrations involved in the required averaging can be performed sequentially. Most importantly, the

simple formulation might lead to close-form expressions for important statistical metrics, such as the au-

tocorrelation function. While pursuing this path is out of the scope of this thesis, it is certainly one of the

most important directions to consider in future work. One should also note that the model can be easily

adapted for body-to-body channel considerations. In this case, one should consider scattering cylinders

at both users’ sides, and simply employing the wearable antenna mobility model for both antennas. This

is another important direction to be explored in the future.
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Chapter 4

Model implementation

This chapter describes the implementation aspects of the off-body channel model developed in Chap-

ter 3. The structure of the simulator is described and the simulation sequence is outlined. The input

parameters are listed and the calculation of output metrics is described. The detailed structure of the

simulator modules is then provided, followed by the assessment. A strategy is developed for the latter,

where each module is assessed separately.
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4.1 Simulator structure

Fig. 4.1 outlines the general structure of the simulator based on the developed model, with its general

inputs and outputs being indicated. The simulator is organised in the three main modules, each im-

plementing a different aspect of the channel model. These modules and their functionalities within the

simulation scope are described in what follows. One should note that the implementation presented

here is based on the model for arbitrary geometry developed in Section 3.2.2, where first-order MPCs

bouncing from scatterers on the cylinder centred around the user are considered in addition to LoS

propagation, as discussed in Section 3.5.

Figure 4.1: Simulator structure.

The propagation model module is the central component of the simulator and it implements the

geometry-based off-body channel model, as described in Sections 3.1 and 3.2. This module calculates

selected radio channel parameters, e.g. Rx power and CIR, and provides them at the output. Main

operations herein are related to the calculation of the polarisation matrix elements based on the sce-

nario’s geometry, thus providing the coupling coefficients between the Tx and Rx antennas’ polarisation

components.

This component is fed by the information from other modules, but also by externally provided input

parameters. The former are changing with the simulation time, while the latter are set at the beginning

and kept constant during execution. As shown in Fig. 4.1, the external parameters include off-body AP

position and orientation, and antenna radiation characteristics specified by gain patterns in θ - and φ -

polarisations. As discussed in Chapter 3, wearable antennas’ gain patterns are assumed to be available

for their operation on the body.

The wearable antenna mobility module provides the position and orientation of the on-body antenna

at a given time, obtained from the analytical model described in Section 3.4. It requires the specification

of the wearable antenna on-body placement and user’s motion, provided as an external input. In total,

14 different antenna placements can be specified, with the user walking or running.
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The scattering environment module is responsible for providing the spatial configuration of the scat-

terers considered by the propagation model. In general, this information can be obtained either from an

external ray-tracer, with a detailed model of the environment, or specified for a simplified scattering ge-

ometry. The simulator was developed for the latter case, where scatterers are assumed to be distributed

on a circular cylinder centred around the user (Section 3.5). The main function of this module is to gen-

erate the scatterers’ positions on the cylinder based on the statistical distributions of the corresponding

azimuth angles and heights, specified as an input.

4.2 Simulation procedure

The simulation procedure is outlined by the flow chart shown in Fig. 4.2. One should note that a simula-

tion is performed at sampled time instances, i.e. frames, where an arbitrary sampling resolution can be

specified, since the simulator is based on analytical models.

Figure 4.2: Simulation procedure flowchart.

As indicated in the flow chart, when the simulation starts, the first step is the initialisation of param-

eters according to the input values. In this step, specified radiation patterns are associated with the Tx

and Rx antennas, the spatial configuration of the scatterers is established, the off-body AP position and

orientation are set, and the wearable antenna mobility model parameters are selected based on motion

specification. Following the simulation time initialisation, the simulator enters a loop that iterates through
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discrete time steps. In each step, the position and orientation of the wearable antenna are updated

for the current simulation time according to the mobility model, and the radio channel parameters are

calculated. The local simulator time is updated after each iteration and the simulation cycle is repeated.

The loop terminates once the simulation duration time is exceeded, where the ending time mark

(tmax ) is either provided as an input or calculated based on user’s velocity and motion path. When the

stopping criteria is fulfilled, a report is generated and provided at the output, and the simulation is finally

completed.

4.3 Input parameters

As indicated in Fig. 4.1, the simulator takes several inputs that specify the parameters related to all three

of its modules. These include te specification of mobility aspect, distribution of scatterers, and additional

parameters required by the propagation model. In addition to the operating frequency, the inputs also

include user’s orientation and distance from the AP, motion type, wearable antenna placement, AP

height and orientation, antennas’ radiation characteristics, and distribution of the scatterers. These

input parameters concern different entities in the simulator, as discussed in what follows.

The wearable antenna mobility is specified by user’s motion and on-body placement. While walking

and running can be chosen for the former, in total 14 different antenna placements can be specified for

the latter, i.e. front and back sides of the torso (To F/B), left and right sides of the waist (Wa L/R), left and

right sides of the head (He L/R), left and right upper arms (AU L/R), left and right hand wrists (AL L/R),

left and right upper legs (LU L/R), and left and right lower legs (LL L/R), as shown in Fig. 4.3. These

inputs are used for the selection of the corresponding mobility model parameters, including the user’s

forward velocity, motion cycle period, and parameters of the Fourier series for position and orientation

of the antenna, as given in Table 3.1. An additional parameter affecting the wearable antenna motion

relative to the AP is user’s orientation, which specifies an additional rotation around the user’s axis, i.e.

global z-axis. This rotation affects DoDs/DoAs of MPCs, and consequently their associated gains and

depolarisation due to motion dynamics, as discussed in Section 3.3.

Figure 4.3: Wearable antenna placements supported by the simulator.

The position and orientation of the off-body AP antenna are specified by its distance from the user,

height and Euler angles representing its orientation, where the same rotation sequence is adopted as
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for the wearable antenna, i.e. Z-Y-Z. One should note that these are set at the beginning of a simulation

and kept fixed during its execution, as the AP is assumed to be static.

For both wearable and off-body antennas, the simulator requires the specification of their radiation

characteristics. These are provided in the form of gain patterns in θ- and φ- polarisations, which can

be complex to facilitate arbitrary antenna polarisation, i.e. an elliptical one in general. The radiation

patterns are assumed to be obtained for the same frequency as the one specified for simulation, but

also for antennas’ operation on the body, thereby taking the effects of body shadowing and detuning due

to body-proximity into account.

Finally, the distribution of scatterers around the user is specified considering the assumed cylinder

geometry. Scatterers positions are defined by the radius and cylindrical coordinates, i.e. azimuth angles

and heights, specifying their exact location on the cylinder. The radius can be either given as a con-

stant or represented by a random variable, depending if narrow- or wideband channels are considered,

respectively. On the other hand, a stochastic approach is taken for the scatterers’ azimuth angles and

heights, with their statistical distributions provided as an input. For realistic off-body channel simula-

tions, the distributions can be derived from measurements or ray-tracing simulations, in order to match

the characteristics of actual propagation environments.

The simulator input parameters are summarised in Table 4.1, where their specification is given as

a list of predefined values where applicable, the corresponding symbol being provided otherwise. One

should note that the variables associated with wearable and off-body antennas are identified by a or ap

in the subscript/superscript, respectively. These should be replaced in the channel model (Chapter 3),

according to the associated antenna roles, i.e. Tx or Rx.

Table 4.1: Simulator input parameters.

Parameter Specification (possible values)

Frequency fc

User orientation φu

User motion walking, running

Wearable ant. placement To F/B, Wa L/R, He L/R, AU L/R, AL L/R, LU L/R, LL L/R

Wearable ant. gain gθwa(φ,ψ), gφwa(φ,ψ)

AP ant. gain gθap(φ,ψ), gφap(φ,ψ)

AP distance d

AP height hap

AP orientation γap1 , γap2 , γap3 (Euler angles)

Sc. cylinder radius Constant or statistical model for Rs

Sc. heights Statistical model for hs

Sc. azimuth distribution Statistical model for φs
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4.4 Output metrics

In addition to standard outputs, such as Rx power and CIR, a number of different metrics were calculated

and reported by the simulator to facilitate the analysis performed in this thesis (Chapter 7). The exact

expressions used to calculate these metrics are provided in what follows. One should again note that the

simulator works with discrete time, hence, the metrics’ values over time are obtained through repeated

iterations of the simulation loop, one sample at a time. Their statistics over time are calculated by

averaging over sets of samples obtained over the course of a simulation.

The Rx signal power is obtained from the channel transmission coefficient given by (3.2), according

to:

Pr (t) =
1

2
|hch(t)|2 Pt (4.1)

where:

• Pt : Tx power.

As one of the metrics for quantification of the depolarisation effect, one calculates PLF. It is defined

as a squared cosine of the inclination angle between polarisations of the Rx antenna and an arriving

signal [55, pp. 69]. With the LoS component being of a particular interest for the analysis, one has:

LPLF [dB] = 20 log
∣∣cos

(
ϑrapol − ϑtapol + ϑLoS

)∣∣ (4.2)

where ϑLoS is obtained from (3.24) and (3.25), while ϑtapol and ϑrapol are given by (3.54).

In order to quantify the signal depolarisation due to wearable antenna rotation, another considered

metric is the XPR, defined as the ratio of V- and H -polarisation components’ power for a θ-polarised

signal at the antenna, where one has:1

X t/r
pr (φ̂t/r , ψ̂t/r )[dB] = 20 log

∣∣∣∣∣cot γ2 cos ψ̂t/r − sin ψ̂t/r cos ∆φ̂t/r

sin ∆φ̂t/r

∣∣∣∣∣ (4.3)

In order to facilitate the analysis of statistics over time, the minimum, maximum, range of variation,

mean and standard deviation are calculated according to:2

min{x(t)}[un] = min
t∈[0,T ]

x(t)[un] (4.4)

max{x(t)}[un] = max
t∈[0,T ]

x(t)[un] (4.5)

∆{x(t)}[un] = max{x(t)}[un] −min{x(t)}[un] (4.6)

µ{x(t)}[un] = Et{x(t)}[un] (4.7)

σ{x(t)}[un] =

√
Et

{[
x(t)[un] − µ[un]

]2} (4.8)

where Et( . ) denotes averaging operation in time.

1This follows from (3.86) and (3.87), by noticing that the considered ratio corresponds to the cotangent of θta/ra.
2Here, x serves as a dummy variable, i.e. replacing any symbol of the particular metric for which the statistics are calculated.

Moreover, [un] in the subscript denotes the unit in which the value is reported.
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Similarly, for a comparison of the output Rx power (Pr ) from the simulator against a given reference

(P ref
r ), one calculates the maximum difference, its mean and standard deviation according to:

εmax{Pr (t),P ref
r (t)}[dB] = max

t∈[0,T ]

∣∣Pr (t)[dBm] − P ref
r (t)[dBm]

∣∣ (4.9)

εµ
{
Pr (t),P ref

r (t)
}

[dB]
= Et

{∣∣Pr (t)[dBm] − P ref
r (t)[dBm]

∣∣} (4.10)

εσ{Pr (t),P ref
r (t)}[dB] =

√
Et

{[∣∣Pr (t)[dBm] − P ref
r (t)[dBm]

∣∣− εµ{Pr (t),P ref
r (t)}[dB]

]2} (4.11)

4.5 Simulator development

Following the general overview of the simulator structure and description of the input and output pa-

rameters, this section provides a more detailed description of the three main components in Fig. 4.1. A

detailed structure is provided for each component, with an outline of its input and output parameters.

One starts with the wearable antenna mobility module, whose structure is shown in Fig. 4.4. Its input

parameters include user’s motion, antenna placement, and current simulation time. While the former

two are provided as inputs to the simulator, the latter is a local parameter driven by the simulation loop

(Fig. 4.2). As shown in Fig. 4.4, the external parameters are used in the parameter selection block in

order to chose and read the mobility model parameters, i.e. the motion cycle period and amplitudes

of the harmonics in Fourier series (Table 3.1). The extracted parameters are then fed to evaluation

blocks for periodic antenna displacement and Euler angles for its orientation, where (3.59) and (3.63)

are respectively evaluated for the current simulation time. Finally, the antenna orientation vectors are

calculated from the obtained Euler angles according to (3.60) - (3.62), and reported at the module’s

output, together with the antenna position vector.

Figure 4.4: Structure of the wearable antenna mobility module.

The structure of the scattering environment block is shown in Fig. 4.5. All inputs to this module

are provided from the outside, i.e. specified by the simulator’s user. These primarily include statistical
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models for the positions of scatterers in cylindrical coordinates, i.e. azimuth angles and heights. Based

on the provided distributions for the latter, a random number generator is used to obtain azimuth-height

pairs for a specified number of scatterers. Together with the cylinder’s radius, these pairs define the

locations of all scatterers whose position vectors are finally obtained by converting the cylindrical coordi-

nates to the Cartesian ones, i.e. according to (3.77). These are reported at the output, to be considered

by the propagation module. Fig. 4.5 shows the case when a narrowband channel is simulated, thus the

scattering cylinder is specified as a constant. For wideband channel simulations, on the other hand, this

parameter should be also obtained from a random number generator, for each scatterer. Its distribu-

tion can be chosen to match channel delay dispersion characteristics estimated from measurements or

ray-tracing simulations.

Figure 4.5: Structure of the scattering environment module.

Finally, Fig. 4.6 shows the structure of the simulator’s central module, which implements the prop-

agation channel model developed in Sections 3.1 and 3.2. For its operation, this block relies on the

mobility module for wearable antenna position and orientation, and the scattering environment one for

positions of the scatterers. Together with the off-body antenna’s position and orientation provided as an

external input, these are used to calculate channel transmission coefficients according to (3.2).

Figure 4.6: Detailed structure of the propagation model module.
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The calculation of the contributions from the LoS component and MPCs bouncing from the scattering

cylinder is separated in Fig. 4.6, due to principally different forms of the polarisation matrix, as discussed

in Section 3.2. One should again note that this structure assumes that the body shadowing effects from

the user are embedded in the wearable antennas’ radiation patterns used in simulations, thus, there is

no need to check if the LoS is obstructed. At the expense of complexity, the simulator could be expanded

to consider the shadowing effects more carefully, i.e. take the obstructions of MPCs from arms and legs

into account. While being considered for future work, these considerations are out of scope of this thesis.

The structure of the block for calculation of the contribution from scattered MPCs is shown in Fig. 4.7,

where the position information is grouped together as well as antenna orientations, in order to avoid

cluttered graph. Based on the antenna’s orientations and positions of the Tx, Rx and each Sc, this

block calculates the baseband channel transmission coefficient considering the MPCs bouncing off the

scattering cylinder. The output of this block is essentially the one in (3.2), omitting the LoS component,

which is calculated separately. The blocks within the grey frame represent the calculations performed

for each MPC, providing the corresponding complex baseband amplitudes associated with each term

within the sum in (3.2), whereas the summation block joins the contributions from all paths into a single

complex channel coefficient at the output.

Figure 4.7: Multipath components block structure.

As one observes from Fig. 4.7, the main calculations for individual MPCs include the derivation of the

polarisation matrix according to (3.36) and the associated expressions in Section 3.2.2, the calculation

of propagation loss and the Rx phase of the MPC, and the extraction of the corresponding Tx and Rx

antenna gains from the radiation patterns. These operations are performed in the corresponding blocks,

drawn with thicker lines in Fig. 4.7.
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In order to extract the antennas gains, the DoD/DoA unit vectors are calculated according to (3.35),

which are then used, together with antennas’ orientation vectors, to obtain the azimuth and elevation

AoDs/AoAs according to (3.4) and (3.5), respectively. The antenna gains for these AoDs/AoAs are

finally extracted from the radiation patterns that were previously stored in the local memory, from the

simulator input. The propagation loss essentially calculates frequency and distance dependent terms in

(3.3), associated with the signal’s free-space attenuation. The Rx phase corresponds to the exponential

term in (3.2), which is obtained from the Doppler shift frequency and randomly generated initial phase,

i.e. uniform in [0, 2π]. The Doppler shift frequency is calculated considering only the user’s forward

velocity, while the phase variations due to the antenna displacement relative to the scatterers is taken

into account by a phase term dependent on the path length.

One should note that the block for calculation of LoS component in Fig. 4.6 has essentially the same

structure as shown in Fig. 4.7, where only the dependence on scatterers’ positions is removed and the

Rx phase is calculated solely from the direct path length. Therefore, the detailed structure of this block

is not shown herein.

4.6 Simulator assessment

This section presents the simulator assessment, considering each module separately. First the imple-

mented mobility model is assessed by analysing the error in antenna position and orientation relative

to the skeleton-based model with MoCap data, which is considered as the realistic motion reference.

The propagation model is assessed by using the model to replicate scenarios reported in literature, and

comparing the obtained results against those reported by the corresponding authors. The assessment

of the scattering environment module was not required, as its implementation is based on elementary

functions and uses standard random number generators in MATLAB.

4.6.1 Mobility model

In order to analyse the error relative to the realistic motion obtained from the skeleton-based model with

MoCap data, two comparative metrics are considered, namely, the maximum distance between antenna

positions, ε∆r, and the maximum error considering the relative rotation (angle) between orientations

obtained from the proposed model and MoCap data, εγ . These metrics, respectively, provide a measure

of the error in antenna’s position and orientation:

ε∆r = max
t
‖∆r(t)−∆rMC(t)‖ (4.12)

εγ = max
t
|∆γ(t)| (4.13)

where:

• ∆rMC : periodic component of the antenna’s position, obtained from MoCap data;

• ∆γ : relative rotation angle between orientations given by the model and MoCap data.
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The relative rotation angle (∆γ) in (4.13) is obtained from the axis-angle representation of rotation,

according to Euler’s theorem [137]. The values obtained for the considered antenna placements and

user motions are shown in Fig. 4.8. It should be noticed that the index in the acronyms for antenna

placements is dropped, as the error applies to the two symmetric antenna placements, i.e. L/R or F/B

(Section 3.4.3).
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Figure 4.8: Antenna mobility model error for position and orientation.

One can observe that the position error is below 2 cm in all cases, except for the wrist antenna (AL) on

a running user, for which the maximum distance error is 3.2 cm. Furthermore, the error is similar across

antenna placements and motions. Hence, the error is uniform and always within the tolerance, i.e. 5 cm

(Section 3.4.2). It should also be noted that the maximum orientation error is found to be 9◦, at most,

being obtained for the lower leg antenna (LL) on a walking user. In this case, the error is not uniform

across different antenna placements; the somewhat higher values are observed for more dynamic on-

body antenna placements, i.e. AL, LU and LL. However, it should be pointed out that the higher error

maxima for the aforementioned three antenna placements are observed at the end of a motion period.

The imperfect periodicity of the human motion yields mismatched on-body antenna orientation at the

beginning and the end of a motion period, with this mismatch being more emphasised for the antenna

placements on the arms and legs. Therefore, the observed maximum error is actually due to motion

cyclification imposed by the mobility model. It is also noteworthy that, if only the inner part of the motion

period is considered, the orientation error for these placements is always below 6◦, being well within

the 10◦ tolerance (Section 3.4.2). Moreover, the Root Mean Square Error (RMSE) over a motion period

is below 5◦ for all antennas. This error is low in comparison with the typical half-power beam-widths

of wearable patch antenna, i.e. grater than 85◦ [142, 143] and even up to 140◦ in the measurements

presented in this thesis (Section 5.3.2). Therefore, the developed mobility model is perfectly suitable for

channel modelling purpose, where this error has a negligible effect.

While the error considered in this section is the one between the model and MoCap data used to

calculate its parameters, one could argue that the analysis should be performed for several different sub-

jects and motions. Such a reasoning would then require a comparison for subjects of different gender,

age and size, but also variations in the exact antenna placement on the same body part. However, the

main goal of this work is to provide a simple parametrised mobility model, which captures the principal

characteristics of the human motion. Therefore, the MoCap data used to calculate the parameters were

chosen for their high quality, while being representative of an average person.
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Following the error analysis, a few notes should be made on the mobility model complexity compared

to skeleton-based models with MoCap data. It is easy to notice that the proposed model is superior to

the latter in this regard. Considering memory requirements, the skeleton-based models require the

storage of MoCap data, which contain a number of channels (components) needed to represent the

body’s position and posture. These channels contain samples for all body postures over a motion period,

where the number of samples depends on the resolution of data, i.e. frame rate. On the other hand, the

memory requirements of the proposed model do not depend on the sampling resolution; only the motion

period length, average velocity and parameters of the Fourier series (Table 3.1) have to be stored.

The superiority of the proposed model is even more significant when the computational complexity

involved in obtaining the antennas’ position and orientation at a given time is considered. For skeleton-

based models, this requires a chain of recursively applied rotations and offsets through the skeleton

hierarchy, in order to obtain the final position and orientation from the relative ones between the parent-

child nodes [137]. In a large contrast, the proposed model obtains the antenna orientation by evaluating

the Fourier series (3.63) for the corresponding parameters in Table 3.1, whereas the orientation vectors

are obtained according to (3.60) - (3.62). Similarly, the position is obtained by first evaluating (3.59) and

then (3.56).

For a quantitative reference, the two models can be compared in terms of the number of scalar

operations, i.e. multiplication and addition, required to obtain the antenna’s position and orientation

at a given time. The proposed model requires in total 24 scalar multiplications and 18 additions, as

follows from (3.59) and (3.63), with two harmonics being used in the model (Section 3.4.4). On the

other hand, the number of operations required for the skeleton-based models depends on the antenna

placement (Fig. 3.8). The position and orientation of the associated node in the skeleton structure is

obtained through recursive multiplications of 4×4 matrices for each node along the branch [137, Ch. 5].

For the skeleton-based model from [138] (Section 3.4.2), the most demanding case is the wrist antenna

(AL L/R), which requires 8 such multiplications, i.e. 128 scalar multiplications and 96 additions.

Therefore, the proposed model can reduce the number of required multiplications and additions by

more than 5 times. One should note that this number does not take the calculations in (3.60) - (3.62) into

account3. While being performed only once in the proposed model, in the skeleton-based one they are

needed to obtain the transformation matrices from Euler angles extracted out of MoCap data for each

node, i.e. 8 times for the wrist antenna. Since these involve cumbersome evaluations of trigonometric

functions, the achieved reduction in the computation complexity is apparently much greater. However,

while the proposed model will certainly reduce the simulation time, its main advantage is a simple math-

ematical formulation. As such, it should allow for an analytical analysis of some canonical scenarios.

4.6.2 Propagation model

The propagation module assessment was performed by replicating several scenarios chosen from pre-

vious studies, selected to test different aspects of the developed channel model. In each case, the

3In total 29 sin/cos function evaluations, 16 scalar multiplications and 5 additions.
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simulator parameters were set to match the specific description in the corresponding reference, and

results are reported in form of figures matching those provided by the authors therein.

Table 4.2 summarises the replicated scenarios, providing a short description, the corresponding ref-

erence and indicating the figure with recreated results. Most of them are extracted from mobile com-

munication channel studies, due to a lack of appropriate models for off-body channels, but are general

and fit the purpose herein. The considered scenarios and the associated channel model parameters are

described in what follows, where the particular aspect of the model being tested is indicated.

One should that the results are not interpreted here, but only the matching between the original and

recreated figures is discussed. However, the interested reader should refer to the provided references,

where a detailed analysis is typically available.

Table 4.2: List of considered scenarios.

# Ref. Fig. Description

1 [53] 4.9 Two-ray ground-reflection

2 [129] 4.10 Wedge diffraction

3 [86] 4.11 Scattering cylinder reflection depolarisation

4 [85] 4.12 LoS depolarisation due to antenna tilt

Scenario 1 test the implementation of the LoS and reflected MPCs, where the well-known two-ray

ground-reflected scenario is recreated. For the assessment purposes, one considers the theoretical

two-ray model and the Rx power plots against distance [53]. Fig. 4.9 shows such a graph obtained with

the developed model, assuming the following: fc = 900 MHz, ht = 30 m, hr = 2 m and Pt = 1 W. The

ground is assumed to be perfectly conductive, and ideal H-polarised isotropic antennas are used. The

figure also shows the standard log-linear approximation, i.e. with the corresponding path loss exponent

of 4, As one observes, the two-ray interference pattern is exactly replicated and the linear approximation

shows a perfect match where it applies, i.e. at distances beyond the critical one [53].
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Figure 4.9: Replicated two-ray ground reflected scenario.

Scenario 2 tests the implementation of wedge-diffracted MPCs, by recreating a simple scenario

considered by Luebbers [129]. As illustrated in [129, Fig. 2], it involves Tx and Rx placed at the bottom

of two opposite sides of a 50 m high hill, i.e. represented by a wedge with an interior angle of 178◦.

The Tx antenna height is fixed at 10 m, while the Rx one is varied from 2 m to 200 m, i.e. from a deep
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shadowed region to a high above the hill. The scenario considers LoS propagation, reflection from the

side of the hill (face of the wedge) and diffraction over the top, wherever each of these components

is present. The total channel transmission coefficient is plotted against the Rx antenna height in [129,

Fig. 4] and [129, Fig. 5], respectively, for perfectly conducting wedge with smooth faces and a finite

conductivity wedge (εr = 15, σ = 0.02 S/m), considering surface roughness given by a terrain height

standard deviation of σh = 0.5 m. With the latter being considered herein only for this purpose, the

figures are replicated in Figs. 4.10a and 4.10b, respectively. The perfect match between these figures

and those in [129] verifies the implementation of all three involved propagation mechanisms. One should

note that this scenario is two-dimensional, while the model supports 3D geometry.
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a) Fig. 4 (finite conductivity wedge).
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b) Fig. 5 (perfectly conducting wedge).

Figure 4.10: Replicated Figs. 4 and 5 from [129].

Scenario 3 tests the polarisation aspect of the model, where a simple mobile communication scenario

from [144] was recreated. It considers first-order MPCs reflected from perfectly conducting scatterers,

randomly distributed on a circular cylinder centred around the mobile Rx antenna. Their positions are

described by AAoAs and EAoAs, where the Von Mises distribution is adopted for the former and cosine

for the latter. With the orientation of the street introduced as the parameter affecting the mean AAoA

in the Von Mises distribution, the Cross-Polarisation Discrimination (XPD) (X ) is plotted against street

orientation angles (φst) in [144, Fig. 3] and [144, Fig. 4] for different numbers of AAoAs (Nφr ), EAoAs

(Nψr ) and values of the EAoA distribution parameters, i.e. maximum EAoA (ψm
r ) and spread parameter

(κ). The two figures are replicated in Figs. 4.11a and 4.11b, respectively, where a perfect match is

observed. One should note that the authors in [144] consider XPD as the ratio between the coupling

coefficients for co- and cross-polarisations of the Tx and Rx antennas, i.e. elements Hp11 and Hp22 in

the polarisation matrix, where their vertical alignment is assumed.

Scenario 4 tests the implementation aspect concerning LoS signal depolarisation due to antenna
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Figure 4.11: Replicated Figs. 3 and 4 from [144].

tilt, where a mobile communication scenario from [85] was replicated. Its simplified description can

be formulated as follows. A mobile Rx antenna is moving over a circular path with the centre in the

origin and a 10 m radius; starting at zero azimuth (φrx ) and tracing the full circle in the counter-clockwise

direction. The base station Tx antenna is on the y -axis, 5 m from the origin, inclined by 45◦ around the

y -axis, while the mobile antenna is inclined by the same angle, but in the direction of its movement in

each point on its path. The mobile antenna height was not reported by the authors, so a typical one for

hand-held devices was assumed, i.e. 1.5 m. The normalised Rx power plotted against the azimuth angle

of the mobile terminal in [85, Fig. 3] is replicated in Fig. 4.12. A comparison between figures shows a

match, but with a slight offset in the respective peaks, i.e. as if the mobile antenna in [85] is slightly

advancing in azimuth4. Since the inspection into the developed model did not reveal any obvious errors,

the noticed ambiguities in the scenario description are the likely reason for this slight deviation.

Figure 4.12: Replicated Fig. 3 from [85].

As a final conclusion, the results presented in this section verify the propagation channel develop-

ment and implementation. The simulator was able to correctly replicate all of the considered scenario,

where the perfect match with the results reported in the corresponding references is observed, except
4One should also note that the Rx power in [85, Fig. 3] seems not to be normalised to the maximum value, as mentioned in the

paper, i.e. curve in the figure peaks at around 0.9.
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for the case with ambiguities in the scenario description. Therefore, the simulator is capable of correctly

calculating signal components associated with LoS propagation, reflection and diffraction, and properly

handle their interaction. It appropriately considers depolarisation of the LoS component and MPCs,

considering the influence of antenna orientation and inclination of the incidence plane, but also depolar-

isation due to interaction with different materials. Together with the realistic simulation of the wearable

antenna motion in the mobility model, assessed in the previous section, one finds that the developed

simulator captures the characteristics of the off-body channel and allows for its realistic simulation.
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Chapter 5

Measurements description

This chapter describes measurements performed as a part of this thesis. These measurements were ob-

tained in two separate campaigns, considering the narrow- and wideband off-body channels at 2.45 GHz,

and 5.8 GHz, respectively. Both campaigns were conducted in a common indoor environment, i.e. a

meeting room, considering several different wearable antenna placements and user’s activities, in order

to investigate the associated effects on off-body channel characteristics.
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5.1 Measurement campaigns

In order to analyse the off-body channel characteristics based on experimental data, two measurement

campaigns were performed in collaboration with colleagues from the Telecommunication Department

at Gdansk University of Technology (Gdansk, Poland), who prepared and set up the measurement

equipment. The measurements were conducted in an indoor office environment, at the premises of

this institution. The focus of both campaigns was on investigating the polarisation characteristics of the

channel and the effects associated with user’s motion. To facilitate such analysis, the measurements

were in both cases performed with two orthogonally polarised off-body antennas, either sequentially or

simultaneously, depending on the available equipment. The operating frequencies in both cases are in

licence-free ISM frequency bands, considered as the most popular choices for BANs in the past, but

also attractive and likely choices for the future ones.

The first campaign aimed to investigate the narrowband off-body channel, considering the influence

of body-shadowing, user’s posture and dynamics. It involved continuous-wave path loss measurements

at 2.45 GHz, for different wearable antenna on-body placements and user’s activities, while measure-

ments were repeated for two different persons. Due to limitations of the equipment, measurements in

two orthogonal polarisations could be performed only sequentially. While this is a certain drawback,

the obtained data still allowed for the analysis of the average polarisation characteristics of the channel.

One should note that this campaign was organised and carried out before the work on this thesis started,

hence, without participation of the author of this thesis. While the measurements were initially intended

to provide data for verification of the simulator developed in [122], the data was found suitable for the

analysis in this thesis.

The goal of the second campaign was to complement the narrowband measurements, by considering

the wideband off-body channel. It involved CIR measurements at 5.8 GHz with a 500 MHz bandwidth.

The measurements were performed in the same room as in the case of the narrowband off-body chan-

nel and scenarios similar to the narrowband case were considered. The campaign was organised and

carried out within the scope of this thesis, with the author’s participation through both planning and ex-

ecution phases. This allowed for customisation of the measurement scenarios to better fit the purpose

of this work. Therefore, more attention was given to the influence of the wearable antenna motion dy-

namics on the channel. The equipment used in this case allowed simultaneous measurements in the

orthogonal polarisations, hence, facilitating the analysis of the instantaneous polarisation characteris-

tics. One should mention that the measurements were performed within the framework of the COST

Action CA15104 (IRACON), which also financially supported the campaign through a short-term scien-

tific mission grant assigned to the author.

A detailed description of the measurement campaigns is provided in the rest of this chapter. The

measurement environment common to both campaigns is described first, followed by a detailed de-

scription of the measurement equipment and scenarios considered for narrow- and wideband channels

investigation. The obtained data is analysed in the next chapter, where data processing procedures and

considered metrics are also described, followed by the results analysis. Therein, the measurements
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data were also compared against simulations, in order to validate the off-body channel model proposed

in Chapter 3.

5.2 Measurement environment

Both measurement campaigns were performed in a 7×5×3 m3 meeting room, at GUT. Its floor-plan is

shown in Fig. 5.1, while Fig. 5.2 shows images taken from two different corners; Fig. 5.2a shows the

image taken from the bottom left corner of the room in Fig. 5.1, while the view in Fig. 5.2b is the one

seen from the top right corner.

Figure 5.1: Propagation environment floor-plan.

a) View from the bottom left corner in Fig. 5.1. b) View from the top right corner in Fig. 5.1.

Figure 5.2: Images of the measurement environment, taken during the wideband measurements campaign.

The floor of the room is with PVC coating, while the ceiling is covered with eight regularly distributed

light boxes. The top wall in Fig. 5.1 is mostly covered in large windows with PVC frames, a metallic

heater being under each of the four windows, at below waist height. While the walls of the room are

made of concrete, the right hand side wall in Fig. 5.1 has wooden cupboards covering its whole area.

One should note that the state of the room, considering the objects within, was different at the times
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the two campaigns were carried out. More precisely, the narrowband measurements were performed

with the room being furnished and with the presence of typical objects that give rise to scattering, e.g.

tables, chairs, flowers, computers etc, while the room was empty during the wideband measurements.

The state of the room in the latter case is shown in Fig. 5.2.

5.3 Narrowband channel measurements

This section describes the narrowband off-body channel measurements at 2.5 GHz, preformed during

the first campaign. A description of the scenarios and measurement equipment is provided.

5.3.1 Measurement scenarios

All considered measurement scenarios were with the user and off-body antenna on the line along the

room’s centre, as illustrated in Fig. 5.1. Moreover, the wearable antenna was connected to the Tx and

the off-body one to the Rx, in all considered cases. The latter was placed on a 1.4 m high stand, 30 cm

from the wall behind it, as shown Fig. 5.1. Seven different scenarios, illustrated in Figs. 5.3 and 5.4,

were considered in total; five involving a static user (S1 - S5), one quasi-dynamic scenario with the user

mimicking motion in place (S6), and one true dynamic scenario (S7).

Rx

1m 2m 3m 4m 5m 6m

45◦

90◦
135◦

225◦
270◦

315◦

0◦

180◦

φu user

Figure 5.3: Static (S1 - S5) and quasi-dynamic (S6) scenarios.

Rx

0.5m 1m 6m

approaching

departing
user

Figure 5.4: Dynamic scenario with the user walking (S7).

The static scenarios differ in considered wearable placements and user postures, i.e. standing (S1 -

S3) or sitting (S4 - S5). The difference between the latter two is in the hand placement; the user’s

arms were on the armrest in S4, whereas in S5 they were in a reading position. The measurements

in scenarios S1-S5 were performed with the user standing or sitting at six distances from the off-body

antenna; from 1 m to 6 m, with a 1 m step. At each distance, the user performed a full rotation with a 45◦

step, with 50 samples of the instantaneous path being measured for each orientation (Fig. 5.3).
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The quasi-dynamic scenario (S6) is somewhat similar, where instead of being static the user was

mimicking a walking motion in place, i.e. as on a treadmill. Moreover, only three user orientations were

considered, i.e. 0◦, 90◦, and 270◦, and for each one the instantaneous path loss was measured over a

period of 45 s. In the dynamic scenario (S7), the user was walking towards and away from the off-body

antenna over the straight path shown in Fig. 5.4, with the closest distance being 1 m and the furthest

one 6 m (Fig. 5.4). The measurements were repeated for 12 continuous walks, with the user starting at

the further end, approaching the off-body antenna, turning around at 1 m distance and walking back to

the starting point.

Three on-body antenna placements were considered as indicated in Fig. 5.5, i.e. front side of the

torso (To F), left side of the head (He L), and right hand wrist (AL R). These can be associated with pop-

ular BAN applications, namely, chest-mounted fitness band cardio monitor, smart glasses and watches

[1]. Measurements were performed with two users, i.e. B1 (male, 1.76 m height, 88 kg weight) and B2

(female, 1.6 m height, 50 kg weight), but also with the antenna on a dielectric cardboard stand, without

the presence of the user (NoB). The latter serves as a reference for the analysis of body shadowing

effects. All scenarios were performed with B1. B2 was considered in scenarios S1, S4, S6 and S7, and

NoB only in S1, S4 and S5.

Figure 5.5: Wearable antenna placements considered in narrowband and wideband measurements.

Finally, measurements were sequentially repeated with V- and H-polarised off-body Rx antennas.

With a horn antenna being used, this is achieved by simply rotating the antenna on the stand in be-

tween the repeated measurements. One should note that, while this approach does not allow for the

analysis of channel polarisation characteristics in time, the obtained data can be used to consider these

characteristics on average.

Table 5.1 summarises the considered scenarios; the wearable antenna placement, its measured

height considering the user standing, considered users and corresponding activities are indicated for

each case. One should note that the measured wearable antenna heights closely match those obtained

from the mobility model in Chapter 3, considering that the average antenna height for the walking user

approximates the standing posture (Table 3.1, parameter a0 for component ∆rz ).
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Table 5.1: Summary of narrowband measurement scenarios.

Scenario S1 S2 S3 S4 S5 S6 S7

AP orientation V, H

AP height (hr ) 1.4 m

Wearable ant. placement To F He L AL R AL R AL R AL R To F

Wearable ant. height (ht [m]) 1.3 1.65 0.93 0.79 0.85 0.9 - 1 1.3

User/body B1, B2, NoB B1 B1 B1, B2, NoB B1, NoB B1, B2 B1, B2

User’s posture/motion standing sitting walking

5.3.2 Measurement equipment

The measurements were performed at 2.45 GHz, with the measurement set-up developed at Gdansk

University of Technology, shown in Fig. 5.6.

Figure 5.6: Block scheme of the measurement stand.

The Tx section consisted of a vector signal generator R&S SMBV100A [145], a linearly polarised

thin micro-strip patch wearable antenna. It has a 3 dBi gain in the maximum radiation direction, and

half-power beam-widths of 115◦ and 140◦ in the H- and E-planes, respectively. The radiation pattern of

this antenna is shown in Fig. 5.7, as measured in an anechoic chamber. One should note that placing

the antenna on the body primarily introduces an additional attenuation on the back radiation, without

significant change of the front lobe [142]. The connection between signal generator and the antenna

was realised using a 7 m long RG174 cable [146]. In order to compensate for cable losses, the Tx

section was calibrated so that the Tx power at the antenna terminal was 0 dBm, corresponding to a

3 dBm Equivalent Isotropically Radiated Power (EIRP).

The Rx section consisted of a spectrum analyser Anritsu MS2724B [147], controlled by a computer

which also stored the measurement data and performed preliminary calculations. The measurements

were performed at a variable sample rate, with the average sampling period of 150 ms and standard

deviation of 40 ms. The off-body Rx antenna was a A-info LB-OSJ-0760 [148], a dual-polarised horn

antenna designed to operate in the frequency range from 700 MHz to 6 GHz. The antenna was set on

a 1.4 m high wooden stand, placed 30 cm from the wall on one side of the room, as shown in Fig. 5.1,

its radiation pattern being available in [148]. Switching between V and H polarisations of the antenna

was done by using a Tesoel TS121 switch [149]. All connections at the Rx were performed with Hu-

ber+Suhner Sucoflex cables [150].
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Figure 5.7: Generalised gain of the on-body patch antenna.

5.4 Wideband channel measurements

This section describes the wideband channel measurements at 5.8 GHz, performed within the second

campaign. A description of the scenarios and measurement equipment is provided.

5.4.1 Measurement scenario

The wideband channel measurements were performed for a dynamic scenario, with the user walking

towards and away from the off-body antenna, as in the narrowband case scenario (S7) in Section 5.3.1.

While the two scenarios are essentially the same, there are slight differences in the set-up, described in

what follows.

For the wideband channel measurements the off-body antenna was attached to the wall, 2 m above

the floor, acting as a wall-mounted AP. The motion path of the user was slightly longer in this case,

with the maximum distance being 6 m and the minimum one 0.5 m. This is illustrated in Fig. 5.4, where

the walking path for wideband measurements is represented by a grey solid line, whereas the one for

narrowband measurements is depicted by a black dashed line. Instead of a continuous walk towards

and then away from the AP, the two walking directions were considered separately in this case, in

order to avoid the post-processing required to single out the user approaching and departing cases.

This allowed for better synchronisation between different measurements, resulting in a more consistent

walking velocity in the repeated measurements. In total, 6 repetitions were considered for each walking

direction, with the user velocity being approximately 1.3 m/s.

One should note that the wideband measurements were performed simultaneously with vertical and

horizontal dipoles at the off-body side. This circumvents the problems encountered with the narrowband

measurements and facilitates the analysis of the instantaneous polarisation characteristics in this case.

For each considered scenario, the measurements were repeated for three wearable antenna place-

ments: on the chest (To F), left lower arm (AL L) and left lower leg (LL L). These are chosen primarily
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for their different motion dynamics, i.e. To F being static and the other two dynamic to a different de-

gree. These antenna placements are shown in Fig. 5.5, alongside the those considered in the previous

campaign. The common on-body placement for both campaigns is the one on the chest, while the two

placements on the wrist are characterised by the same motion dynamics, but with a different perspective

of the environment, i.e facing directions.

The scenarios are summarised in Table 5.2, where the measurements were performed for all com-

binations of the listed parameters. One should note that the measured wearable antenna heights in

Table 5.2, as those in Table 5.1, closely match the values obtained from the mobility model (Table 3.1,

parameter a0 for component ∆rz ).

Table 5.2: Summary of the measurement scenarios.

AP orientation V, H

AP height (ht ) 2 m

Wearable ant. placement To F, AL L, LL L

Wearable ant. heights (hr ) 1.3 m, 0.94 m, 0.32 m

User motion walking

User direction (φu) 0◦ (approaching), 180◦ (departing)

User distance (d) 0.5 m ≤ d ≤ 6 m

5.4.2 Measurement equipment

A block diagram of the equipment setup for the wideband channel measurements is shown in Fig. 5.8.

The central instrument in this case was a four-port Vector Network Analyser (VNA) Agilent E5071C

[151], which supports measurements in the frequency band between 300 kHz and 20 GHz. It was used

to record CIR snapshots over time at 5.8 GHz, with a 500 MHz bandwidth.

Figure 5.8: Block diagram of the wideband measurement stand.

Prior to measurements, the VNA was calibrated to remove cable delays and attenuation from the s21

parameter values, reported at its output. Therefore, the obtained measurement data correspond to the

attenuation between the Tx and Rx ports, i.e. system loss [152], with the antenna gain being embedded
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within. One should also note that the VNA was set to report s21 in dB at its output, the phase information

being discarded.

A coplanar-fed UWB monopole antenna [153] was connected to the Tx port and used as the wearable

one, while two orthogonal dual-band dipoles [154], i.e. vertical and horizontal, were used for simultane-

ous dual-polarised reception at the off-body side. The connections between the VNA and antennas were

realised using 10 m long flexible coaxial cables, Sucoflex 126E [155]. The VNA was controlled via Eth-

ernet connection by a computer, which also stored the data on a local hard drive (Fig. 5.8). A dedicated

software was developed by the colleagues from GUT for this purpose, where the National Instruments

implementation of the Virtual Instrument Software Architecture (NI-VISA) standard [156] was used.

The VNA measurements are performed in the frequency domain; a frequency-sweeping signal is fed

into the Tx port (Port 1), and the response signal from the two Rx ports (Ports 2 and 3) is simultaneously

recorded. With a Kaiser-Bessel window (β = 6) being applied to the obtained Transfer Function, the

Inverse Fourier Transform is then performed to obtain the CIR in the delay domain. In total, 401 sample

points were obtained for each port, yielding a delay resolution of 0.25 ns over the delay window of

100 ns. The triggering time between successive CIR measurement was variable, being 166.9 ms on

average, with a 7.3 ms standard deviation. The Tx power at Port 1 was set to 10 dBm, yielding 4 dBm

at the Tx antenna port, as the cable and connectors introduced a 6 dB attenuation (i.e. measured by

the manufacturer). The Intermediate Frequency (IF) filter bandwidth was 70 kHz, yielding the noise floor

level of -107 dBm The instantaneous noise power was found to be always below the -98 dB mark in the

system loss output. The measurement parameters are summarised in Table 5.3.

Table 5.3: Summary of the wideband measurements parameters.

Tx power (port 1) 10 dBm

Center frequency 5.8 GHz

Bandwidth 500 MHz

IF Bandwidth 70 kHz

Tx pulse width 3.9 ns

CIR duration (max. delay) 100 ns

Delay sampling time 0.25 ns

No. of samples per CIR 401

Window function Kaiser-Bessel (β = 6)

Triggering time 166.9 ms (avg.), 7.3 ms (std. dev.)
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Chapter 6

Measurement-based channel analysis

This chapter presents the analysis of the data obtained from narrow- and wideband off-body channels

measurement campaigns, described in the previous chapter. The performed data processing proce-

dures and calculation of considered metrics are described first, followed by a discussion of the obtained

results. The channel characteristics are analysed according to the obtained data, where the depolarisa-

tion effect and the influence of user’s motion receive particular attention.
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6.1 Narrowband channel

The analysis of narrowband channel measurements at 2.5 GHz is presented in this section. Data pre-

processing is described first, outlining the path loss components extraction procedure, and classification

of the measurement samples according to body shadowing from the user and polarisation matching

conditions in between the Tx and Rx antennas. The statistical analysis of the path loss components and

channel polarisation characteristics is described, followed by results discussion.

6.1.1 Preprocessing and components extraction

In order to facilitate the depolarisation analysis, one has associated the polarisations of the Rx antenna

to Co-Polarisation (CP) and Cross-Polarisation (XP) channels for each scenario. Obviously, this asso-

ciation depends on the wearable antenna placement and user posture. On-body placements in static

scenarios S1, S2 and S3 imply that the V polarisation of the Rx antenna yields the CP channel, while

the H polarisation corresponds to the XP one.

Due to the specific postures, this association is more delicate in S4 and S5. The on-body antenna is

basically always horizontal in S4, while the channel polarisation state depends on user’s orientation. The

antennas’ polarisations are matched and the channel is CP for orientation angles (φu) 0◦ and 180◦, it is

XP for this angle being 90◦ and 270◦, while the remaining four orientations (Fig. 5.3) yield polarisations

inclined at approximately 45◦. The case in scenario S5 is somewhat similar to S4, where the channel

varies between matched CP and partially depolarised, with antenna polarisations inclined at ±45◦ at the

extreme. In dynamic scenarios S6 and S7, the polarisation matching condition changes due to wearable

antenna rotation with the user’s movement, while the channel polarisation state for the corresponding

static posture is a reasonable reference. Therefore, for S6 and S7 one considers the static posture as in

S3 and S1, respectively, where the channel is CP for the vertical off-body antenna.

Prior to the statistical analysis, measurement samples were further classified into three groups ac-

cording to shadowing by the user, i.e. LoS, NLoS and Quasi-LoS (QLoS), respectively corresponding

to the propagation conditions when the direct path is unobstructed, fully and partially obstructed by

the user. These groups are intuitively defined with respect to the maximum radiation direction of the

wearable antenna (i.e. pointing away from the body), as shown in Fig. 6.1 for the To F antenna.

The indicated angles correspond to the LoS direction relative to the maximum radiation one (φmax ).

The figure also shows the normalised radiation pattern of the wearable antenna in the azimuth plane,

obtained in free space. As one can notice, the gain in QLoS directions is 20 dB lower than the maximum

one, which is one of the reasons why this condition is distinguished from the LoS one. The absolute

mapping onto user orientation angles is easily obtained as given in Table 6.1, considering that relative

DoD angles correspond to the difference φu−φmax . One should note that all samples in scenario S4 are

considered QLoS, as the wearable antenna is horizontal in this case.

For each propagation condition, the path loss components were extracted from the instantaneous

values, by considering the standard three-component model for the latter, i.e.

Lpl(d ,φu, t)[dB] = Lpl(d)[dB] + ∆Lls(φu, t)[dB] + ∆Lss(φu, t)[dB] (6.1)
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Figure 6.1: Propagation condition classification, shown for the To F antenna case.

Table 6.1: User orientation angles corresponding to different propagation conditions.

Scenario S1 S2 S3 S4 S5 S6 S7

φmax 0◦ 270◦ 90◦ - 90◦ 90◦ 0◦

φu for LoS [◦]

0 225 45

-

45

90 045 270 90 90

315 315 135 135

φu for NLoS [◦]

135 45 225

-

225

270 180180 90 270 270

225 135 315 315

φu for QLoS [◦]
90 0 0

All
0

0 -
270 180 180 180

where:

• Lpl : MPL;

• ∆Lsh : large-scale fading;

• ∆Lmf : small-scale fading.

The typical log-distance model is adopted for the MPL, i.e.

Lpl(d)[dB] = Lpl(d0)[dB] + 10 npl log10

(
d

d0

)
(6.2)

where:

• npl : path loss exponent,

• d0 : reference distance (i.e. 1 m),

• Lpl(d0) : value of the MPL at reference distance.

The two fading components are represented by random variables, whose distributions are to be deter-

mined from measurement data.

In order to separate the path loss components in (6.1), the small-scale fading was first filtered out.

Due to different measurement procedures, the filtering operation depends on the scenario. For the static

and quasi-dynamic scenarios (S1-S6), the time average of the instantaneous values was obtained for
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each distance and user orientation. For the dynamic scenario (S7), a moving average filter with the

averaging distance of 10λ was applied, being the standard choice for indoor measurements [157].

In the next step, the MPL model is fitted to the composite path loss obtained after removing the small-

scale variations. While the model formulation and procedure of the regression analysis are typical, the

approach adopted in this work differs from the common practice. That is, the path loss exponent was

constrained to the value obtained for the LoS case in the CP channel (CP-LoS) of a generalised static

reference scenario. The latter is obtained by jointly considering all samples classified as CP-LoS in

scenarios S1 and S2. With the constrained path loss exponent, only Lpl(d0) is estimated from data.

The rationale for this approach follows from the fact that the scatterers in the room remain at similar

distances from the user, regardless of the user’s distance from the AP, thus the dependence of the MPL

on the latter is lost in the NLoS condition. The adopted approach yields a tight MPL model fit when the

channel is least affected by propagation phenomena other than the propagation loss, while Goodness

of Fit (GoF) practically remains unchanged for the XP channel and other propagation conditions.

Finally, the large-scale fading was obtained by subtracting the MPL values from the composite com-

ponent (i.e. with small-scale variations filtered out), whereas the small-scale one was obtained by sub-

tracting the composite component from the instantaneous path loss. One should note that only scenarios

S6 and S7 are considered for the statistical analysis of fading, since only these involve wearable antenna

movement.

6.1.2 Channel analysis description

In order to characterise the channel, several statistical distributions were fitted to extracted fading com-

ponents, considering the typical choices reported in literature [96]. The considered models are listed

below, with the corresponding parameters [54, 158, 159]:

• Rice, with parameters sRice (non-centrality) and σRice (scale);

• Nakagami, with parameters mNak (shape) and ΩNak (scale);

• Rayleigh, with a parameter σRay (scale);

• Lognormal, with parameters µL [dB] (log mean) and σL [dB] (log standard deviation).

The first three are considered for small-scale fading amplitude, while the last one is considered for the

large-scale power variation.

Distribution fitting was performed in MATLAB [140], using the built-in function fitdist based on

maximum-likelihood parameter estimation. The Akaike Information Criterion (AIC) [160], χ2 and corre-

lation tests [161] were additionally used as GoF metrics. While AIC only establishes a relative ordering

among candidates, the χ2 test gives an absolute measure of how well models fit data. The decision if

the test is passed for a given significance is made by comparing the test statistic (χ2) against the critical

value (χ2
crit); the latter depends on the number of distribution parameters and the chosen test signifi-

cance. Distributions with the χ2 value lower than the critical one pass the test, and the minimum value

corresponds to the best fitting model. For the chosen significance level of 5 %, the critical value is 27.59
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for the Rayleigh distribution, and 28.87 for all the others. Finally, the correlation test involved calculation

of the correlation coefficient between empirical PDF and the fitted model, where 0.95 was considered

as the lowest acceptable value.

Polarisation characteristics of the channel were analysed by considering the XPD [162], calculated

as:

Xpd(d ,φu)[dB] = LHpl(d ,φu)[dB] − LVpl(d ,φu)[dB] (6.3)

where:

• L
V/H
pl : path loss for the V-/H-polarised Rx antenna.

It is important to notice that (6.3) considers the average path loss over time, since the measurements

with V- and H-polarised Rx antennas were performed sequentially (not simultaneously).

In order to investigate the influence of user orientation on XPD, the values obtained according to

(6.3) were further averaged over distances, yielding Xpd(φu). Similarly, the average XPD for different

propagation conditions, i.e. X LoS
pd , XNLoS

pd and XQLoS
pd , were obtained by averaging over the corresponding

user orientation angles (Fig. 6.1). Finally, one should note that the XPD calculated herein was affected

by both propagation environment and antenna characteristics.

6.1.3 Path loss and fading statistics

Examples of the instantaneous path loss obtained for the quasi-dynamic (S6) and the dynamic scenario

(S7) are shown in Fig. 6.2. The signal shown in Fig. 6.2a is captured for a fixed user’s position and

orientation, where the observed signal variations originate from the dynamics of the mimicked walk

cycle. In addition to the influence of user dynamics, the one of the body characteristics is also apparent.

While variation magnitudes are similar for both users, i.e. around 25 dB, the average path loss for the

female user (B2) is around 5 dB lower than for the male one (B1), being 46.1 dB for the former and

51.2 dB for the latter. However, one should note that the particular posture of the user could have

significantly influenced these results, since the wrist antenna placement is considered in S6.
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a) Quasi-dynamic scenario (S6).
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b) Dynamic scenario (S7).

Figure 6.2: Instantaneous path loss obtained for quasi-dynamic and dynamic scenarios.

The path loss in Fig. 6.2b was captured during one of the user’s walks in scenario S7; in total 12

being recorded for each Rx polarisation. Path loss values clearly reflect the actions of the user during
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walk, with a similar behaviour observed for both users. That is, path loss decreases linearly as the user

approaches the off-body antenna (LoS), it sharply increases by roughly 33 dB as the user turns around,

and then exhibits large variations as the user walks away from the Rx. The dependence on distance

in the LoS case is clearly observed, while for the NLoS this trend cannot be distinguished due to the

high variability of the Rx coming from the multipath fading. Furthermore, as expected, path loss is much

lower in LoS than in NLoS.

The MPL model fitting results are summarised in Table 6.2, showing the estimated values of the MPL

model parameter Lpl(d0), the corresponding coefficient of determination (R2) and standard deviation (σ)

of the path loss around model prediction. The common path loss exponent is npl = 1.71, being similar to

the value in free space. Due to the adopted modelling approach, the tightest fit is expectedly obtained for

the CP-LoS case, where the corresponding R2 is closest to 1 and the standard deviation is the lowest.

The QLoS case yields a somewhat looser fit with higher signal deviations, while the loosest fit is obtained

for the NLoS case with R2 being around zero. By considering the Lpl(d0) values, one observes that the

MPL is, on average, the highest for NLoS case and the lowest for LoS. Therefore, high attenuation and

greater Rx signal variations should be expected when the LoS path is obstructed by the user.

Table 6.2: Overview of estimated mean path loss model parameters (npl = 1.71).

co-polarisation cross-polarisation

Scenario xLoS Lpl (d0)
[dB]

R2 σ[dB] Lpl (d0)
[dB]

R2 σ[dB]

S1

LoS 31.3 0.75 2.7 47.7 0.72 3.0

NLoS 48.5 0.12 5.1 55.0 0.04 6.4

QLoS 42.6 0.02 5.2 47.1 0.39 3.9

S2

LoS 31.7 0.59 3.6 43.4 0.43 4.7

NLoS 50.8 0.07 6.2 49.6 0.21 4.7

QLoS 41.7 0.26 4.4 47.7 0.17 5.2

S3

LoS 33.4 0.18 4.7 43.5 0.07 6.0

NLoS 49.3 0.01 6.8 49.9 0.20 4.4

QLoS 44.9 0.39 4.8 47.4 0.46 4.7

S6

LoS 32.0 0.54 3.1 39.8 0.80 2.0

NLoS 49.7 0.00 4.8 51.9 0.77 2.7

QLoS 41.6 0.69 3.1 48.0 0.94 1.6

S7
LoS 29.8 0.96 0.5 51.0 0.02 3.1

NLoS 47.7 0.27 2.3 55.2 0.02 2.9

The MPL model fit to measurements is typically much looser in the XP channel, implying a higher

degree of randomness in this chase. Higher standard deviations observed for all propagation conditions

in this channel, i.e. similar to those in CP-NLoS case, reveal that the magnitude of signal variations are

greater as well. Finally, it is evident from Lpl(d0) that the overall average path loss is higher. Therefore,

a lack of strong signal component in the XP channel is manifested by the lower average Rx power and

more severe signal fading than in the CP one.

Since the CP/XP classification is not straightforward for scenarios S4 and S5, the corresponding MPL

model fit statistics are provided separately in Table 6.3, distinguishing between channels associated with

88



V - and H -polarised Rx antennas.

Table 6.3: Overview of estimated mean path loss model parameters for scenarios S4 and S5 (npl = 1.71).

V-polarised Rx H-polarised Rx

Scenario xLoS Lpl (d0)
[dB]

R2 σ[dB] Lpl (d0)
[dB]

R2 σ[dB]

S4 QLoS 45.70 0.30 6.7 43.6 0.31 6.4

S5

LoS 33.81 0.40 3.7 36.8 0.44 3.7

NLoS 51.14 0.00 8.1 50.9 0.23 5.4

QLoS 43.58 0.20 4.2 45.5 0.47 5.2

As observed from R2 and σ in scenario S4, the Rx signal is stronger and variations are smaller for

the H-polarised Rx antenna. This is explained by the horizontal orientation of the wearable antenna

in this case, yielding mismatched and effectively orthogonal polarisations of the antennas. In scenario

S5, one observes similar fit statistics for V- and H-polarised Rx antennas in the LoS case. This is due

to typical 45◦ inclination between antennas’ polarisations in this scenario, yielding practically equal Rx

power in both polarisations. The highest R2 in this scenario is obtained for the QLoS case, which is not

surprising, as the particular antenna placement and user’s posture yield matched antennas’ polarisations

for the corresponding orientations.

In order to observe the effects of polarisation state and propagation conditions on the channel, one

considers the estimated MPL model parameter and standard deviation relative to the CP-LoS in each

scenario. Fig. 6.3 shows the relative values for Lpl(d0) and the standard deviation σ; the former being

given as a difference and latter as a ratio. One should note that horizontal lines at 0 dB and 1 in Figs. 6.3a

and 6.3b, respectively, correspond to the CP-LoS reference.
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Figure 6.3: MPL at reference distance and standard deviation of the MPL model fit, relative to the values obtained

for CP-LoS.

LoS yields the lowest and NLoS the highest values of Lpl(d0), in both polarisations. In the CP chan-

nel, Lpl(d0) is approximately 10 dB and 17 dB higher for QLoS and NLoS, than for LoS. These differences

are not consistent over scenarios for the XP channel, but the relative order is preserved. The values

are typically more than 10 dB higher compared to the reference, with only scenario S5 showing a no-
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table deviation; inclined Tx-Rx polarisations due to user’s posture in S5 yield lower MPL in this case.

The standard deviations for static scenarios in Fig. 6.3b are commonly less than twice the reference

value, while a significant deviation is observed for the dynamic scenario S7. This observation fits one’s

expectation, since the Rx signal is subject to multipath fading due to user’s movement in this scenario.

The overall results of Log-normal distribution fitting for the large-scale fading are presented in Ta-

ble 6.4, showing the estimated parameter values, the number of samples used for the fit (#), the χ2 test

statistic and correlation coefficient, where the latter two serve as GoF metrics. One should recall that the

chosen significance level of 5 % yields the critical value of χ2
crit = 27.59, for the Log-normal distribution.

While both scenarios S6 and S7 are considered, the results are shown only for S7, the reason being un-

acceptably bad fit for scenario S6, due to the discrete character of the captured measurements. Namely,

the Rx signal was measured at six fixed positions (discrete points), thereby not capturing the transitions

between these positions and lacking continuity. The additional reason for the bad fit in this case follows

from the periodic effects associated with the wrist antenna, namely, gain variation and depolarisation.

The corresponding signal variations do not exhibit a Log-normal distribution, being rather deterministic.

Table 6.4: Overview of Lognormal distribution fitting for large-scale fading (χ2
crit = 28.87).

Channel User # Parameters χ2 Corr.

co-polarised
B1 772 µL [dB] = 0, σL [dB] = 1.25 114.84 0.95

B2 893 µL [dB] = 0, σL [dB] = 1.5 122.22 0.95

cross-polarised
B1 736 µL [dB] = 0, σL [dB] = 1.78 30.52 0.98

B2 865 µL [dB] = 0, σL [dB] = 1.66 17.84 0.99

The low log standard deviation parameter (σL) in all cases, i.e. < 1.8 dB, means that the local average

Rx power exhibits small changes in scenario S7. This was expected, considering that the user is walking

within a fairly small room in which the propagation characteristics are principally unchanged as the user

traverses the considered path, but also the body-shadowing conditions remain constant while the user

walks in each direction. Therefore, the path loss variations observed in this scenario are essentially due

to multipath effects.

The distribution fitting results for the small-scale fading are summarised in Tables 6.5 and 6.6, where

AIC statistic is provided as an additional GoF metric for model ordering. The results in Table 6.5 show

that the CP channel in scenario S6 is best described by the Rice distribution, while the Nakagami-m

one is the best overall model in scenario S7. However, further inspection of the estimated parameters

reveals that the signal variations are generally more severe in S6 than S7. This is implied by the lower

values for mNak and ΩNak obtained in S6, considering that the former parameter is inversely proportional

to fading depth and the latter represents the average fading power [54]. This result can be associated

with the wrist antenna displacement rotation due to swinging motion of user’s hands during mimicked

walk.

One should note that the Rayleigh distribution typically yields the worst fit in both scenarios and for all

propagation conditions. Therefore, it is not a suitable model for the considered off-body BAN channel, as

expected for a short-distance indoor scenario without physical obstructions of LoS (except by the user’s
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Table 6.5: Overview of distribution fitting results for small-scale fading in the co-polarised channel.

Scen. User xLoS # Dist. Parameters χ2 χ2
crit AIC Corr.

S6

B1

LoS

1800

Rice sRice = 0.998, σRice = 0.257 55.59 27.59 150.53 0.98

Nakagami mNak = 4.28, ΩNak = 1.129 47.63 27.59 139.25 0.98

Rayleigh σRay = 0.751 1175.28 28.87 1543.48 0.60

NLoS

Rice sRice = 0.862, σRice = 0.657 21.84 27.59 2788.19 0.99

Nakagami mNak = 1.192, ΩNak = 1.608 17.56 27.59 2784.28 0.99

Rayleigh σRay = 0.896 48.73 28.87 2815.52 0.98

QLoS

Rice sRice = 0.954, σRice = 0.541 14.37 27.59 2424.05 0.99

Nakagami mNak = 1.388, ΩNak = 1.49 41.13 27.59 2445.87 0.98

Rayleigh σRay = 0.864 130.71 28.87 2552.17 0.93

B2

LoS

Rice sRice = 0.997, σRice = 0.337 88.48 27.59 1068.34 0.96

Nakagami mNak = 2.659, ΩNak = 1.221 98.89 27.59 1079.93 0.97

Rayleigh σRay = 0.781 667.79 28.87 1825.39 0.73

NLoS

Rice sRice = 0.971, σRice = 0.489 22.65 27.59 2164.89 0.99

Nakagami mNak = 1.568, ΩNak = 1.421 41.09 27.59 2180.96 0.99

Rayleigh σRay = 0.843 198.21 28.87 2372.47 0.92

QLoS

Rice sRice = 0.998, σRice = 0.376 77.50 27.59 1423.18 0.98

Nakagami mNak = 2.179, ΩNak = 1.28 119.02 27.59 1486.82 0.96

Rayleigh σRay = 0.8 581.49 28.87 1994.77 0.77

S7

B1

LoS 346

Rice sRice = 0.99, σRice = 0.15 18.59 27.59 -358.95 0.95

Nakagami mNak = 11.49, ΩNak = 1.02 18.19 27.59 -361.72 0.95

Rayleigh σRay = 0.72 669.99 28.87 256.6 0.53

NLoS 390

Rice sRice = 0.89, σRice = 0.64 26.44 27.59 605.75 0.93

Nakagami mNak = 1.27, ΩNak = 1.6 25.35 27.59 601.54 0.93

Rayleigh σRay = 0.89 39.74 28.87 612.60 0.92

B2

LoS 423

Rice sRice = 1.0, σRice = 0.14 25.87 27.59 -487.01 0.97

Nakagami mNak = 13.03, ΩNak = 1.04 29.82 27.59 -466.06 0.96

Rayleigh σRay = 0.72 996.64 28.87 301.63 -0.01

NLoS 442

Rice sRice = 0.06, σRice = 0.94 11.94 27.59 818.99 0.97

Nakagami mNak = 0.99, ΩNak = 1.77 11.87 27.59 818.97 0.97

Rayleigh σRay = 0.94 11.94 28.87 816.97 0.97

body), and with the presence of strong specular reflections.

For the XP channel (Table 6.6), the overall best fitting models in scenarios S6 and S7 are again

Rice and Nakagami-m distributions, respectively. However, the GoF metrics are similar for all three

considered statistical models. Since the Rayleigh distribution comes as a special case in both other

models, this means that the Rx signal exhibits Rayleigh fading in the XP channel. This comes from

the fact that the Rx antenna receives most of the energy from depolarised MPCs, arriving after multiple

reflections in the environment. That said, due to its generality, the Nakagami-m distribution can be

adopted in this channel as well, thus presenting itself as the overall small-scale fading model for the

indoor off-body channel.

One should note that the results in scenario S6 show that the considered distributions fit the data

very loosely, and the models generally fail the χ2 test. While this is partially because the user does

not really move in this case, the same observations as discussed for the large-scale variations apply
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Table 6.6: Overview of distribution fitting results for small-scale in the cross-polarised channel.

Scen. User xLoS # Dist. Parameters χ2 χ2
crit AIC Corr.

S6

B1

LoS

1800

Rice sRice = 0.455, σRice = 0.921 216.43 27.59 3426.45 0.82

Nakagami mNak = 0.907, ΩNak = 1.904 201.53 27.59 3415.15 0.84

Rayleigh σRay = 0.976 216.29 28.87 3424.70 0.82

NLoS

Rice sRice = 0.049, σRice = 0.971 85.45 27.59 3399.46 0.99

Nakagami mNak = 0.917, ΩNak = 1.889 75.46 27.59 3390.31 0.99

Rayleigh σRay = 0.972 85.50 28.87 3397.45 0.99

QLoS

Rice sRice = 0.888, σRice = 0.639 32.19 27.59 2770.95 0.99

Nakagami mNak = 1.196, ΩNak = 1.605 42.77 27.59 2777.23 0.98

Rayleigh σRay = 0.896 73.81 28.87 2809.63 0.96

B2

LoS

Rice sRice = 0.778, σRice = 0.771 48.44 27.59 3200.79 0.97

Nakagami mNak = 0.9897, ΩNak = 1.793 56.50 27.59 3210.75 0.97

Rayleigh σRay = 0.947 56.60 28.87 3208.87 0.97

NLoS

Rice sRice = 0.103, σRice = 0.940 57.31 27.59 3181.96 0.98

Nakagami mNak = 1.002, ΩNak = 1.779 57.40 27.59 3181.95 0.98

Rayleigh σRay = 0.943 57.32 28.87 3179.95 0.98

QLoS

Rice sRice = 0.079, σRice = 0.942 49.95 27.59 3187.35 0.98

Nakagami mNak = 0.9997, ΩNak = 1.781 49.95 27.59 3187.35 0.98

Rayleigh σRay = 0.944 49.95 28.87 3185.34 0.98

S7

B1

LoS 346

Rice sRice = 0.85, σRice = 0.67 10.36 27.59 535.73 0.98

Nakagami mNak = 1.24, ΩNak = 1.61 5.86 27.59 530.62 0.99

Rayleigh σRay = 0.9 15.45 28.87 537.85 0.98

NLoS 390

Rice sRice = 0.05, σRice = 0.95 9.98 27.59 694.77 0.97

Nakagami mNak = 1.01, ΩNak = 1.79 10.00 27.59 694.76 0.97

Rayleigh σRay = 0.95 9.97 28.87 692.75 0.97

B2

LoS 423

Rice sRice = 0.95, σRice = 0.52 43.52 27.59 542.20 0.93

Nakagami mNak = 1.53, ΩNak = 1.45 30.09 27.59 530.88 0.95

Rayleigh σRay = 0.85 66.58 28.87 570.39 0.88

NLoS 442

Rice sRice = 0.91, σRice = 0.58 8.60 27.59 617.48 0.98

Nakagami mNak = 1.35, ΩNak = 1.49 6.96 27.59 611.39 0.98

Rayleigh σRay = 0.86 29.42 28.87 632.41 0.95

here as well. Namely, the periodic effects associated with gain variation and depolarisation due to wrist

antenna rotation on a waving hand yield variation in the fading parameters, resulting in an essentially

non-stationary channel. Scenario S7 is not affected in this way since the antenna is on the chest, hence

remaining vertical and fairly static during user’s motion.

From the Nakagami-m distribution parameters in Tables 6.5 and 6.6, one finds that the small-scale

fading yields greater signal variability and deeper fades in the XP channel. This follows from the lower

values for mNak and higher ones for ΩNak obtained in this case, considering the previously discussed in-

terpretation of these parameters. This observation is reinforced by the scale parameter values obtained

for other distributions, where σRice and σRay are also always higher in the XP channel.

As examples for visual inspection and to point out the main observations, Fig. 6.4 shows PDF fits

for different scenarios and channel polarisation states. Fig. 6.4a shows the Rice PDF fit for the small-

scale fading amplitude in the CP channel in scenario S6. The impact of propagation conditions on
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signal variability is clearly seen from the shape of the fitted PDFs. In the LoS case, the PDF is tall and

narrow, thus the Rx signal is concentrated around the mean with typically small variations. On the other

hand, the PDF is considerably shorter and wider in the NLoS case, meaning that the Rx signal exhibits

considerably larger variations. While the PDF for QLoS is slightly narrower than for NLoS, a similar Rx

signal behaviour is expected in both cases.

Fig. 6.4b shows the Nakagami-m and Rayleigh PDF fits for small-scale fading in the NLoS-XP case

in scenario S7. The two PDFs completely overlap, thus confirming that the fading is Rayleigh distributed

in this case. One should note that this particular case was selected for the best illustration. While the

models do not perfectly overlap in other cases, the same tendency is observed.
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Figure 6.4: Multipath fading PDF fit illustration (male user, B1).

In conclusion, body-shadowing has an important impact on path loss and fading characteristics.

LoS obstructions by the user’s body are observed to yield up to 33 dB lower average Rx power, and

increased signal variation due to multipath effects. The small-scale fading distribution varies from the

Rice one, when the antennas’ polarisations are matched, to the Rayleigh one in the worst case, when the

polarisations are orthogonal. For its flexibility, the Nakagami-m distribution is a suitable statistical model

that covers all of these cases and can be used as a simple model for first-hand channel simulation.

In this case, the values of mNak between 1.0 and 13.0 are suitable for the co-polarised channel, and

between 0.9 and 1.5 for the cross-polarised one, while the corresponding values of ΩNak are between

1.0 and 1.8 in both cases. The lower values of mNak and the higher ones for ΩNak should be used for

NLoS conditions, while the opposite should be adopted for the LoS ones.

The wearable antenna orientation due to user’s posture plays an important role on channel char-

acteristics, where the antenna placement on the wrist can result in an orthogonally polarised channel,

hence, higher average path loss, as the user sits down with arms on the armrest. Moreover, the an-

tenna rotation during user’s motion introduces variation into channel parameters, which cannot be not

represented by simple statistical path loss models.

One should note that the model developed in Chapter 3 takes all of these effects into account. How-

ever, for the proper consideration of body-shadowing effects, it is of key importance to use polarimetric

radiation patterns of wearable antennas obtained for their operation on the body. The principal prop-

agation condition due to body shadowing from the user is specified by choosing the appropriate user’

orientation (φu), depending on the antenna placement, as in Table 6.1.
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6.1.4 Polarisation characteristics

The XPD statistics obtained from measurements are summarised in Table 6.7, providing the average

XPD for the scenario (Xpd ) and for each propagation condition (X LoS
pd , XNLoS

pd and XQLoS
pd ), as well as the

corresponding standard deviations (σX , σLoS
X , σNLoS

X and σQLoS
X , respectively).

Table 6.7: XPD mean and standard deviation.

Mean Standard deviation

Scenario User Xpd [dB] X LoS
pd [dB]

XNLoS
pd [dB]

XQLoS
pd [dB]

σX [dB] σLoS
X [dB]

σNLoS
X [dB]

σQLoS
X [dB]

S1

B1 9.7 16.4 6.5 4.5 7.8 2.6 3.9 3.5

B2 9.5 18.4 5.2 2.5 10.0 3.4 5.0 5.4

NoB 14.5 20.4 12.0 9.4 8.2 5.8 1.9 5.5

S2 B1 5.4 11.7 −1.3 6.0 7.6 2.4 3.3 3.0

S3 B1 4.6 10.1 0.6 2.5 7.2 1.8 3.7 3.3

S4

B1 −2.1

- -

−2.1 9.4

- -

9.4

B2 −0.8 −0.8 9.6 9.6

NoB −0.1 −0.1 11.5 11.5

S5
B1 1.5 3.0 −0.3 1.9 5.9 1.9 5.0 4.1

NoB −0.2 −2.2 0.1 2.5 7.4 2.0 4.6 6.5

S6
B1 5.4 7.7 2.2 6.3 3.3 2.6 2.8 2.1

B2 7.0 6.0 3.4 11.7 4.1 2.3 2.4 2.3

One starts by considering the average scenario XPD, focusing on user B1 first, in order observe

the differences between scenarios. XPD varies from -2.1 dB in scenario S4 up to 9.7 dB in S1, while

being typically positive and thus indicating that most of the Tx power is preserved within the CP channel.

The negative values are obtained in scenario S4, because of mismatched antennas’ polarisations due

to specific settings, described and discussed previously. Similarly, the 45◦ inclination in between the

antenna polarisations yields XPD around 0 dB in scenario S5.

An interesting observation can be from the results for the average XPD in scenarios S3 and S6, both

of which consider the same wearable antenna placement (AL R), while the user is static in the former and

(quasi-)dynamic in the latter. The higher XPD obtained in S6 shows that the channel can actually gain

from user dynamics. In this scenario, the wrist antenna was periodically brought in and out of the shadow

region during the mimicked walking, whereas it remained shadowed when the user is static in scenario

S3. Clearly, this cannot be considered a rule and other cases could yield even opposite results, where

the antennas’ polarisation characteristics, namely the corresponding XPIs, have an important impact.

The XPD standard deviation in Table 6.7 gives an information about variability of channel polarisation

characteristics within each scenario. The highest value for user B1 is obtained in scenario S4, i.e. 9.4 dB,

which is due to the specific scenario setting in which the polarisation state of the channel changes from

perfectly matched (CP) to orthogonal (XP), as the user completes the full rotation at each distance. A

lower but still large XPD variation is observed in scenarios S1 - S3, where the dominant influence is

shadowing from the user. Somewhat surprisingly, the XPD variation in the quasi-dynamic scenario S6 is

lower than in these static ones; with the standard deviation of only 3.3 dB obtained for user B1. This can
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be attributed to the “softened” NLoS and QLoS conditions due to wearable antenna movement, hence

resulting in a smaller difference in between XPD values in different propagation conditions.

In order to consider the influence of user’s body on the polarisation characteristics, one considers

the average XPD available for the male user (B1), the female one (B2) and the absence of user (NoB)

in scenario S1. The highest value is obtained for the NoB case, which can be associated with the

presence of a polarisation-matched LoS component and first-order specular reflections. Between the

two users, slightly higher XPD values are obtained for the male (B1) than for the female (B2). While the

size of the body certainly plays a role due to the associated shadowing effects, it is difficult to draw any

conclusions with confidence, since the measurements are available only for two persons representing

different genders.

A strong dependence of the average XPD on the propagation condition can be observed from Ta-

ble 6.7. The LoS case expectedly yields the highest XPD, with the maximum of 18.43 dB in scenario S1

(B2). The NLoS and QLoS interchangeably yield the lowest XPD values; NLoS slightly more often. This

inconsistency in the order arises due to the strong dependence on the particular multipath configuration

in the environment, where a constructive interaction in between specular MPCs can often yield stronger

Rx signal in NLoS than in QLoS, although LoS is unobstructed in the later case. The low antenna gain

for the QLoS directions in Fig. 6.1 also contributes to such a result. The XPD standard deviations for

different propagation conditions in Table 6.7 are considerably lower than the overall values in each sce-

nario (σX ), thereby revealing that the change in body shadowing conditions is a major source of variation

in channel polarisation characteristics within a scenario.

Finally, Fig. 6.5 shows the average XPD as a function of user orientation. The shape of the polygon

obtained for each scenario reveals which orientation corresponds to which propagation condition; the

polygon is slightly pointed to the LoS direction. Similarly, the area of the polygon somehow reflects the

overall isolation between the orthogonal polarisation components.

0◦

45◦

90◦

135◦

180◦

225◦

270◦

315◦

−15 −5 5 15 25 dBS1

S2

S3

S4

S5

S6

Figure 6.5: XPD as a function of user’s orientation.

While this is misleading for scenario S6, in which measurements were performed only for three ori-

entations of the user, the best isolation between CP and XP channels is seen in scenario S1. The

corresponding polygon clearly stands out by its large are, while its shape also indicates that the orienta-
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tion angles 0◦ and ±45◦ correspond to the LoS case. The lowest isolation is obtained for S4 and S6, for

which the polygons are the smallest in size. As repeatedly observed from different considered metrics,

the energy leakage in between the polarisations in these scenarios is due to physical inclination of the

antennas, with the extreme case in scenario S4. One can observe that the polygon has pointed vertices

at angles 0◦ and 180◦, for which the Tx and Rx antennas’ polarisations align.

In conclusion, body-shadowing has an important effect on off-body channel’s polarisation charac-

teristics, where LoS obstructions result in a higher degree of signal depolarisation. Thereby, with the

antennas’ principal polarisation matched, XPD can vary from 22.1 dB in LoS to 3.2 dB in NLoS, as the

user turns around in front of the off-body antenna. The dominant effect on signal depolarisation, how-

ever, comes from the wearable antenna orientation due to user’s posture. With the on-body placements

on wrist, the antennas’ principal polarisation can become orthogonal with XPD below -14 dB, as the

user sits down with arms on the armrest. As discussed in the previous section, the effects of both body-

shadowing and wearable antenna rotation can be replicated by the proposed channel model, where the

availability of appropriate wearable antenna radiation patters is important for realistic simulations.

6.2 Wideband channel

This section presents the analysis of data obtained from wideband channel measurements at 5.8 GHz.

The data processing procedure is presented first, together with the CIR deconvolution and estimation

of CIR parameters. Path loss, polarisation characteristics and the delay dispersion of the channel are

analysed.

6.2.1 CIR deconvolution procedure

Due to the finite measurement bandwidth and the windowing operation performed in the VNA, the mea-

sured s21(τ) corresponds to the convolution of the actual CIR and time-domain waveform associated

with the window applied in the frequency domain. Thereby, one can write:

s21(t, τ) =

Np(t)∑
n=1

An(t)e−jϕn(t)w(τ − τn(t)) (6.4)

where:

• w : time-domain waveform corresponding to the frequency-domain windowing function.

One should note that the actual pulse waveform w(t) does not directly correspond to the window func-

tion, but is also affected by the antennas’ frequency characteristics, which inevitably act as pulse-shaping

filters when the channel bandwidth is large. Moreover, (6.4) assumes that all propagation paths have

the same effect on the pulse, neglecting path-specific non-linear distortions, due to MPCs’ interactions

with frequency selective materials.

While the effects associated with propagation through walls can be mostly neglected due to low Tx

power, the MPCs interacting with user’s body certainly had more effect on the measurement data in the

considered setting. However, these effects are ignored and a common pulse waveform is assumed for
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all paths, considering it is the cumulative result of all frequency selective effects in the system. This is a

reasonable assumption, since it is somewhat impossible to de-embed the wearable antennas from the

channel, due to random and time-varying effects of the user’s body. A Gaussian pulse waveform with

the width defined for 25% of the maximum amplitude is adopted herein, i.e.

w(t) = e
−4 ln 4

t2

T 2
w (6.5)

where:

• Tw : pulse width (i.e. 3.9 ns, Table 5.3).

The CIR deconvolution was performed according to a modification of the procedure described in

[163], with the path estimation performed simultaneously in two polarisations to ensure consistency.

That is, since the propagation paths depend only on the antennas’ positions, the MPCs observed in

the orthogonal Rx polarisations should appear at the same delays, however, with different amplitudes,

depending on the polarisation upon arrival. Therefore, by considering the delays at which CIRs are

sampled as potential arrival times, the MPCs are estimated by solving the following optimisation problem:

arg min
A
V/H
1 ... A

V/H
Nτ

{ (
Nτ∑
n=1

AV
n w(τ − τn)−

∣∣sV21(τ)
∣∣)2

+

(
Nτ∑
n=1

AH
n w(τ − τn)−

∣∣sH21(τ)
∣∣)2

+ βr

Nτ∑
n=1

∣∣AV
n + AH

n

∣∣ }
(6.6)

where:

• Nτ : number of considered delays (i.e. 401, Table 5.3);

• τn : n-th component’s delay, i.e.

τn = (n − 1)∆τ (6.7)

∆τ being the delay resolution (i.e. 0.25 ns, Table 5.3);

• A
V/H
n : n-th component’s amplitude in the V-/H-polarisations;

• βr : weight of the regularising term.

The last term in the objective function of (6.6) ensures that the insignificant MPCs’ amplitudes are

forced to zero in the output. In this way, only a few significant ones likely corresponding to the actual

physical paths are preserved in the obtained solution. This regularising term effectively solves the prob-

lem of over-fitting, inevitable when the basis set of fitting functions, i.e. number of considered delayed

pulses (Nτ ), is greater than the number of actual propagation paths (Np) in CIR. By comparing the solu-

tions for several values as suggested in [163], a suitable value for the associated weight (βr ) is found to

be 0.45.

Due to the regularising term, the actual amplitudes of the MPCs obtained from (6.6) have to be re-

estimated, which is done by solving a standard Least Squares optimization problem for those paths,
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separately in two polarisations, i.e.

arg min
A
V/H
1 ...A

V/H

N̂τ

 N̂τ∑
n=1

AV/H
n w(τ − τn)−

∣∣∣sV/H21 (τ)
∣∣∣
2

(6.8)

where:

• N̂τ : number of significant paths obtained from (6.6).

One should note that both (6.6) and (6.8) were solved by using CVX [164], i.e. a MATLAB toolbox for

convex optimisation, developed at Stanford.

Finally, the MPCs whose amplitudes are below the processing threshold are discarded, in order to

ensure that the estimated paths are not falsely detected noise artefacts [124]. The adopted threshold

of -98 dB is chosen so the instantaneous noise is always below this value in the system loss output.

An example of the CIR deconvolution procedure is shown in Fig. 6.6a, while the CIR normalised to unit

power is shown in Fig. 6.6b. The introduced error is negligible, where the lines corresponding to the

measured (solid) and reconstructed CIRs (dashed) are observed to practically overlap.

a) Measured, deconvolved and reconstructed CIRs. b) CIR normalised to unit power.

Figure 6.6: An example of CIR deconvolution and normalisation.

6.2.2 Estimation of CIR parameters

In order to analyse the channel depolarisation and delay spread characteristics, the Rx power, XPD,

mean excess delay and standard deviation were calculated based on the estimated MPCs’ delays and

amplitudes [124, Ch. 4]. These metrics were obtained for each channel snapshot, in both V- and H-

polarisations. With five independent measurements being available in each considered case, the aver-

age values over the repeated measurement sets were also calculated.

In each polarisation, the Rx power was obtained according to:

Pr [dBm] = Pt [dBm] + 10 log

∣∣∣∣∣∣
N̂τ∑
n=1

A2
n

∣∣∣∣∣∣ (6.9)

The instantaneous XPD was then calculated as:

Xpd [dB] = PV
r [dBm] − PH

r [dBm] (6.10)
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The mean excess delay and the standard deviation were obtained as:

τ =

∑N̂τ
n=1 τnA

2
n∑N̂τ

n=1 A
2
n

(6.11)

στ =

√√√√∑N̂τ
n=1(τn − τ)2A2

n∑N̂τ
n=1 A

2
n

(6.12)

One should note that (6.11) and (6.12) were calculated after the first path delay was subtracted from

all components, thus, the dependence on distance was removed. As an example, Fig. 6.7 shows the

calculated metrics for the user approaching case, with the antenna on LL L. Faded lines in the figure

correspond to individual measurement repetitions, while the thick ones are obtained as their average.

a) Rx power. b) XPD.

c) Average delay. d) Delay spread (standard deviation).

Figure 6.7: Instantaneous values of CIR parameters, for the LL L antenna in the user approaching case.

6.2.3 Path loss and polarisation characteristics

Starting with the path loss and channel polarisation characteristics analysis, Fig. 6.8 shows the Rx

power in orthogonal polarisations and the corresponding XPD, obtained for the user approaching and

departing cases. The curves in the figure were obtained by averaging over repeated measurements, as

previously illustrated in Fig. 6.7, for the LL L antenna and user approaching. Table 6.8 summarises the

global statistics of the Rx power and XPD, obtained by averaging over all channel snapshots captured

for a given case, minimum value (min), variation range (∆), mean (µ) and standard deviation (σ) being

calculated according to (4.4) - (4.8), by jointly considering all repeated measurements.
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a) Rx power, user approaching. b) Rx power, user departing.

c) XPD, user approaching. d) XPD, user departing.

Figure 6.8: Rx power and XPD for user approaching and departing, averaged over repeated measurements.

In the user approaching case, the Rx power varies within a similar range for all three wearable

antenna placements, where fairly similar average values are observed in Table 6.8. On the other hand,

the dynamics of variations are different, depending on the wearable antenna on-body placement. A

steady linear trend with distance is observed for the To F antenna in Fig. 6.8a, with only small deviations

as the user approaches the off-body AP. The other two placements are characterised by dynamic and

clearly periodic power variations, which can be associated with changes in user’s posture during motion,

as they were found to match those in the first path’s delay. They are most likely the result of gain variation

and depolarisation effects due to wearable antenna rotation during user’s motion. The most dynamic

case is observed for the LL L antenna, where the Rx power varies up to 20.1 dB in the V-polarisation.

It is interesting to observe that power variations in the orthogonal polarisations, i.e. V and H, are

somewhat synchronised. This translates to considerably slower variations in the corresponding XPD

shown in Fig. 6.8c, where one hardly recognises any periodic patterns. As one observes in the figure,

the XPD is similar and quite constant at around 2 -3 dB for all three antenna placements, deviating from

this value only as the user approaches close to the AP. This XPD value corresponds to the case when

the Rx field is inclined at 45◦ with respect to the V-/H-polarisation, which is likely the case with the LoS

component. However, the wearable antenna’s polarimetric gain pattern was not available for further

inspection at the time of the analysis.

The sudden decrease in the XPD observed when the user gets in the immediate vicinity of the AP

is explained by the radiation characteristics of the dipole antennas used at the off-body side. That is,
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Table 6.8: CIR parameters global statistics.

Approaching Departing

Ant. To F AL L LL L To F AL L LL L

AP V H V H V H V H V H V H

Pr

[dBm]

min -66.1 -70.2 -65.0 -68.2 -75.3 -73.9 -74.9 -80.6 -67.3 -69.9 -66.7 -71.1

∆ 11.6 17.2 10.4 19.9 20.1 14.9 16.3 16.8 11.3 12.7 10.0 15.7

µ -60.2 -63.2 -59.8 -60.7 -63.6 -65.2 -67.5 -72.5 -62.4 -63.8 -62.2 -64.0

σ 2.8 4.2 2.7 4.5 4.1 3.4 3.7 4.0 2.2 2.6 1.7 3.0

XPD

[dB]

min −6.7 −12.8 −6.0 1.1 −4.8 −9.5

∆ 15.3 21.3 13.7 7.1 12.0 18.8

µ 3.0 0.8 1.6 5.0 1.5 1.8

σ 3.2 4.9 3.0 1.7 2.3 2.9

τ [ns]

min 11.3 1.9 3.0 1.4 2.6 2.5 15.7 14.3 4.0 3.0 3.2 1.9

∆ 11.9 18.5 16.1 10.8 20.2 15.3 16.4 15.0 20.5 13.1 20.3 13.4

µ 15.7 13.0 8.8 5.6 9.6 6.8 23.1 21.1 11.8 7.2 8.2 9.0

σ 2.8 4.1 3.4 2.3 5.7 3.2 3.2 3.0 5.1 2.5 4.0 2.8

στ [ns]

min 6.9 3.8 6.4 2.4 5.3 4.9 8.3 7.3 6.0 5.4 5.7 3.3

∆ 12.5 9.0 11.2 9.0 13.4 9.4 10.0 8.1 10.9 8.8 10.6 9.2

µ 11.4 8.3 10.3 7.2 11.0 8.9 12.8 11.0 11.2 8.5 9.5 7.2

σ 2.7 2.2 2.4 1.8 3.1 2.1 1.7 1.5 2.2 1.7 1.8 2.0

the low wearable antenna elevation relative to the AP (Table 5.2) yields a low corresponding gain of the

vertical dipole in the LoS direction at these distances (<1 m), while the maximum gain applies for the

horizontal one. This is confirmed by the fading power in the V-polarisation as the user approaches the

AP at the end of the path (Fig. 6.8a). This trend is not observed for the LL L antenna, because the LoS

gets partially obstructed by the user in this case.

In the user departing case, one observes a greater difference in the power levels obtained for different

wearable antenna placements. As follows from Table 5.2, the To F antenna receives a considerably

lower power compared to the other two antennas in this case, but also compared to the same antenna in

the user approaching case. For reference, the Rx power obtained with the To F antenna is on average

7.3 dB and 9.3 dB lower in the user approaching compared to the departing case, considering the V-

and H-polarised off-body antennas, respectively. This is explained by the strong shadowing from the

user’s torso in this case. On the other hand, the similar average power obtained for the AL L and LL L

antennas in the departing and approaching cases serve as an evidence of mostly unobstructed LoS.

It is also interesting to observe the consistent linear decrease in Rx power with distance, obtained for

the To F antenna with the user departing. One should note that the instantaneous Rx power variation

around this trend in each repeated measurement is within 2 dB. This reveals that the effects of inter-

actions between MPCs are significantly reduced compared to the narrowband channel in Section 6.1,

due to the large bandwidth in this case. Similar observation is made for other cases in Fig. 6.8b as

well, hence, the periodic effects associated with the wearable antenna rotation during motion have a

dominant influence on Rx power variation. These effects are ”mid-scale”, occurring on the time scale in

between the traditionally defined large- and small-scale effects. It is also interesting that the Rx power in
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V- and H-polarisations traces almost parallel lines over time for the To F antenna in the user departing

case, which yields an almost constant XPD of 5.0 dB, with only 1.7 dB standard deviation.

In conclusion, the periodic effects associated with changes in the user’s posture present themselves

as dominant ones, with an important influence of the wearable antenna placement on the dynamics of

imposed variations in the communications channel characteristics. The depolarisation effect can vary

greatly over the scenario, with XPD varying up to 23.5 dB when the antenna is placed on the wrist. Again,

body-shadowing has an important impact on channel characteristics, with the depolarisation effect being

more emphasised in LoS conditions. Moreover, the antenna radiation characteristics have an important

influence, which is due to the dominant effects coming from the LoS component.

Finally, one should note that the observed periodic effects associated with changes in the user’s

posture are naturally represented by the wearable antenna mobility model within the channel model

developed in Chapter 3. For a realistic replication of the observed Rx signal variations, in addition to the

specification of general geometrical relations between the user and the off-body AP, it is important to

use the appropriate wearable antenna radiation characteristics.

6.2.4 Delay dispersion characteristics

Fig. 6.9 presents the mean excess delay and standard deviation (delay spread) estimated from CIRs in

the two Rx polarisations, where the average over repeated measurements is depicted as in the previous

section. The corresponding global statistics are also summarised in Table 6.8. One should note that

the mean delay was calculated after subtracting the first path delay from all components in CIR, thereby

removing the dependence on distance.

Several important observations can be made from the results, as follows. The mean excess delay is

observed to exhibit periodic variations for the AL L and LL L antennas, for both user approaching and

departing. These variations match those in Rx power (Figs. 6.8a and 6.8b); the maxima in the mean

delay occur at minima of the Rx power. In addition, delay spread variations are also found to be periodic

and synchronised with those in the mean delay, where both parameters increase and decrease simulta-

neously. These observations point to the likely cause being the time-variant amplitude of the LoS compo-

nent, due to polarisation mismatch losses or variable wearable antenna gain in the respective direction.

One should observe that the mean excess delay obtained for the AL L and LL L antennas is generally

low and with similar average values in the approaching and departing cases, i.e. in between 5.6 ns

and 11.8 ns (Table 6.8). This further reinforces the conclusion that LoS is unobstructed for these two

antennas in both cases. The mean delay obtained for the To F antenna is higher, the global average

being above 13.0 ns and 21.1 ns in the approaching and departing cases, respectively. While the higher

average obtained for the user departing is expected due to strong shadowing by the torso, the one for

the user approaching comes as a surprise.

Further inspection of the time evolution of the CIR obtained for this antenna reveals an MPC with

delays 15 - 20 ms, which is dominant over the first path/cluster for most of the time. Since this MPC

is not observed with the AL L and LL L antennas in the approaching case, it likely corresponds to the
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a) Mean delay, user approaching. b) Mean delay, user departing.

c) Delay spread, user approaching. d) Delay spread, user departing.

Figure 6.9: Mean delay and standard deviation for user approaching and departing, averaged over repeated mea-

surements.

specular reflection from the wall on the user’s right side, for which the two antennas are shadowed by the

user’s body. One should note that this side of the room is with windows and metallic heating elements

(Fig. 5.2a), which could produce strong MPCs. Moreover, the first path/cluster in the CIR obtained with

the To F antenna is considerably attenuated compared to the other two antennas. This suggests that the

LoS direction in the case of the To F antenna, although unobstructed, falls in an unfavourable radiation

direction of the wearable antenna. However, further investigation would require inspection of its radiation

pattern.

One should also observe that the general delay spread of the channel is fairly low on average, thus

energy is concentrated around the delay of the dominant component. As one reads from Table 6.8,

the average delay spread is at most 11.2 ns, i.e. for the To F antenna and the user approaching. This

concentration of energy in the delay-domain further strengthens the impact of signal depolarisation and

gain variation associated with the dominant propagation paths.

The most important conclusion following from these results is that all considered CIR parameters

vary greatly over time, emphasising the non-stationary character of the off-body channel. The inspection

reveals regular periodicity of these variations, which can be associated with the periodic changes of the

user’s posture during motion and explained by the user-imposed effect (Section 3.3). This underlines

the importance of taking the depolarisation effect and the influence of user’s motion into account when

developing a channel model.
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6.3 Model comparison against measurements

Following the measurement-based off-body channel characterisation, the available data are used to

validate the channel model developed in Chapter 3. For this purpose, several selected scenarios were

replicated using the simulator described in Chapter 4. Thereby, the narrowband measurements scenario

S6 and the user approaching case from the wideband measurements on the one hand, and narrowband

scenarios S1 and S6 on the other hand, were considered in order to test the model’s ability to replicate

temporal dynamics and polarisation characteristics of the off-body channel with a dynamic user.

The free space wearable antenna radiation pattern in Fig. 5.7 was used for the simulation of scenarios

from narrowband channel measurements, where a shadowing pattern was additionally associated with

the antenna to take the body-shadowing from the user into account. This pattern applies an additional

loss to MPCs, according to their AAoDs in the local coordinate system, where a simple model similar to

the one in [165] is adopted, i.e.

Lsh(φt)[dB] = Lmax
sh [dB]

1

2
{1 + cos [2(φt − π)]} (6.13)

where:

• Lmax
sh : maximum body-shadowing loss.

The maximum body-shadowing loss of 10 dB is considered for the AL L and LL L antennas, while 20 dB

is adopted for the To F one1. Moreover, in addition to the LoS component, four scatterers were con-

sidered, with the corresponding cylinder radii, azimuth angles and heights being chosen to match the

general directions of the specular reflections from the floor, ceiling and side walls.

Fig. 6.10 shows the Rx power obtained from the model (mod.) together with measurements (meas.)

in the narrowband scenario S6. It shows a period of 10 s for the case with the user at a distance of 4 m,

facing sideways towards the AP, i.e. φu = 90◦ (Fig. 5.3). The wearable antenna mobility model parame-

ters were modified to match the initial user’s posture and motion cycle period, which was found to be 1.1

times longer in the measurement data than the default value in the model, i.e. 1.142 s (Section 3.4.4).

a) V-polarised off-body Rx antenna. b) H-polarised off-body Rx antenna.

Figure 6.10: Replication of the narrowband measurements scenario S6 (du = 4m, φu = 90◦).

1This choice was made intuitively, while a detailed investigation would be required for a more justified one.
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A very good match between model and measurements is observed in Fig. 6.10, where the periodic

Rx power variation is well-represented. This observation is further supported by the calculated RMSE,

where 2.2 dB is obtained for the V-polarisation (Fig. 6.10a) and 6.1 dB for the H-polarisation (Fig. 6.10b).

One should note that the chosen subset of data is selected for illustration because of its very good

alignment, while the error is higher for some of the user’s distances and orientations. However, the

general trend is matched in all cases.

The observed differences between simulations and measurements follow from several factors. First,

the wearable antenna radiation pattern used for simulation was measured in an anechoic chamber,

therefore, the effects of body-proximity on its radiation characteristics are not taken into account. Sec-

ond, due to the intrinsic randomness of human motion, it is practically impossible to perfectly align the

simulation results with measurement data. Therefore, a slow variation in the motion cycle period of the

user during measurements yields an inevitable error. Finally, the propagation environment is under-

represented in the channel model, and the considered MPCs’ phases and amplitudes are not exactly

matched to reality. However, this is inevitable with any channel model, as simplifications are necessary

to make the model useful in practical applications.

Fig. 6.11 shows the results obtained for the wideband measurements scenario with the approaching

user (Table 5.2), where the Rx power averaged over repeated measurements is shown for comparison

(extracted from Fig. 6.8a). One should note that only the LoS component is considered in this case,

as it was observed to dominate the channel. Moreover, the actual radiation pattern of the wearable

antenna was not available in this case, whereas the one used for narrowband measurements did not

give satisfying results. A patch antenna available from Antenna Toolbox in MATLAB [140] was found to

be a better approximation, and was used for simulation in this case2.

a) V-polarised off-body Rx antenna. b) H-polarised off-body Rx antenna.

Figure 6.11: Replication of the wideband measurements scenario with the approaching user.

As one observes from Fig. 6.11, the general dynamics of the Rx power variation are well matched

by the simulator, where the RMSEs obtained for the To F, AL L and LL L antennas in the V-polarisation

are 2.1 dB, 3.4 dB and 6.4 dB, respectively, while being 2.8 dB, 2.4 dB and 2.3 dB in the H-polarisation.

However, fixed offsets were introduced beforehand, to match the average Rx power levels3. These

2This antenna was also used for simulations in Chapter 7, and its radiation pattern is given in Fig. 7.2.
3The offsets were actually added to the measured Rx power, as this yields less overlap between curves in the figure. The
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differences can be attributed to the inadequate radiation pattern used for simulation, where a misrepre-

sentation of the polarisation characteristics has an important effect. For example, notches observed in

the simulated Rx power for the LL L antenna are associated with polarisation mismatch losses, while

they are not present in the measurement data.

For comparison, Fig. 6.12 shows the results obtained with a non-polarised propagation model, as

presented in [166]. The RMSEs for the To F, AL L and LL L antennas in this case are 2.0 dB, 1.9 dB

and 3.6 dB in the V-polarisation, respectively, while the corresponding values in the H-polarisation are

2.7 dB, 2.9 dB and 2.1 dB. With the lower error being observed, these results imply that the radiation

characteristics of the antenna used for measurements are such that the LoS gain in the θ- and φ-

polarisations varies synchronously, yielding a fairly stable polarisation mismatch during the scenario.

This also explains the parallel variation of the Rx power levels in the V- and H-polarisations, previously

observed in Fig. 6.8a.

a) V-polarised off-body Rx antenna. b) H-polarised off-body Rx antenna.

Figure 6.12: Replication of the wideband measurements scenario with the approaching user, using a non-polarised

propagation model.

Fig. 6.13 shows the average XPD for different user’s orientations in replicated narrowband measure-

ments scenarios S1 and S6. The lines corresponding to the XPD obtained from measurements (dashed)

are extracted from Fig. 6.5. As one observes, the simulator recreates general trends of XPD with user’s

orientation. An RMSE of 8.6 dB is obtained for the static scenario S1, where the difference between

model and measurements is the highest for the user facing away from the AP, i.e. φu = 180◦. If this

direction is excluded from calculation, the RMSE is reduced to 7.1 dB.

The observed deviations in this case are somehow expected, because of the change in the antenna’s

polarisation characteristics when placed on the body, which is not represented in the free space radiation

pattern used for simulation. Another important factor, not to be overlooked, is a possible rotation of the

wearable antenna during the placement on the body, resulting in a changed ratio of the powers radiated

in the V- and H- polarisations.

In the quasi-dynamic scenario S6, RMSE is found to be 7.1 dB, where the largest difference (i.e.

12.3 dB) is observed for the user facing towards the AP, while being below 0.5 dB for other orientations.

offsets introduced for the To F, AL L and LL L antennas in the V-polarisation are 7.7 dB, -0.9 dB and -14.6 dB respectively, while

5.5 dB, 4.1 dB and 4.6 dB were added in the H-polarisation.

106



0◦

45◦

90◦

135◦

180◦

225◦

270◦

315◦

−15 0 15 30 dB

S1

S6

mod.
meas.

Figure 6.13: Replication of the XPD characteristics in the narrowband scenarios S1 and S6.

Therefore, in this case there is no large deviation of the model from the measurements for the user’s ori-

entation associated with the strongest shadowing, i.e. φu = 270◦. This might be because of the dominant

influence of the AL R antenna rotation during mimicked walk, where XPD is averaged out over time.

Finally, one concludes that the developed model captures the principal characteristics of the off-body

channel with dynamic users. If the appropriate input parameters are provided, it can be used to replicate

the polarisation characteristics and dynamics signal variations due to user’s motion. Further validation

of the model should be performed, with the use of adequate antenna radiation characteristics.
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Chapter 7

Model-based channel analysis

This chapter presents the simulation-based analysis of the off-body characteristics, considering three

scenarios with the dynamic user. The influence of the user dynamics on the channel is investigated con-

sidering the wearable antenna placements on the chest, wrist and lower leg, and the user walking and

running motion. Following the results discussion, the signal depolarisation mechanisms are identified

and analysed in a more detail, considering both those associated with the user’s motion as scattering in

the environment.
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7.1 Scenario description

In order to analyse the depolarisation effect and the influence of user dynamics on the channel, three

specific scenarios are simulated, with the illustration given in Fig. 7.1a. Each scenario is repeated for

the wearable antenna placements on the chest (To F), wrist (AL L) and lower leg (LL L), as shown in

Fig. 7.1b, and for the user walking and running. In addition to the dynamic user case, a static standing

user is also considered for reference. In all cases, the off-body Rx antenna is an ideal vertical dipole,

placed at a fixed position and a height of 1.4 m. The operating frequency is 2.45 GHz, and the Tx power

is 100 mW.

a) Illustration of scenarios. b) Wearable antenna placements.

Figure 7.1: Considered scenarios and wearable antenna placements.

The on-body Tx antenna is a patch, with the maximum total gain of 6.74 dBi and the radiation patterns

for θ- and φ-polarisations shown in Fig. 7.2; the azimuth and elevation angles in Fig. 7.2 are defined with

respect to the local coordinate system of the antenna. Its design is available as one of the examples

in the MATLAB Antenna toolbox [140]. The dimensions of the patch and ground plane are 75×37mm2

and 150×75mm2, respectively, with the used dielectric substrate parameters εr = 2.7, δ = 0.002 and

h = 0.8 mm (thickness). While the antenna was not designed for BAN applications and the gain pattern

in Fig. 7.2 is obtained for free-space, it is found suitable for the work presented here.
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a) θ-polarisation component.
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b) φ-polarisation component.
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c) Total gain.

Figure 7.2: Generalised gain of the on-body patch antenna.

In Scenario 1, chosen to isolate the influence of user dynamics on the depolarisation effect, the user
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is at a 4 m distance from the off-body antenna, walking and running in place as on a treadmill. Only the

periodic motion component, corresponding to changes in the posture, is considered, the forward motion

of the user being taken out. The orientation of the user is chosen depending on the on-body antenna

placement, such that the antenna is facing towards the off-body one. That is to say, with respect to

Fig. 7.1a, the user is facing in direction φu1 for the To F antenna case, and φu2 for the AL L and LL L

ones. This choice results in the wearable antenna rotation being primarily about the LoS direction in

each case, hence, the depolarisation effect is emphasised. Free space propagation is considered in

order to isolate the effect of user dynamics, while one should note that all MPCs are affected similarly,

regardless of the involved propagation mechanism (see Section 7.3.1).

Following the analysis for the LoS component, Scenario 2 considers the depolarisation of scattered

MPCs. The user is at the same distance as in the previous scenario, facing the off-body antenna in all

cases (i.e. φu1, Fig. 7.1a). In an approach similar to the one in [141], MPCs are assumed to arrive at the

Rx after bouncing from scatterers distributed on a cylinder centred around the user, with a 2 m radius.

Scatterers are assumed to be concrete/glass surfaces (εr = 4.11), several wavelengths in size, oriented

so the Snell’s law is satisfied [124]. Their positions are specified by randomly generated heights and

azimuth angles, the former being uniformly distributed over [0, 2.5] m, and the latter following the Von

Mises distribution with the mean (µvm) of 90◦ and the spread parameter (κvm) being 5. These parameters

yield scatterers distributed on the user’s left, i.e. over the area indicated by the dashed line in Fig. 7.1a.

Therefore, the scatterers are in the forward radiation direction of the AL L and LL L antennas, the DoDs

of the corresponding MPCs being in the same region as that of the LoS component in Scenario 1. One

should note that scatterers’ positions are generated once and kept fixed during simulation.

Scenario 3 considers the user walking and running towards the off-body antenna over a straight line,

starting at 6 m distance and stopping at 1 m. As in Scenario 1, only the LoS component is considered for

simplicity, and to keep the focus on the depolarisation effect due to user’s motion. The simulation was

performed for the polarised channel model and a non-polarised one, in order to evaluate the importance

of taking the polarisation aspect of the channel into account. Moreover, the simulation was repeated

for the antenna motion obtained from the skeleton-based model with MoCap data (Section 3.4.2), and

for the case when only the linear forward motion of the user is considered. In the latter, the periodic

component in (3.56) is replaced by a fixed vector of coordinate averages for the walking motion, i.e. the

corresponding values of a0 in Table 3.1. The ideal vertical alignment of the antennas is considered in

this case (i.e. ua
z = uz ), while the facing direction depends on the antenna placement, taking ua

x = ux for

To F and ua
x = uy for AL L and LL L antennas (Fig. 7.1a).

7.2 Results analysis

The results obtained in Scenario 1 are given in Figs. 7.3 - 7.6, and Table 7.1. The figures show the

Rx power, PLF [55], on-body antenna total gain and XPI during the motion period (T ), while the table

summarises the corresponding minimum values (min), ranges of variation (∆), means (µ) and standard

deviations (σ), i.e. calculated according to (4.4) - (4.8). The influence of the antenna motion dynamics
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on the Rx power is apparent from Fig. 7.3. While Rx power remains approximately constant for the To F

antenna, regardless of user’s motion, variations up to 37.5 dB are obtained for the AL L antenna and the

user running case. Expectedly, variations are generally more severe for running than walking.
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Figure 7.3: LoS component Rx power in Scenario 1.

In order to identify the exact mechanisms responsible for the observed Rx power variations, it is

useful to analyse the LoS direction trajectories in the on-body Tx antenna spherical coordinates shown

in Fig. 7.4.
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Figure 7.4: LoS direction of departure in Scenario 1.

It is convenient first to consider the static user case, for which DoDs are fixed points, indicated by

empty markers in Fig. 7.4. The positions of these points in the figure can be directly explained by the

corresponding antenna placements. The azimuth angle indicates the horizontal distance in between the

wearable antenna and a plane containing the off-body one and the vertical axis of the user. Thereby,

the 0◦ azimuth obtained for To F expectedly implies the antenna is on this plane, while the deviations

of the angles obtained for AL L and LL L reflect the fact that the arms of a standing user are further

away from the vertical body axis than the legs are. In a similar way, the elevation angles relate to the

antennas’ heights. Therefore, the low value (<1◦) obtained for the To F antenna implies its height is

similar to that of the off-body antenna, i.e. the difference being approximately 5 cm, while higher values

obtained for AL L and LL L antennas relate to their lower heights, the difference in this case being 53 cm

and 108 cm, respectively. It should be noted that the on-body antenna heights for a static user can be

read from Table 3.1, i.e. values of a0 for ∆rz component.
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Table 7.1: Minimum value, the range, mean and standard deviation for Rx power, XPI, Rx polarisation angle and

PLF in Scenario 1.

Motion Walking Running

Antenna To AL LL To AL LL

Pr

[dBm]

min -27.2 -27.0 -42.3 -27.6 -66.7 -42.9

∆ 0.2 0.6 13.8 0.3 37.5 13.8

µ -27.1 -26.7 -32.9 -27.5 -37.0 -35.0

σ 0.1 0.2 4.2 0.1 7.6 3.9

φt

[deg]

min -4.6 11.8 5.6 -11.8 -18.0 1.0

∆ 11.6 22.1 8.9 22.0 19.9 12.0

µ 1.1 23.3 10.6 -0.7 -9.7 9.5

σ 4.1 7.9 2.5 7.8 6.1 4.1

ψt

[deg]

min 3.1 -4.1 7.7 6.5 -2.2 3.1

∆ 1.5 7.1 11.3 3.6 35.2 19.2

µ 4.0 0.4 15.2 8.5 14.8 14.4

σ 0.5 2.2 3.4 1.1 12.2 6.1

Gt

[dB]

min 6.4 6.0 5.0 5.8 0.1 4.4

∆ 0.3 0.7 1.6 0.9 6.1 2.3

µ 6.6 6.4 5.7 6.2 4.3 5.6

σ 0.1 0.3 0.5 0.3 2.1 0.8

XPI

[dB]

min 6.8 2.2 4.9 6.2 5.8 4.6

∆ 1.8 3.7 1.5 3.1 3.6 3.0

µ 7.8 3.9 5.7 7.9 8.2 5.9

σ 0.7 1.3 0.4 1.2 1.1 0.9

θpol
r

[deg]

min 20.1 -0.9 10.9 19.6 -104.0 26.4

∆ 7.6 21.5 75.8 12.7 64.7 94.4

µ 23.8 10.6 49.0 25.6 -65.3 75.0

σ 2.7 7.7 22.7 4.6 23.6 30.2

PLF

[dB]

min -1.1 -0.6 -24.8 -1.5 -42.1 -34.6

∆ 0.5 0.6 24.6 0.9 39.9 33.6

µ -0.8 -0.2 -6.2 -0.9 -9.4 -9.2

σ 0.2 0.2 6.8 0.3 8.6 7.3

On the other hand, for the dynamic user case, DoDs trace trajectories during a motion cycle. These

trajectories reveal the geometric aspect of this effect, regardless of the radiation characteristics of the

antenna. The size and shape of the trajectory reflect the principal characteristics and dynamics of the

motion for each considered antenna. The wide and short area occupied by the trajectory for the To F

antenna on a walking user implies that the LoS direction varies due to the antenna rotation about the

vertical axis of the torso, while there is little effect from the periodic tilt in the posture of a walking user.

The trajectory obtained for the AL L antenna expectedly suggests its more dynamic motion. The 22.1◦

variation in the azimuth angle (φt) observed for this antenna in Fig. 7.4 is primarily due to its rotation

about the vertical axis of the lower arm, considering the user is turned sideways (left) towards the off-

body antenna. The small variation in the elevation (ψt) is because of the periodic tilt of the antenna

as the hand moves closer and farther from the body during a walking cycle. For the LL L antenna,
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one observes larger elevation angles due to the low antenna height. Interestingly, the DoD variation is

less severe in this case than for the AL L antenna, because the lower leg placement dominantly yields

rotation of the antenna about the axis normal to its plane. For the setting in Scenario 1, this axis is close

to the LoS direction and thereby the rotation has a minor effect on the DoD.

While a similar behaviour across the considered antenna placements is observed for the user run-

ning motion, the LoS DoD is generally exhibiting more dynamic variations in this case. Two interesting

differences compared to the walking motion can be noticed. First, the DoD trajectory of the To F an-

tenna is shifted upwards due to notable forward lean in the posture of a running person. Second, the

trajectory of the AL L antenna is in a different region, i.e. rotated and translated, but of somewhat similar

shape. This is attributed to the aforementioned horizontal position of the running person’s arms. The

large elevation angle variation of 35.2◦ (Table 7.1) can be related to the high antenna gain variation over

the motion period.

Fig. 7.5 shows the on-body patch antenna gain value for the LoS direction, as it changes according

to the DoD trajectories in Fig. 7.4. While gain variations are relatively small for the specific setting of

Scenario 1 (<6.1 dB), namely LoS is always in the forward radiation direction of the on-body antenna,

where its gain exhibits the slowest change with DoD, one can expect much greater variations in a general

case (see Section 7.3.1).
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Figure 7.5: On-body antenna gain variation in Scenario 1.

Since Rx power variations in Fig. 7.3 evidently cannot be explained by the variable wearable antenna

gain value in direction of the off-body antenna, they can be attributed to the depolarisation effect. For

a further analysis, Fig. 7.6 shows the polarisation variation of the impinging field relative to the Rx an-

tenna’s co- and cross-polarisation directions (Fig. 7.6a), i.e. ur
cp and ur

xp, respectively, the corresponding

PLF (Fig. 7.6b), and the on-body antenna XPI (Fig. 7.6c). One should note that the reference polarisa-

tion directions in Fig. 7.6a account for the antenna XPI. Moreover, only in the angles are important in

Fig. 7.6a, while the amplitudes are chosen for convenient visualisation.

The Rx polarisation, and consequently the PLF, are observed to change more significantly for the

user running than walking. While the Rx polarisation angle (θpolr ) variation is negligible for the To F

antenna, it is significant for the AL L and LL L ones. For the latter two antennas, the Rx polarisation

varies around the cross-polarisation reference (Fig. 7.6a). This results in two PLF minima in Fig. 7.6b,

which are matching those observed for the Rx power. These are easily explained by the dynamic
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b) PLF as a function of time.
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c) On-body antenna XPI as a function of time.

Figure 7.6: Rx signal polarisation variation, PLF and the on-body antenna XPI in Scenario 1.

movement of the legs and the characteristic posture of a running person, with the lower arms being

nearly horizontal. The latter effectively results in the AL L antenna being H-polarised, and the power

received by the vertical dipole at the off-body side drops as low as -66.7 dBm (Fig. 7.3). As apparent

from Fig. 7.6c, the XPI variation has little impact on the overall depolarisation. Hence, the physical

misalignment in between the antennas is the principal cause of the PLF minima observed in Fig. 7.6b.

However, as in the case of the antenna gain, XPI variations can have a significant influence in general

(see Section 7.3.1).

Following the analysis for the LoS component in Scenario 1, Fig. 7.7 shows the temporal variation of

the Rx power for the MPCs reflected on a scattering cylinder in Scenario 2. The corresponding ranges

of variation in each considered case are summarised in Table 7.2, being calculated according to (4.6).

The obtained results are in line with those for the LoS component; the Rx power exhibits fairly small

and slow changes in the case of the To F antenna, whereas they are large and dynamic for the AL L

and LL L antennas. In numbers, the Rx power varies as low as 2.5 dB for the To F antenna and the

user walking, while being up to 41.36 dB for the AL L antenna and the user running. Finally, it should be

pointed out that one might argue that direct application of reflection coefficients to MPCs does not give

realistic Rx power levels for the scattering cylinder assumption. However, this choice is justified for the

purpose herein, i.e. analysis of signal depolarisation in off-body communications with dynamics.
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Figure 7.7: Rx power from the MPCs in Scenario 2.

Table 7.2: Range of the Rx power in Scenario 2.

Motion Walking Running

Antenna To F AL L LL L To F AL L LL L

∆Pr [dB] 2.5 20.8 24.1 10.0 41.4 18.5

The results for Scenario 3 are given in Fig. 7.8, which shows the Rx power obtained for the po-

larised channel model and the non-polarised one. Table 7.3 summarises the statistics of the difference

in between the two, with the maximum (εmax ), mean (εµ) and standard deviation (εσ) being calculated ac-

cording to (4.9) - (4.11). The importance of taking the polarisation aspect of the channel, when dynamic

antenna placements are considered, is apparent.
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Figure 7.8: Rx power obtained for the non-polarised and polarised channel models in Scenario 3.

Table 7.3: Statistics of the Rx powers difference for non- and polarised channel models in Scenario 3.

Motion Walking Running

Antenna To AL LL To AL LL

εmax{Pnon.
r ,Ppol.

r }[dB] 1.1 6.5 53.0 1.5 19.5 33.8

εµ{Pnon.
r ,Ppol.

r }[dB] 0.8 4.1 12.2 0.9 7.3 17.8

εσ{Pnon.
r ,Ppol.

r }[dB] 0.2 1.2 6.3 0.3 4.0 6.8

While the two models give approximately the same Rx power levels in the case of the To F antenna,

large deviations are observed for the AL L and LL L ones. The maximum difference for the AL L an-
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tenna is 19.5 dB (running), while the corresponding value for the LL L antenna is 53 dB (walking), both

corresponding to the peak polarisation mismatch losses. The average difference is also high, being up

to 7.3 dB and 17.8 dB for the AL L and LL L antennas, respectively. The user running case generally

yields greater differences in between the models, especially for the AL L antenna, where the specific

posture yields increased depolarisation losses, as discussed previously.

Fig. 7.9 shows the Rx power obtained in Scenario 3, for the three considered mobility models. For

its realistic motion, the skeleton-based model with MoCap data can be used as a reference for the

evaluation of the two mobility models. Table 7.4 summarises the maximum, mean and standard deviation

for the differences between the Rx power obtained from MoCap data (PMoCap
r ) and the two considered

mobility models (P lin./mod.
r ), as calculated according to (4.9) - (4.11).
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Figure 7.9: Rx power obtained for the different mobility models in Scenario 3.

Table 7.4: Statistics of the Rx powers difference for MoCap data and mobility models in Scenario 3.

Motion Walking Running

Antenna To F AL L LL L To F AL L LL L

lin.

εmax{P lin.
r ,PMoCap

r }[dB] 0.3 10.5 42.3 0.6 16.8 29.3

εµ{P lin.
r ,PMoCap

r }[dB] 0.1 7.1 7.0 0.5 4.2 11.8

εσ{P lin.
r ,PMoCap

r }[dB] 0.1 1.9 6.3 0.1 3.6 7.6

mod.

εmax{Pmod.
r ,PMoCap

r }[dB] 0.2 1.3 30.8 0.7 4.8 14.4

εµ{Pmod.
r ,PMoCap

r }[dB] 0.0 0.3 1.8 0.2 0.9 3.0

εσ{Pmod.
r ,PMoCap

r }[dB] 0.0 0.3 2.6 0.2 0.7 3.2

As seen in Fig. 7.9, the linear mobility model fails to capture the characteristic motion pattern ob-

served when the skeleton-based model with MoCap data is used, and yields only a slow change in Rx

power due to the decreasing propagation loss as the user approaches the off-body antenna. The differ-

ence in both dynamics and range of Rx power variation observed between the two models highlights the

importance of using an appropriate mobility model. The availability of such a model is more important

as more dynamic the antenna motion is. The maximum observed difference is less than 1 dB for the

To F antenna, while it is greater than 10.5 dB for the AL L and LL L ones (Table 7.4); with a maximum

of 42.2 dB obtained for the LL L antenna and user walking motion. This maximum is observed to occur

at notch in Rx power, hence being highly sensitive to exact sampling time. However, the average dif-
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ference between the models is also high for dynamic antenna placements, being up to 11.8 dB for the

LL L antenna and user running. This result is expected, since the torso is fairly static during walking and

running motions, while the arms and legs are considerably more dynamic, especially for running.

On the other hand, a very good match is observed between the results obtained for the developed

mobility model and the one based on MoCap data. While the maximum difference of 30.8 dB observed

for the LL L antenna and user walking is quite high, this result is a specific one, as it corresponds to a

null in the Rx power. The average difference, however, is very low, being below 3 dB for all wearable

antenna placements and user’s motions.

For comparison, Fig. 7.10 shows the results obtained with a non-polarised propagation model, de-

scribed in [166]. Table 7.5 summarises the maximum differences between the Rx power obtained from

MoCap data and the considered mobility models.
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Figure 7.10: Rx power obtained for the different mobility models in Scenario 3, using a non-polarised propagation

model.

Table 7.5: Max. difference between Rx power obtained from MoCap data and the mobility models in Scenario 3.

Motion Walking Running

Antenna To F AL L LL L To F AL L LL L

εmax{P lin.
r ,PMoCap

r }[dB] 0.3 3.7 5.3 0.8 5.9 5.2

εmax{Pmod.
r ,PMoCap

r }[dB] 0.2 0.6 1.0 0.5 0.7 0.5

As one observes, with the absence of notches in the Rx power, associated with the polarisation

mismatch losses, the differences between the Rx powers are lower. The proposed mobility model shows

an excellent match to the one based on MoCap data, where the maximum difference between the

corresponding Rx powers is below 1 dB in all cases.

In summary, the results in all scenarios indicate a strong impact of user’s motion on the channel,

primarily because of the depolarisation effect. While being negligible for wearable antennas on fairly

static placements, such as the chest or the head, signal depolarisation can be significant for antennas

worn on the arms or the legs. Therefore, this effect should be taken into account by the channel model

for off-body communications with dynamic users.
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7.3 Depolarisation mechanisms

This section identifies and discusses the signal depolarisation mechanisms, based on the presented

channel model. First the effects of user dynamics are considered, followed by a discussion on the

depolarisation due to interaction with the environment through scattering mechanisms.

7.3.1 Depolarisation due to antenna dynamics

As discussed in Section 3.3, the wearable antenna motion on a dynamic user has an important and

multi-fold influence on the channel. The dominant effect comes from the exhibited antenna rotation,

which results in time-varying DoDs/DoAs given by (3.51) and (3.52), in the general form, and by (3.90)

and (3.89), as derived for the adopted Euler angles representation of the orientation (Section 3.4.1).

These DoDs/DoAs variations further yields time-variant wearable antenna gain in directions of the de-

parting/arriving MPCs.

Fig. 7.11 shows the maximum wearable antenna gain variation over the motion period, for fixed direc-

tions in space, given by their azimuth and elevation angles in the global coordinate system (Fig. 7.1a).

All figures correspond to the user facing in the direction of the x-axis. The same scale is used in all

figures for comparison, while the maximum value in each particular case is indicated in the caption. The
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Figure 7.11: Wearable antenna total gain variation due to rotation.

magnitude of gain variations and the number of affected directions are observed to increase with the dy-

namics of antenna motion. The highest maximum variation is obtained for the wrist antenna and the user

running motion (Fig. 7.11e), where a significant area in φ-ψ plane exhibits gain variations higher than

10 dB. Therefore, the channel quality can be severely affected should the LoS direction fall in this area.

In addition to amplitude fluctuations due to variable gain, the DoD/DoA variations due to antenna ro-

tation also contribute to the depolarisation effect. The gain imbalance in the two reference polarisations

yields time-variant antenna XPI in a given direction, being calculated according to (3.55), where one

considers the relation in between the AoDs/AoAs in the local and global coordinate systems, i.e. given
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by (3.90) and (3.89). This means that the polarisation of a departing MPC on the one hand, and the mis-

match in between the polarisations of an arriving MPC and the antenna on the other hand, are changing.

This depolarisation mechanism, associated with imperfect polarisation characteristics of practical anten-

nas, affects the MPCs as well as the LoS component, having an important influence on the average

Rx power. On the other hand, it does not apply to antennas with ideal polarisation characteristics, e.g.

dipoles, which radiate and receive energy only in the θ-polarisation [55].

Fig. 7.12 shows the range of XPI variation across spatial directions, during the motion period, for the

considered wearable antenna placements. For the dynamic antenna placements on the AL L and LL L,

XPI varies more than 30 dB, in a wide range of spatial angles. Since this translates to a rotation of the

antenna polarisation in these directions, a high degree of depolarisation can be expected.
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Figure 7.12: On-body antenna XPI variation over the motion cycle.

In addition to the variable XPI, the antenna rotation has another, more significant, contribution to the

depolarisation effect. More precisely, the consequent rotation of the antenna polarisation reference in

the direction of a departing or an arriving MPC, i.e. ua
θ and ua

φ, results in further mismatch between the

antenna and the MPC. In the model, this is represented by the LoS mismatch angle in (3.8), for the LoS

component, and the Tx and Rx mismatch angles in (3.10), for scattered MPCs.

The signal depolarisation imposed by this mechanism is merely a result of antenna rotation, and

can be analysed independently of the propagation mechanism by choosing a fixed reference. Thereby,

considering a V-polarised signal arriving at the antenna, its depolarisation can be quantified by the ratio

of the powers received in θ- and φ-polarisations. This is equivalent to the ratio of powers radiated in V-

and H-polarisations, for a Tx antenna emitting a θ-polarised signal. This XPR is calculated according to

(4.3), as discussed in Section 4.4.

Fig. 7.13 shows the minimum XPR across the spatial directions during the motion cycle, considering

the antennas on the chest (To F), left wrist (AL L) and lower leg (LL L), with the user walking and

running in the x-axis direction. The influence of motion dynamics is apparent. The chest antenna yields

the highest minimum XPR (Fig. 7.13a), as it remains fairly vertical and static during the motion cycle.
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The values obtained for the wrist and lower leg antennas are considerably lower (Figs. 7.13b and 7.13c).

Expectedly, the highest depolarisation is observed for AAoDs/AAoAs around ±90◦, i.e. directions nearly

aligned with the axis of antennas’ principal rotations. On the other hand, the polarisation remains vertical

in the plane perpendicular to this general direction, i.e. the X-Z plane, as indicated by the bright areas

at 0◦ and 180◦ in Figs. 7.13b and 7.13c.

The user running case yields more severe depolarisation (Figs. 7.13d - 7.13f), especially for the

dynamic antenna placements on the wrist and the lower leg, for which XPR falls below -30 dB for most

of the spatial directions. Therefore, high polarisation mismatch losses are anticipated if linearly polarised

antennas are employed. One should note that the most severe depolarisation is observed for the wrist

antenna (Fig. 7.13e). This is a result of the specific posture of a running person, whose hands are mostly

in the horizontal position.
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Figure 7.13: Minimum XPR over the motion cycle.

7.3.2 Depolarisation by scattering

MPCs interacting with objects in the environment are additionally depolarised, two principal factors being

responsible: inclination of the incidence plane and polarisation-selective treatment of EM waves by

scattering mechanisms. The first one depends only on the propagation path geometry, i.e. relative

positions of the Tx, Rx and scatterer. A detailed analysis of this mechanism is available in [93, 86],

where a higher relative elevation of a scatterer is observed to result in a more significant depolarisation.

This directly implies that 2D propagation models fail to capture this depolarisation mechanism, and 3D

models, such as the one presented in this thesis, should be used.

The second aforementioned depolarisation factor is associated with realistic scattering from objects

with arbitrary EM properties. For reflected MPCs, depolarisation occurs due to the imbalance in between

the reflection coefficients associated with the polarisations perpendicular and parallel to the incidence

plane [94]. In order to illustrate signal depolarisation by reflection, Fig. 7.14 shows the incident and
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reflected E-field vectors in the polarisation plane, for a concrete/glass surface (εr = 4.11). The vectors

are normalised by the amplitude of the incident field, hence, the length of the Rx field vector in the

figure corresponds to the incurred loss. This reflection loss and the reflected field polarisation angle are

respectively obtained from the reflection coefficients [124], according to (3.14) and (3.15), respectively.

incident field

reflected field

concrete/glass
εr = 4.11

-9.34 dB

0 dB
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θpolt = 0◦, 15◦, . . . , 90◦

θpolt = 0◦, 15◦, . . . , 90◦

Figure 7.14: Normalised incident and reflected E-field vectors in the polarisation plane, for a concrete/glass surface.

While the reflection loss and signal depolarisation depend on the incident field polarisation, a com-

mon pattern can be observed in Fig. 7.14. For the normal incidence, i.e. θi = 0◦, the perpendicular

polarisation component of the field is reversed, and its magnitude is attenuated by 9.34 dB. However,

the ratio in between parallel and perpendicular components remains the same, hence, polarisation is

preserved. On the other extreme, the grazing incidence, i.e. θi = 90◦, yields only a phase change by

π, while the polarisation and magnitude of the signal are unaffected. For an incident angle in between

the two extremes, the reflection loss decreases and polarisation is rotated by an increasing angle as the

grazing incidence is approached. Moreover, the polarisation of the reflected field is more sensitive to

the incidence angle as more inclined the incident field is towards the plane of incidence. The trajectory

of the tip of the reflected field vector in Fig. 7.14 (dashed red line) intersects the horizontal axis for inci-

dence at the Brewster’s angle, in which case the reflected field only has the perpendicular component.

Polarisation remains unchanged if the incident field is perpendicular or parallel to the incidence plane.

While only linear polarisation of the incident field is considered here, the implications on an arbi-

trary one are straightforward. The eccentricity of an elliptic polarisation is changed by reflection, due to

unequal scaling of the principal axes, whereas a circular polarisation is transformed to an elliptic one, ac-

cording to the same principle [120]. Moreover, reflections from lossy materials generally result in elliptic

polarisation of the reflected field, irrespective of the incident one. For perfectly conducting surfaces the

reflected field is unattenuated, its perpendicular component being reversed [124]. Since the reflected

field components are equal by the absolute value in this case, the polarisation is preserved. Thereby,

the authors of [86, 93] refer to the incidence plane as the Conservation-of-Polarisation plane.

Finally, one should note that the antenna rotation due to user motion also affects the signal depolar-
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isation by reflection and diffraction. Since the antenna’s orientation and its XPI determine the incident

field polarisation, the extent of depolarisation by reflection will vary in accordance to the antenna rotation.

This further emphasises the importance of proper modelling of wearable antenna dynamics.
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Chapter 8

Conclusions

This chapter concludes the thesis. A summary of the presented work is given, recalling the main goals

and the adopted strategy to meet them. The main results of the work are outlined and the potential

directions for the future work are discussed.
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8.1 Summary

BANs are foreseen to revolutionise healthcare, to improve logistics support for military teams on the

battlefront, and to fundamentally change the human-computer interaction we know today [1], just to

name a few applications. Some of the most promising applications exploit the communication between

a BAN and the surrounding infrastructure or another nearby BAN, which sparked an interest in off- and

body-to-body communications research [57].

Since BANs’ performance highly relies on the communication quality, the availability of an appropri-

ate channel model is paramount for optimised system design, which should take the depolarisation effect

and the influence of user dynamics into account. In addition to providing a tool for a realistic channel

analysis, such a model allows one to investigate the performance of important multi-polarised antenna

systems [118], i.e. employed to mitigate fading [80], increase capacity [81], or to facilitate medium

sharing among users [123].

A general lack of off-body channel models and failure of the existing ones to appropriately capture

the peculiar aspects of BAN channels where the main motivation for the work developed within this

thesis. A goal was set to develop an off-body channel model, which appropriately represents the signal

depolarisation and the influence of user’s motion, primarily the imposed rotation of wearable antennas.

Several steps were taken in order to meet this goal. First, a geometry-based polarised channel model

was developed by synthesising and generalising the ideas proposed for modelling the LoS component

depolarisation due to antenna tilt in [85], and those for signal depolarisation due to reflection in [86, 93,

94].

In order to expand the channel model to take the effects of user’s motion into account, an analytical

mobility model for wearable antennas on dynamic users was then developed, where various on-body

antenna placements are considered, with the user walking or running. The propagation and antenna

mobility models together result in a geometry-based channel model for polarised off-body communica-

tions with dynamic users. The joint modelling of these two important effects is the main contribution

of this work, as such treatment of the off-body channel is not available in literature, to the best of the

author’s knowledge.

The work in this thesis was developed within the framework of the COST Action CA15104 (IRACON),

while its parts were already disseminated in international journals and conferences, and internal reports:

• 3 journal papers were published prior to submission of this thesis, while an additional is currently

under review;

• 7 papers were published in conferences;

• 9 technical documents were prepared and presented in IRACON meetings.

The presentation of the work in the thesis is organised in eight chapters. Chapter 1 discusses the

motivation and outlines the main goals set for the thesis. The novelty and main contributions of the

thesis are pointed out, and a list of published work and internal reports is given. The chapter concludes

with a detailed description of the thesis’ structure.
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Chapter 2 presents a general overview of BAN systems, considering the anticipated applications, as-

sociated challenges and requirements, general system architecture and available communication tech-

nologies, and finally discussing the specific radio propagation aspects. An overview of the previous work

on off-body channel modelling is presented, with a focus on the polarisation aspect of the channel and

on the influence of the user’s motion on its characteristics. The chapter is concluded with an outline of

the main open issues and research gaps, serving as a motivation for the work developed in the following

chapters.

Chapter 3 presents a geometry-based polarised off-body channel model considering dynamic users.

In the first step, a static channel model is developed from the principles of GO and UTD, taking free space

propagation, reflection and diffraction into account. It considers the antennas’ radiation characteristics

specified by complex antenna gain vectors, i.e. representing gain in two orthogonal polarisations, which

thereby facilitate arbitrary antenna polarisation. The signal depolarisation is modelled by matrices as-

sociated with each MPC, dependent on the path geometry and the involved propagation mechanism.

A general formulation of the model is provided, and the polarisation matrices for LoS component and

first-order MPCs are derived for an arbitrary geometry. In the second step, an analytical mobility model

for wearable antennas in BANs with dynamic users is developed for a consistent representation of the

effects related to user’s activity. The model represents motion as a composition of the forward move-

ment at constant velocity and a periodic component associated with variations in the user’s posture.

The former is represented by a linear function, while the latter is modelled by a Fourier series with two

harmonics at most, while model parameters are calculated from MoCap data, thus yielding a simple

yet realistic model. Finally, a simplified environment geometry is then discussed for the formulation of a

GBSC model, where scattering is assumed to occur in a cylinder centred around the user. With a few

additional assumptions, simple expressions for the polarisation matrix are derived, where the depolari-

sation due to scattering is separated from the user motion effects.

Chapter 4 presents the implementation of the model, outlining its structure and providing a detailed

description of its components, as well as a list of input parameters and considered output metrics.

The simulator is assessed by considering each of its components individually. The mobility module is

validated by comparing the wearable antenna’s positions and orientations obtained from the mobility

model against those from MoCap data, where a good agreement in between the two is observed. The

propagation module is validated by using the developed channel model to replicate a set of scenarios

from literature, chosen to asses its different aspects, where an excellent match with results reported in

the corresponding references is observed.

Chapter 5 describes two measurement campaigns performed in a meeting room, considering narrow-

and wideband off-body channels at 2.45 GHz and 5.8 GHz, respectively. First the common environment

in which measurements took place is described, followed by details regarding the considered scenarios

and equipment set-up. Both measurements were performed with both V- and H-polarised antennas,

either sequentially or simultaneously, in order to investigate the channel’s polarisation characteristics.

Several different wearable antenna placements and user’s activities are considered, in order to investi-

gate the associated effects on the off-body channel characteristics.
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Chapter 6 presents the analysis of the measurement data obtained in the two campaigns. Data

processing procedures and calculation of the considered metrics are described for both narrow- and

wideband measurements. In the former case, these include extraction of path loss components, statisti-

cal analysis and model selection for large- and small-scales fading, and analysis of channel’s polarisation

characteristics. In the latter, one performs CIR deconvolution in order to estimate path delays and am-

plitudes, which are then used to analyse path loss, depolarisation and delay dispersion characteristics

of the channel. The obtained results are discussed, with a great deal of attention given to the depolar-

isation effect and influence of user dynamics. The measurements data are finally used to validate the

developed off-body channel model, where simulation results are compared against measurements for a

subset of scenarios.

Chapter 7 presents a simulation-based study of the off-body channel characteristics, using the de-

veloped simulator. The chosen scenarios consider different wearable antenna placements with the user

walking and running, the goal being to investigate the influence of user dynamics on channel charac-

teristics. A detailed analysis of the depolarisation mechanisms is performed, considering the effects

associated with both scattering and user’s motion.

Finally, the current chapter concludes the thesis. A summary of the work is presented in the current

section, briefly describing the motivation, main goals and contributions of the thesis. Following this out-

line of the document’s structure, the next section points out the main results, and the final one discusses

the future work.

8.2 Main results

Motivated by the lack of appropriate off-body BAN channel models that consider the polarisation aspect

and take the influence of the user’s motion into account, the work within thesis was performed with

the goal to develop such a model. The final result of the thesis is a geometry-based polarised BAN

channel model for off-body communication with dynamic users, whose development is carried out in

two main steps. A polarisation-aware propagation model is developed first, by gathering, modifying and

generalising the existing ideas, followed by the development of a mobility model for wearable antennas

in BANs with dynamic users.

The proposed analytical antenna mobility model is one of the main contributions of this thesis. It fits

the general Reference Point Group Mobility framework, where group mobility associated with the forward

motion of the user is represented by a linear model, and Fourier series with at most two harmonics are

used to model periodic changes in the individual antenna’s position and orientation. It considers users

walking and running, with 14 different on-body antenna placements in total, namely, front and back sides

of the torso (To F/B), left and right sides of the waist (Wa L/R), left and right sides of the head (He L/R),

left and right upper arms (AU L/R), left and right hand wrists (AL L/R), left and right upper legs (LU L/R),

and left and right lower legs (LL L/R). These placements cover the most important BAN applications.

The model provides a realistic antenna motion, as its parameters were calculated from high-resolution

MoCap data. With MoCap data serving as reference, the antenna position error is below 2 cm for all on-
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body placements, except for the wrist one (AL) with the user running, the maximum error being 3.2 cm

in this case. Furthermore, the error is similar across antenna placements and motions. The maximum

orientation error is found to be at most 9◦, for the lower leg antenna (LL) on a walking user. It is notewor-

thy that the model error is primarily affected by the motion cyclification imposed by the mobility model,

with the maxima typically observed at the end of the motion period.

The main advantage of the presented mobility model is its simplicity, making it suitable for employ-

ment in BAN channel simulators based on ray-tracing, but also for development of GBSC models, or

even for analytical inference in simplified scenarios. It should be pointed out that the model is gen-

eral and applicable to any communication scenario including wearable antennas. Therefore, it can be

used for on-, off- and body-to-body BAN communications. As such, the model is unique and bridges an

important gap in the existing literature.

In order to investigate the off-body channel characteristics in a real setting, two measurement cam-

paigns were performed in an indoor office environment at Gdansk University of Technology (Gdansk,

Poland). The first campaign considered narrowband and the second one wideband off-body communi-

cations, the measurements being performed at 2.45 GHz for the former and at 5.8 GHz the latter, both

in licence-free ISM bands. Both measurements were performed with dual-polarised off-body antennas,

either sequentially or simultaneously, as the focus was investigation of the depolarisation effect and the

influence of user dynamics.

The narrowband measurements were performed for five static scenarios, involving a person standing

and sitting, a quasi-dynamic scenario with the user mimicking walking motion in place, and a real dy-

namic scenario with the user walking towards and away from the off-body antenna. Wearable antenna

placements were varied across scenarios, with the ones on the chest, wrist and head being considered.

In order to investigate the effects of body-shadowing on the channel, static and quasi-dynamic scenar-

ios measurements were repeated for several user’s orientations. Channel characteristics were analysed

by decomposing the instantaneous path loss into MPL, represented by a log-distance model, and two

random components for the large- and small-scales fading.

A statistical analysis of the path loss components with co- and cross-polarised antennas shows

higher attenuation and greater variability of the signal associated with the latter, as indicated by the es-

timated model parameters. The path loss exponent of 1.79 is estimated when the LoS was clear from

body-shadowing, being in agreement with previous measurement-based studies considering indoor en-

vironments. Both co- and cross-polarised channels are observed to exhibit lognormal large-scale power

variation and Nakagami-m distributed multipath fading. The latter emerged as the best fitting model

among other considered distributions, i.e. Rice, Weibull and Rayleigh, where Akaike Information Crite-

rion and χ2 test were used for ranking and model selection. One should note that the Nakagami-m model

parameters for small-scale fading essentially differ in the orthogonal polarisations, where one observes

a tendency towards Rice and Rayleigh distributions in co- and cross-polarised channels, respectively.

Body-shadowing is observed to greatly affect path loss and fading characteristics, yielding up to 33 dB

additional losses and increased signal variation due to multipath effects when the user obstructs LoS.

The polarisation characteristics also depend on body-shadowing conditions, where the highest XPD is
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observed when LoS is clear from body-shadowing. Considering the antenna on the chest, XPD can

vary from 22.1 dB in LoS to 3.2 dB in NLoS, as the user turns around in front of the off-body antenna,

even with the antennas’ principal polarisation being matched. The wearable antenna placement and

body size also show an impact on XPD, higher values being obtained for more corpulent user and

antennas on body parts susceptible to stronger shadowing effects, i.e. the chest. These results imply

that elevated antenna placements on the head are favourable design choices, where antennas could

be integrated in hats, helmets or head-worn devices, such as VR or smart glasses. In the applications

involving uniforms, spatial diversity with antennas on the opposite sides of the body should be used to

mitigate body-shadowing losses and improve channel quality.

The wearable antenna orientation due to user’s posture has a dominant effect on channel character-

istics, where the antenna placement on the wrist can result in an orthogonally polarised channel, hence,

higher average path loss, as the user sits down with arms on the armrest. This has serious implications

on system design choices, where steady body-parts, as the head, chest and upper arm, present them-

selves as favourable choices for antenna placement from this aspect. With the uncertainties related to

random human motion, the employment of polarisation diversity with dual-polarised wearable antennas

would significantly improve channel quality. This design choice would help to overcome polarisation mis-

match losses due to uncontrolled antenna placement in widespread BAN employments, where wearable

devices are likely to be handled by non-professionals.

The wideband channel measurements were performed considering a dynamic user scenario with

the user approaching to and departing from the off-body antenna, as in the narrowband campaign. The

measurements were performed simultaneously with V- and H-polarised off-body antennas, while being

repeated for a wearable one on the chest, wrist and lower leg. Results show a significant influence of

user dynamics on CIR parameters. The Rx power obtained for the wrist and lower leg antennas is ob-

served to exhibit periodic variations, associated with changes in user’s posture during motion. The mean

delay and standard deviation vary synchronously, with their local maxima matching the minima in the

corresponding Rx power. These variations can be related to time-variant antenna gain and polarisation

mismatch losses due to wearable antenna rotation on a dynamic user.

In a similar way as in the narrowband channel case, body shadowing is observed to yield lower Rx

power and increased channel delay dispersion. In addition to LoS obstructions, those associated with

specular reflection paths can also have a significant effect on CIR, i.e. on the total Rx power and delay

characteristics. With the user and AP in the same room, the off-body channel is observed for have a low

delay spread, where most of the energy is transferred by one or two dominant MPCs. As a reference, the

average delay spread is found to be at most 11.2 ns, i.e. for the To F antenna and the user approaching.

Following channel characterisation, measurement data were used for model validation. A few sce-

narios were selected to test the models ability to replicate temporal dynamics and polarisation charac-

teristics of the channel with static and dynamic users. Results show a good match between simulations

and measurements, where the main signal trends are appropriately reproduced by the simulator. Con-

sidering the Rx power over time, RMSE is found to be typically below 3 dB in the considered scenarios,

where mismatch in the mean power levels is not considered. Similarly, the simulator was able to repro-
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duce the general XPD behaviour with user’s orientation relative to the AP, with RMSE being 7.1 dB in

the two considered scenarios. However, one should note that the observed errors are in great part due

to inappropriate wearable antenna radiation patterns used for simulation, and the inability to perfectly

align the data for comparison, due to the random nature of human motion.

With the developed channel model showing a good match with measurements, it was used to in-

vestigate off-body channel characteristics with a dynamic user, walking or running, considering antenna

placements on the chest, wrist and lower leg. Simple simulation scenarios were chosen with the goal to

analyse Rx power variations due to user’s activity, primarily due to signal depolarisation. Therefore, the

focus is on the LoS component, for which this effect is most obvious.

Results show that the periodic wearable antenna rotation on the user yields high polarisation mis-

match losses and a consequent significant variation in Rx power during a motion cycle. These effects

are highly dependent on the antenna placement and the type of user’s motion. The Rx power is ob-

served to vary as much as 37.5 dB in a free space propagation scenario, i.e. for the antenna on the wrist

and the user running. A similar behaviour is observed for an NLoS scenario, where a maximum variation

of 41.4 dB is obtained for the same case. On the other hand, for the user walking with antenna on the

chest, these variations are as low 0.2 dB and 2.5 dB in the two propagation scenarios, respectively.

Further investigation shows that wearable antenna dynamics result in large AoA/AoD variations of

MPCs arriving to or departing from the on-body antenna. For the LoS component, these are up to 22.1◦

in azimuth and 35.2◦ in elevation, when the user is running and the antenna is on the wrist, while the

time-variant AoA/AoD can generally yield a large gain variation, only up to 6.1 dB being observed in the

considered scenario. Analysis of the PLF showed that the polarisation mismatch losses due to wearable

antenna rotation are the major cause of Rx power variation.

A comparison between the Rx power levels obtained with polarised and non-polarised channel mod-

els was also performed, considering a free space scenario. The observed difference is very high for

antennas on the wrist and the lower leg, i.e. up to 53 dB for the latter one. The average difference is also

high, being 7.3 dB and 17.8 dB for the two antennas, respectively. On the other hand, the difference is

negligible for the antenna on the chest, i.e. at most 1.5 dB in the worst case. These results underline the

importance of considering the depolarisation effect and the influence of user dynamics in BAN channel

models with dynamic wearable antenna placements.

The most important conclusion following from this work is that the channel modelling approach for

BAN communications has to be changed. While the standard statistical model with three-component

path loss is widely adopted by researchers, its suitability for BANs is arguable. Communication chan-

nels in these networks are characterised by dynamic changes in the principal parameters due to signal

depolarisation, where user’s motion plays an important role. These effects easily break the stationary

channel assumptions for which the standard statistical models were developed. Therefore, an alterna-

tive approach is required to take the inevitable non-stationary effects into account. Moreover, the basic

statistical models seem even less appropriate if mmWave communications are considered, where the

channel dynamics are more important than the average statistics, which are considered as standard

metrics for channels below 6 GHz.
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By introducing the user dynamics’ effects in a polarisation-aware geometry-based channel model,

this thesis shifts from the standard off-body channel modelling perspective. The depolarisation effect

and the influence of user dynamics are considered jointly, like in no other BAN channel model proposed

previously. It allows one to consider arbitrary antennas’ radiation characteristics, including gain and

polarisations, arbitrary orientation of the off-body antenna and considers dynamic motion of the wearable

one, according to the respective on-body placement and user’s motion. The model can be used for

realistic simulation of dynamic off-body channel for improved system performance evaluation, in order

to make a step towards more energy-efficient BAN design.

8.3 Future work

By jointly modelling the depolarisation effect and the influence of the user dynamics, the channel model

developed within this thesis bridges an important gap in the existing literature. However, several im-

provements can be made to the developed simulator, in pursue for even more realistic BAN channel

model or its simplification. Moreover, the model can be modified and extended for simulation of other

communication scenarios, not only the off-body one. These possible improvements and modifications,

but also other open issues remaining to be addressed in the future work are discussed in what follows.

As an important step in the future work, one should further validate different properties of the model

based on measurements. This requires a dedicated measurement campaign tailored for testing different

aspects of the channel model, including first- and second-order statistics. This campaign should cir-

cumvent some of the shortcomings associated with the measurement set-up that was available for the

measurements presented in this thesis.

As an important direction to pursue in the future, one considers the further model development for

scattering cylinder geometry, where the simple polarisation matrix expressions derived at the end of

Chapter 3 could lead to close-form expressions for the first- and second-order statistics of the Rx signal

variation. In addition to the facilitation of the analysis of channel characteristics, these would in turn

lead to a simplified statistical model for channel fading. Such a model would take the effects of signal

depolarisation and user dynamics into account more appropriately than the existing ones. It would

further simplify channel simulation in network- and system-level simulators, for performance evaluation

purposes. As the following step, one should investigate if a direct link between the parameters of the

geometry-based channel model and statistical fading models could be derived, considering the standard

Rice and Nakagami-m distributions but also less widely known ones as κ/η − µ.

Additional geometries should be considered for the scattering environment, where an elliptical cylin-

der with the Tx and Rx antennas in its foci should be one of the candidates for indoor channels. The best

geometry should be chosen based on measurements performed in different environments. One should

note that only simple modifications of the model are required in this case, since the expressions derived

in Chapter 3 can be easily adapted to facilitate different specification of the scatterers’ positions.

With the recent popularity of mmWave communications, the interest in mmWave BANs is also on the

rise. With the depolarisation effect being recognised as one of the key challenges at these frequencies,

132



i.e. due to scarce multipath conditions and high reliance on LoS and specular reflections, the model

developed in this thesis could be adapted for mmWave off-body channel considerations. With appro-

priate models for scatterer dynamics, the model can be employed for a spatially consistent simulation

of mmWave channels. One should note that none of the available mmWave channel models consider

the influence of user dynamics, to the best of the author’s knowledge. Therefore, such a model would

provide a valuable contribution to channel model development for the fifth generation of mobile networks.

Another valuable direction to explore is the employment of the developed channel model for the

performance analysis of wearable MIMO systems, i.e. the actual physical implementation or the virtual

perspective of it. While the general geometry formulation can be be readily applied, minor modifications

of the simplified model in Section 3.5.3 are required to allow for such analysis. That is, relative positions

between antennas should be considered in order to appropriately represent spatial cross-correlation

between different on-body antennas.

The channel model presented in this thesis can be also expanded to facilitate body-to-body communi-

cation. While the proposed wearable antenna mobility model can be already used at both communication

ends, hence taking both user’s dynamics into account, the scattering geometry should be reconsidered

for the GBSC model. In this case, two cylinders centred around each user present themselves as a

more appropriate model for the scattering environment. With this geometry being adopted, in addition

to single-bounce MPCs associated with each cylinder, those interacting with scatterers on both cylin-

ders should be also considered, in a similar way as previously proposed for vehicular mobile-to-mobile

channels [86].

Finally, one should note the channel model developed in this thesis is not limited only to BANs. The

influence of the antennas’ orientations on the channel are generally neglected in the literature on mobile

communications, whereas the methodology developed in this thesis could be used to take these effects

into account. Therefore, the channel model presented in Chapter 3 can be expanded to consider mobile

communications as well. It could be used to develop a polarised MIMO channel model for multi-polarised

multi-antenna systems in future mobile communication networks.
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