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Abstract

As wireless connectivity becomes increasingly popular, a greater emphasis will be

placed upon the seamless integration of dissimilar networking technologies. One such

example of this will occur in urban environments, where diverse types of networks

are expected to operate in close proximity to one another. The work in this thesis has

focused on understanding how these emerging communications channels may coexist.

In particular, by studying how wearable communications channels may be influenced by

nearby vehicles, or even forming part of a much larger vehicle-to-everything network.

Due to the complex nature of the propagation mechanisms that support communications

within these networks, previous measurements and analysis performed for each channel

in isolation are unlikely to accurately depict the compounded effects that influence the

received signal power.

Firstly, the impact vehicular traffic may have on wearable-to-wearable devices when

operating in the same vicinity was investigated through detailed measurements. Most

notable, was the introduction of a categorisation system for vehicles based on their

size and shape, which enabled a systematic analysis of channel disturbances and the

vehicle-induced fading conditions. Secondly, a natural extension of this work, considered

the interconnectivity of wearable networks with passing vehicles. These vehicle-to-

pedestrian communications channels are an important part of future vehicular networks,

particularly in relation to road safety. The research focused on the individual fading

mechanisms responsible for shaping the vehicle-to-pedestrian channel, highlighting

similarities between existing vehicle-to-vehicle channels as well as key differences that

make the work presented here vital in improving our understanding of the vehicle-to-

pedestrian communications channel. Lastly, an airborne vehicle was considered to

form part of a person-to-vehicle channel, namely the use of an unmanned aerial vehicle
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(acting as a base station or relay) to form part of future cellular networks. In all studies,

the significance of body orientation for the wearable devices was also investigated, in

the process helping to determine the role of the human body shadowing in shaping

the characteristics of the received signal. This included scenarios where the person

remained stationary and walked, enabling a study of the impact mobility has on the

fading characteristics of these wireless channels.

The results presented in this thesis, provide invaluable insight into the challenges

faced by wireless system designers that must be overcome to create robust networking

solutions that can mitigate signal interference and dropouts. The fading models and their

parameter estimates can be used to design forward error correction methods and antenna

systems to improve signal reliability and network signal coverage. Using simulation

techniques and the information provided in this thesis, these V2X channels can be readily

reproduced for incorporation into ITS network simulations.

iii



Acknowledgements

First and foremost, I would like to thank my Ph.D supervisor, Prof. Simon L. Cotton for

his help, guidance and sacrifice throughout the period of my Ph.D study. I will never

be able to express the deep gratitude I have for all the support and experience he has

imparted on me.

I would also like to thank my fellow Ph.D students and colleagues in the Centre for

Wireless Innovation, namely: Dr. Adrian McKernan, Dr. Seong Ki Yoo and Dr. Nidhi

Bhargav for their help with measurements and general guidance when I needed it.

They helped make the Ph.D a very enjoyable and rewarding experience. My gratitude

also extends to a number of other members of the ECIT research group who provided

assistance and training, including Dr. Gareth Conway and Mr. Kieran Rainey.

My appreciation also goes to my friends and family who provided help with measure-

ments and support during my Ph.D, in particular, Gerard Lavery, Roisin McCoy and

Jonathan Doone.

Finally, I would like to thank my parents for their constant support and encouragement

throughout my life and the course of my time at University.

iv



Table of Contents

Abstract ii

Acknowledgements iv

Contents iv

List of Figures viii

List of Tables xii

List of Acronyms xiii

List of Symbols xvii

1 Introduction 1
1.1 Wearable Communications . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Vehicular Communications . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Ground Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 Aerial Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Challenges and Motivations . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.6 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Background 12
2.1 Received Signal Power . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Path Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.1 Free-Space Path Loss Model . . . . . . . . . . . . . . . . . . . 14
2.2.2 Log-Distance (Single-Slope) Path Loss Model . . . . . . . . . 15
2.2.3 Piecewise Linear (Multi-Slope) Model . . . . . . . . . . . . . . 16
2.2.4 Ground Reflection (Two-Ray) Model . . . . . . . . . . . . . . 16

2.3 Shadowed (Large-Scale) Fading . . . . . . . . . . . . . . . . . . . . . 19
2.3.1 Log-Normal Shadowing . . . . . . . . . . . . . . . . . . . . . 19
2.3.2 Gaussian Mixture Model . . . . . . . . . . . . . . . . . . . . . 20

2.4 Multipath (Small-Scale) Fading . . . . . . . . . . . . . . . . . . . . . 22
2.4.1 Rayleigh Fading . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4.2 Nakagami-m Fading . . . . . . . . . . . . . . . . . . . . . . . 23



TABLE OF CONTENTS

2.4.3 Rician Fading . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.4 κ-µ Fading . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4.5 κ-µ Extreme Fading . . . . . . . . . . . . . . . . . . . . . . . 26

2.5 Goodness-of-Fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.5.1 Akaike Information Criterion . . . . . . . . . . . . . . . . . . . 27
2.5.2 Kullback-Leibler Divergence . . . . . . . . . . . . . . . . . . . 28
2.5.3 Resistor-Average Distance . . . . . . . . . . . . . . . . . . . . 29
2.5.4 Normalised Mean Square Error . . . . . . . . . . . . . . . . . 29

3 An Experimental Investigation into the Impact of Vehicular Traffic on Inter-
personal Wearable-to-Wearable Communications Channels 31
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2 Measurement Setup, Environment and Procedure . . . . . . . . . . . . 35

3.2.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.2 Measurement Environment and Procedure . . . . . . . . . . . . 36

3.3 Vehicle Classification . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.4 Some Empirical Observations . . . . . . . . . . . . . . . . . . . . . . 39

3.4.1 Both persons orientated towards oncoming traffic (Scenario A) . 41
3.4.2 Both persons orientated towards one another (Scenario B) . . . 43
3.4.3 Both persons orientated in opposite directions (Scenario C) . . . 44

3.5 Large-Scale Fading . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5.1 Both persons orientated towards oncoming traffic (Scenario A) . 47
3.5.2 Both persons orientated towards one another (Scenario B) . . . 51
3.5.3 Both persons orientated in opposite directions (Scenario C) . . . 51

3.6 Small-Scale Fading . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.6.1 Both persons orientated towards oncoming traffic (Scenario A) . 53
3.6.2 Both persons orientated towards one another (Scenario B) . . . 55
3.6.3 Both persons orientated in opposite directions (Scenario C) . . . 57

3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4 Pedestrian-to-Vehicle Communications in an Urban Environment: Channel
Measurements and Modelling 60
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2 Measurement Setup, Environment and Procedure . . . . . . . . . . . . 65

4.2.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . 65
4.2.2 Measurement Environment and Scenarios . . . . . . . . . . . . 67

4.3 Path Loss and Large-Scale Fading . . . . . . . . . . . . . . . . . . . . 70
4.3.1 Stationary pedestrian orientated towards oncoming vehicle (Sce-

nario A) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.3.2 Stationary pedestrian orientated away from oncoming vehicle

(Scenario B) . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.3.3 Walking pedestrian orientated towards oncoming vehicle (Sce-

nario C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.3.4 Walking pedestrian orientated away from oncoming vehicle (Sce-

nario D) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.4 Small-Scale Fading . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

vi



TABLE OF CONTENTS

4.4.1 Stationary pedestrian orientated towards oncoming vehicle (Sce-
nario A) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.4.2 Stationary pedestrian orientated away from oncoming vehicle
(Scenario B) . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.4.3 Walking pedestrian orientated towards oncoming vehicle (Sce-
nario C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.4.4 Walking pedestrian orientated away from oncoming vehicle (Sce-
nario D) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 Low-Altitude UAV-to-Person Communications Channel: Impact of Mobility
on Fading Characteristics 88
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2 Measurement Setup, Environment and Procedure . . . . . . . . . . . . 92

5.2.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . 92
5.2.2 Measurement Environment and Scenarios . . . . . . . . . . . . 96

5.3 Path Loss and Large-Scale Fading . . . . . . . . . . . . . . . . . . . . 97
5.3.1 UAV and Person Stationary (Scenario A) . . . . . . . . . . . . 100
5.3.2 UAV Mobile and Person Stationary (Scenario B) . . . . . . . . 100
5.3.3 UAV Stationary and Person Mobile (Scenario C) . . . . . . . . 102
5.3.4 UAV and Person Mobile (Scenario D) . . . . . . . . . . . . . . 104

5.4 Small-Scale Fading . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.4.1 UAV and Person Stationary (Scenario A) . . . . . . . . . . . . 105
5.4.2 UAV Mobile and Person Stationary (Scenario B) . . . . . . . . 105
5.4.3 UAV Stationary and Person Mobile (Scenario C) . . . . . . . . 108
5.4.4 UAV and Person Mobile (Scenario D) . . . . . . . . . . . . . . 108

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6 Conclusions and Future Work 111
6.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

A Measurement System 120
A.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
A.2 System Configurations . . . . . . . . . . . . . . . . . . . . . . . . . . 121

A.2.1 Single Channel Unidirectional System . . . . . . . . . . . . . . 121
A.2.2 Multiple Channel Bidirectional System . . . . . . . . . . . . . 123

B Measurement System Calibration 127

C Differential GPS Distance Methods 129
C.1 Haversine Formula . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
C.2 Modified Haversine Formula . . . . . . . . . . . . . . . . . . . . . . . 130

D Author’s Publications 132

References 134

vii



List of Figures

1.1 Wearable technology applications [1]. . . . . . . . . . . . . . . . . . . 2
1.2 Examples of direct V2X communication channels [2]. . . . . . . . . . . 4

2.1 Example of a received signal power (blue) for a wireless channel simu-
lated1with log-distance path loss (black), log-normal large-scale fading
(red) and Rayleigh small-scale fading. . . . . . . . . . . . . . . . . . . 13

2.2 Two-Ray ground reflection geometry model. . . . . . . . . . . . . . . . 17
2.3 The κ-µ Extreme PDF for increasing values of m with r̄ equal to unity. . 27

3.1 (a) Satellite view of the measurement environment highlighting the
positions of both persons and a HD video camera that was used to record
the passing traffic (image courtesy of Google Maps), and (b) a snapshot
from the camera when a vehicle was passing. . . . . . . . . . . . . . . 37

3.2 The measured azimuthal radiation patterns for the sleeve dipole antenna
in free space (black dashed lines) and when situated on person A (grey
continuous line) and person B (black continuous line). It should be noted
that the black arrow indicates the direction that both persons were facing. 38

3.3 Measurement scenarios considered in this study, with arrows highlighting
the relative body orientations. . . . . . . . . . . . . . . . . . . . . . . . 38

3.4 Example snapshots captured from the HD camera showing (a) Type I,
(b) Type II, (c) Type III and (d) Type IV vehicles. . . . . . . . . . . . . 40

3.5 The received signal power time series for a Type I vehicle passing
through the W2W channel during Scenario B. . . . . . . . . . . . . . . 40

3.6 The received signal power time series for the Type III vehicle in (a) Sce-
nario A, (b) Scenario B and (c) Scenario C. Points PA, PT , PR and PN mark
the beginning of the approaching, transitioning and receding regions and
return to unperturbed state (i.e., end of disturbance), respectively. . . . . 43

3.7 PDFs of the empirical large-scale fading (circle shapes) and Gaussian
mixture model (continuous lines) for the (a) Type I, (b) Type II, (c) Type
III and (d) Type IV vehicles during the transitioning region for Scenario
A. The estimated model parameters are provided in Table 3.3. . . . . . . 49

3.8 PDFs of the empirical large-scale fading (circle shapes) and Gaussian
mixture model (continuous lines) for the (a) Type III and (b) Type IV
vehicles in Scenario B, and (c) Type III and (d) Type IV vehicles in
Scenario C in the transitioning region. The estimated model parameters
are provided in Table 3.3 . . . . . . . . . . . . . . . . . . . . . . . . . 50

viii



LIST OF FIGURES

3.9 PDFs of the empirical small-scale fading with respect to (w.r.t) the
large-scale fading (circle shapes) and κ-µ Extreme (continuous lines) in
Scenario A for the (a) Type I and (b) Type IV vehicles for the approaching
region, and (c) and (d) for the transitioning region. The estimated model
parameters are provided in Table 3.4. . . . . . . . . . . . . . . . . . . . 56

3.10 PDFs of the empirical small-scale fading w.r.t the large-scale fading
(circle shapes) and κ-µ Extreme (continuous lines) for the (a) Type III
and (b) Type IV vehicles for Scenario B, and for the (c) Type III and
(d) Type IV vehicles for Scenario C in the transitioning region. The
estimated model parameters are provided in Table 3.4. . . . . . . . . . 57

4.1 (a) Illustration of the TX node position on the central chest (C) region of
the pedestrian and (b) its measured azimuthal directivity pattern (black
continuous line) with the same sleeve dipole antenna in free space2(black
dashed line). The upward arrow in (b) denotes the forward direction
from the pedestrian’s chest. . . . . . . . . . . . . . . . . . . . . . . . . 67

4.2 (a) Illustration of the RX node positions on the front- and rear-centre
of the roof (i.e., FC and RC) and on the left- and right-wing mirrors
(i.e., LW and RW) of the vehicle and their heights relative to the road,
and (b) and (c), their measured azimuthal directivity patterns with the
sleeve dipole antenna in free space (black dashed line), respectively. The
upward arrow in (b) and (c) denotes the forward direction from the vehicle. 68

4.3 Satellite view of the measurement environment showing the vehicle
trajectories (continuous white lines with arrow heads) and pedestrian
trajectory (dashed white line with arrow head) for the walking scenarios
(Note: Image courtesy of Google Maps). . . . . . . . . . . . . . . . . . 70

4.4 Illustration of the pedestrian and vehicle trajectories during each scenario.
It should be noted that the road is approximately 10 m in width and
objects are not drawn to scale. . . . . . . . . . . . . . . . . . . . . . . 70

4.5 The (a) received signal power as a function of TX–RX distance for the
front-centre (FC), left-wing mirror (LW), and right-wing mirror (RW)
channels for Scenario A and an (b) expanded view around the crossing
point. (Note: the minimum distance in this scenario is 5.62 m as labelled
on the abscissa.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.6 Attenuation, extracted path loss and large-scale fading alongside the free
space path and Two-Ray ground-reflection path loss models (Pt = 0 dBm,
Gt = Gr = 1, ht = hC = 1.2 m, hr = hFC = 1.5 m, εg = 0.343) for the FC
channel in Scenario A. . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.7 The combined path loss and large-scale fading with the superimposed
estimated path loss for the FC channel in Scenario A. . . . . . . . . . . 75

4.8 PDFs of the empirical large-scale fading (black circles) with respect to
(w.r.t) path loss and the Gaussian fits (black continuous lines) of the
(a) approaching-far and (b) receding-far sections for the FC channel in
Scenario A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

ix



LIST OF FIGURES

4.9 PDFs of the empirical small-scale fading (black circles) and the κ-µ
Extreme distribution (black continuous lines) with respect to large-scale
fading of the FC channel for the (a) approaching-far and (b) -near regions
in Scenario A (i.e., stationary pedestrian), and respectively (c) and (d) in
Scenario C (i.e., walking pedestrian). . . . . . . . . . . . . . . . . . . . 84

5.1 The (a) front and (b) side views of the 3DR Solo quadcopter fitted with
the measurement equipment. . . . . . . . . . . . . . . . . . . . . . . . 94

5.2 The antenna radiation patterns for the antennas in free space (black
dashed line) and when mounted on the UAV (blue line) for the azimuth
planes at (a) 2.45 GHz and (b) 5.8 GHz, and for the elevation planes at
(c) 2.45 GHz and (d) 5.8 GHz. The UAV orientation is also illustrated
with an arrow indicating the forward direction, and the approximate
antennas locations on the UAV are noted (red outline). . . . . . . . . . 95

5.3 Illustration of the UAV and person trajectories during each scenario. It
should be noted that the black dots represent when the object remains
stationary with the blue arrow indicating the orientation, while the black
lines indicated the paths taken during mobility scenarios. . . . . . . . . 97

5.4 The received signal power with transmit powers removed as a function of
TX–RX distance for the (a) UAV2P and (b) UAV2S channels at 5.8 GHz. 98

5.5 PDFs of the empirical large-scale fading (black circles) with respect to
(w.r.t) path loss and GMM fits (continuous lines) for the (a) approach-
ing and (b) receding regions for Scenario B (UM −PS), and for the (c)
approaching and (d) receding regions for Scenario D (UM −PM) of the
P−U (UL) channel at 2.45 GHz. The estimated model parameters are
provided in Table 5.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.6 PDFs of the empirical small-scale fading with respect to (w.r.t) the large-
scale fading (circle shapes) and κ-µ Extreme (continuous lines) for the
(a) approaching and (b) receding regions for Scenario B (UM −PS), and
for the (c) approaching and (d) receding regions for Scenario D (UM −
PM) of the P−U channel at 2.45 GHz. The estimated model parameters
are provided in Table 5.3. . . . . . . . . . . . . . . . . . . . . . . . . . 106

A.1 The top view of the (a) ML5805 and (b) ML2730 transceiver boards, with
a side profile of the complete (c) 5.8 GHz and (d) 2.45 GHz transceiver
nodes including the baseband controller. . . . . . . . . . . . . . . . . . 123

A.2 The measurement equipment fitted to the 3DR Solo showing the (a)
measurement radios, (b) synchronising radio and (c) data logger. . . . . 124

A.3 Illustration of synchronised bidirectional measurements, where a single
sync frame is received every 10 ms and triggers each wireless node to
switch from TX to RX within a given time slot. . . . . . . . . . . . . . 125

A.4 Block diagram illustrating the unidirectional single channel transceiver
node, with laptop and optional GPS module. . . . . . . . . . . . . . . . 125

A.5 Block diagram illustrating the bidirectional multi-channel transceiver
nodes used for the UAV2P measurements. . . . . . . . . . . . . . . . . 126

x



LIST OF FIGURES

B.1 Photograph taken of the calibration process after the vector signal gener-
ator (image left) had completed a signal power sweep with the resultant
measured ADC levels after processing shown on the laptop (image right).128

B.2 (a) The measured ADC voltage for the entire signal power sweep with
(b) the extracted average voltage level for each power level. . . . . . . . 128

C.1 Geometry for calculating the 3D GPS distance between two points which
include latitude, longitude and altitude. . . . . . . . . . . . . . . . . . . 131

xi



List of Tables

3.1 Duration of disturbance and fading metrics of each region for all scenarios. 45
3.2 AIC estimates for approaching region in Scenario A. . . . . . . . . . . 47
3.3 GMM parameters for all scenarios. . . . . . . . . . . . . . . . . . . . . 48
3.4 The κ-µ and κ-µ Extreme parameter estimates for all scenarios. . . . . 54

4.1 Path loss and large-scale fading parameter estimates for all scenarios. . 78
4.2 The κ-µ Extreme parameter estimates and NMSE for all scenarios. . . . 85

5.1 Mobility of the UAV and person for all scenarios. . . . . . . . . . . . . 96
5.2 Path loss and GMM large-scale fading parameter estimates for all scenarios.103
5.3 Small-scale fading parameter estimates for all scenarios. . . . . . . . . 107

A.1 Transceiver board specifications. . . . . . . . . . . . . . . . . . . . . . 121

xii



List of Acronyms

3D three-dimensional

A2G air-to-ground

ACF autocorrelation function

AF amplify-and-forward

AFD average fade duration

AIC Akaike information criterion

ADC analogue-to-digital

BAN body area network

BSN body sensor network

C-V2X cellular vehicle-to-everything

D2D device-to-device

DAS distributed antenna system

DF detect-and-forward

DL downlink

DSRC dedicated short-range communications

ECIT Institute of Electronics, Communications and Information Technology

EM expectation–maximization

xiii



EPA environmental protection agency

ETSI European telecommunications standards institute

FSK frequency shift keyed

FCC federal communications commission

GCS ground control station

GMM Gaussian mixture model

GPS global positioning system

ISM industrial, scientific and medical

ISO international standard organization

ITS intelligent transportation systems

KLD Kullback-Leibler divergence

LCR level crossing rate

LOS line-of-sight

LNA low noise amplifier

LTE long-term evolution

M2M mobile-to-mobile

MIMO multiple-input multiple-output

MLE maximum likelihood estimation

NLOS non-LOS

NMSE normalised mean square error

P2V pedestrian-to-vehicle

PA power amplifier

xiv



PDF probability density function

QLOS quasi-LOS

RAD resistor-average distance

RF radio frequency

RFMD RF Micro Devices

rms root-mean-square

RSS received signal strength

RX receiver

SMA SubMiniature version A

SINR signal to interference and noise ratio

SNR signal to noise ratio

TI Texas Instruments

TX transmitter

UART universal asynchronous receiver-transmitter

UAV unmanned aerial vehicle

UAV2P UAV-to-person

UAV2S UAV-to-stand

UL uplink

USB universal serial bus

USP unperturbed signal power

V2C vehicle-to-cloud

V2D vehicle-to-device

xv



V2G vehicle-to-grid

V2I vehicle-to-infrastructure

V2N vehicle-to-network

V2P vehicle-to-pedestrian

V2V vehicle-to-vehicle

V2X vehicle-to-everything

VNA vector network analyser

VRU vulnerable road user

W2W wearable-to-wearable

WAVE wireless access for vehicular environments

WHO World Health Organisation

w.r.t with respect to

xvi



List of Symbols

Pt received power

Pr transmitted power

PL path loss

LS large-scale fading

SS small-scale fading

PL0 path loss at reference distance

d transmitter–receiver separation distance

d0 reference distance

dC critical breakpoint distance

η path loss exponent

Gt transmitter antenna gain

Gr receiver antenna gain

PLFSPL free-space path loss

λ wavelength

K unitless antenna characteristics

ht transmitter height

hr receiver height

dre f reflected ray path length

d′
re f reflected ray path length before reflection

d′′
re f reflected ray path length after reflection

θi reflection incidence angle

dLOS line-of-sight ray path length

PLT R Two-Ray ground-reflection path loss

xvii



List of Symbols

∆φ phase difference between line-of-sight and reflected

rays

∆d path length difference between line-of-sight and re-

flected rays

GLOS combined transmitter and receiver antenna gains in

the LOS signal path

Gre f combined transmitter and receiver antenna gains in

the reflected signal path

Γ∥ parallel ground reflection coefficient

Γ⊥ perpendicular ground reflection coefficient

Γ Gamma function

εr relative permittivity

PLT RF Two-Ray ground reflection free-space path loss

dcross Two-Ray ground reflection cross-over distance

PL mean path loss

σ standard deviation

σ2 variance

N total number of multivariate distributions

n index of multivariate distribution

α mixing proportions of multivariate distributions

Σn covariance matrix

G multivariate Gaussian PDF

R fading signal envelope

fR PDF of the fading signal envelope

E expectation operator

m Nakagami-m shaping parameter

I0 zero-order modified Bessel function

K Rician K factor

r̄ mean signal power

nc number of multipath clusters

Ii in-phase zero-mean Gaussian random variables of

cluster i

xviii



List of Symbols

Qi quadrature zero-mean Gaussian random variables of

cluster i

pi in-phase mean value of cluster i

qi quadrature mean value of cluster i

In modified Bessel function of the first kind and order n

κ ratio of the total power of the dominant components

to the total power of the scattered waves

µ multipath clustering of the scattered waves

m κ-µ Extreme shaping parameter and severity of fad-

ing

δ Dirac delta function

L maximised log-likelihood

P mean of the predicted dataset

M mean of the measured dataset

DA duration of disturbance in the approaching region

DT duration of disturbance in the transitioning region

DR duration of disturbance in the receding region

Dtotal total duration of disturbance

FAmax maximum fade in the approaching region

FTmax maximum fade in the transitioning region

FRmax maximum fade in the receding region

FAµ
mean fade in the approaching region

FTµ
mean fade in the transitioning region

FRµ
mean fade in the receding region

FAσ
standard deviation fade in the approaching region

FTσ
standard deviation fade in the transitioning region

FRσ
standard deviation fade in the receding region

Ttotal total duration of scenario

PA marker denoting start of the approaching region

PT marker denoting start of the transitioning region

PR marker denoting start of the receding region

PN marker denoting return to unperturbed state

xix



List of Symbols

hC height of antenna on test subjects chest

hRC height of antenna on vehicle rear-centre roof position

hFC height of antenna on vehicle front-centre roof position

hLW height of antenna on vehicle left-wing mirror position

hRW height of antenna on vehicle right-wing mirror posi-

tion

dmax maximum distance

dmin minimum distance

ηF path loss exponent for the far region

ηN path loss exponent for the near region

u mean

v standard deviation

εg ground reflection coefficient

ηAF path loss exponent for the approaching-far region

uAF mean of the large-scale fading for the approaching-far

region

vAF standard deviation of the large-scale fading for the

approaching-far region

dCA critical breakpoint distance for the approaching re-

gion

ηAN path loss exponent for the approaching-near region

uAN mean of the large-scale fading for the approaching-

near region

vAN standard deviation of the large-scale fading for the

approaching-near region

ηRN path loss exponent for the receding-near region

uRN mean of the large-scale fading for the receding-near

region

vRN standard deviation of the large-scale fading for the

receding-near region

dCR critical breakpoint distance for the receding region

ηRF path loss exponent for the receding-far region

xx



List of Symbols

uRF mean of the large-scale fading for the receding-far

region

vRF standard deviation of the large-scale fading for the

receding-far region

US stationary unmanned aerial vehicle

UM mobile unmanned aerial vehicle

PS stationary person

PM mobile person

U unmanned aerial vehicle

P person

S stand

dHAV Haversine distance

lat latitude

lon longitude

alt altitude

R radius of the Earth

rp radius of the Earth at the poles

re radius of the Earth at the equator

dEUC Euclidean distance on a sphere

d2D two-dimensional distance

d3D three-dimensional distance

xxi



Chapter 1

Introduction

In this chapter, the types of wireless communication channels that are investigated in

this thesis are introduced, along with the key challenges that have motivated the work.

This will include the contributions of this work, along with a detailed summary of the

contents of each chapter.

1.1 Wearable Communications

Recent advances in the miniaturisation of electronics, particularly their power consump-

tion, has led to significant uptake in wireless enabled technology designed to be carried

or worn by people. It is estimated that the worldwide sales of smart wearable devices will

grow by 20% by 2022, with sales predicted to be around 273 million. This is according

to industry analyst CCS Insight, driven by the popularity of smartwatches as people

increasingly focus on health, fitness and well-being metrics [3]. A survey of smartwatch

users reported that other important uses included controlling smart home devices and

making payments, two applications that require secure, reliable and instant communi-

cations [3]. Moreover, CCS Insight expects 47 million cellular-enabled smartwatches

will by sold this year, with the total number expected to almost double to 85 million

units by 2025. They also emphasise that mobile network operators, and by extension

their infrastructure, still have a lot of work to do to take advantage of this opportunity.
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1.1 Wearable Communications

FIGURE 1.1: Wearable technology applications [1].

Smartwatches are just one example of wearable communications, with a vast array of

other applications possible. As shown in Figure 1.1, there remains a huge market for

other devices including the medical, sport, security and even for business operations [1].

Communication between these devices can occur from one or more devices situated

on the same human body, or to another device or network that is not carried or worn

by the user. These devices, which are now commonly referred to as ‘wearables’, have

the potential to transform how society interacts. These wearable-to-wearable (W2W)

communication channels, may form the basis of vast people-driven networks that can

share information not only between the users own devices, but as part of a much larger

shared and unified infrastructure. In order to take advantage of these networks, it is

essential that the effect of the human body and nearby objects may have on the W2W

communications channel is understood. To that end, research has been performed to

understand the impact the human body can have on wireless devices, as a result of

antenna-body interaction effects such as radiation pattern distortion and electromagnetic

coupling between human tissue and RF circuitry [4, 5]. The overall performance can

be further impacted by shadowing caused by the human body or even nearby people or

objects that are not part of the W2W communications channel [6].
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1.2 Vehicular Communications

1.2 Vehicular Communications

Vehicular communications govern communications between vehicles of all types, includ-

ing communications to other nearby networks such as roadside infrastructure or even

emerging mobile networking applications. These networks are referred to as vehicle-

to-everything, or simply as vehicle-to-X (V2X). The global V2X market is expected

to grow from $517.3 million in 2020 to $619.4 million in 2021, with overall trends

indicating growth to reach $2,258 million by 2025 [7, 8]. The World Health Organisation

(WHO) reports approximately 1.3 million people die each year as a result of road traffic

collisions, with more than half involving vulnerable road users (i.e., pedestrians, cyclists

and motorists) [9]. Through the development of V2X networks, the use of roads can be

optimised with improved traffic efficiency by notifying drivers to approaching traffic,

offering alternate routes to avoid congestion, collision avoidance, spotting unoccupied

parking spaces and transmitting safety alerts to pedestrians and bicyclists.

There are currently two leading standards for V2X communications, namely the

Dedicated Short-Range Communications (DSRC) frequency band and Cellular vehicular-

to-everything (C-V2X) [10–12]. The DSRC frequency band is an amendment to the

popular 802.11 (WiFi) networking standard operating at 5.9 GHz with a bandwidth of

75 MHz and an approximate range of 1,000 meters. This enables low-latency, direct

communication between devices within the nearby area. Conversely, the C-V2X uses

additions to the long-term evolution (LTE) standard to provide connectivity over longer

distances, but as a result can not provide the same low-latency communications as DSRC.

As both technologies offer exciting and sometimes competing features, both types are

undergoing significant research for deployment across the globe [11].

The V2X communications channel is used as an all-encompassing term to describe

many different and unique types of vehicle communications channels, with subcategories

including vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I), vehicle-to-pedestrian

(V2P), vehicle-to-grid (V2G), vehicle-to-cloud (V2C) and vehicle-to-device (V2D)

among many others (Figure 1.2). Developing unified channel models for V2X networks

will be a non-trivial task given the complicated propagation geometry which can change

dramatically depending upon vehicle type(s), environment and scenario.
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1.2 Vehicular Communications

FIGURE 1.2: Examples of direct V2X communication channels [2].

1.2.1 Ground Vehicles

Vehicles that travel along the road (e.g., cars, buses, lorries) can be fitted with wireless

communications systems, and can be heavily influenced by other nearby moving objects

as well as strong ground reflections. V2V and V2I communications channels have been

investigated for a number of years, while other channels such as V2D and V2P have

only recently gained momentum in the academic and industrial research community [13].

The V2V communications channel enables a wide variety of useful features, with the

predominating goal to enable wireless communication which shares speed and location

between vehicles to warn drivers if necessary to take immediate action to avoid a collision.

As an example, in Japan, the car manufacturer Toyota has developed and implemented a

communicating radar cruise control that uses V2V communications to make it easier for

preceding and following vehicles to keep a safe distance apart [14]. Similarly, a recent

Mercedes-Benz E Class vehicle was also equipped with a V2V communications system,

one of the first to go into production. V2I communications extends the operation of V2V

networks to allow communications with nearby infrastructure, enabling data and critical

safety information to be shared to all vehicles and transportation control systems (e.g.,

traffic lights), over extended distances. These systems will streamline traffic and enable
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drivers to manoeuvre away from heavy traffic flow. To help vulnerable road users, the

V2P communications have been proposed to provide real time alerts for pedestrians of

nearby vehicles and vice versa.

1.2.2 Aerial Vehicles

Vehicles that can travel through the air can typically achieve improved LOS conditions

when compared to ground-based vehicles [15]. This has led to interest in using these

airborne vehicles to provide improved signal coverage in different areas, from densely

populated urban centres to sparse rural countrysides [16, 17]. As these aerial vehicles

can be deployed quickly and have three-dimensional (3D) manoeuvrability, they have

been considered for applications in many commercial and private sectors such as aerial

inspection, precision agriculture, search and rescue, package delivery and as support for

cellular network coverage [18]. It has been forecast that the global drone industry will

expand to $43 billion by the year 2025, almost double the current market size with an

annual compound growth rate of 13.8% [19]. Therefore, with the abundance of these

emerging aerial vehicles they are promising worthwhile consideration for integration as

part of future cellular and V2X networks.

1.3 Challenges and Motivations

As V2X networks continue to grow in size and include an increasing number of dissimilar

networking technologies, their eventual unification requires an improved understanding

of how they interact with one another. Due to the complex nature of the propagation

problem between these networks, previous measurements and analysis performed for

each channel in isolation are unlikely to accurately depict the compounded effects that

occurs when these networks form part of a larger V2X network. To that end, this thesis

empirically investigates when wearable devices operate in the vicinity of vehicles, either

indirectly by studying how nearby vehicles can interfere with W2W channels, or directly,

by forming part of a V2X network such as V2P and UAV-to-Person (UAV2P) networks.
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As wearables continue to gain popularity, their widespread adoption will lead to

vast people-driven networks facilitated by W2W communication channels. These are

particularly advantageous in areas with dense populations, such as urban environments.

However, the proximity to other objects, particularly vehicles, which may be moving at

relatively high velocities, can significantly impact the quality of the wireless commu-

nications channels between two people. Since the movement of people walking in the

locality of a W2W communications channel has already be shown to cause perturbations

in a wearable channel [6], it can be expected that vehicles will cause an even greater

impact on a W2W channel.

Since wearable devices may be operated in close proximity to vehicles, a natural

extension of both wearable and vehicular communications is their interconnectivity

though V2P communications. For example, pedestrians within urban environments are

also referred to as vulnerable road users (VRU), as they have no protection from impact

of these moving vehicles. It is envisioned that future V2P communication channels will

provide low-latency position information to nearby vehicles (and vice versa) to improve

road safety.

Recently, significant interest has been generated towards the use of UAVs in wireless

networks as their costs continue to decline. This includes exciting opportunities for

the rapid deployment of temporary base stations (or access points), which can help

provide additional coverage to assist with dynamically changing demand. For example,

being able to fly above surface clutter on the roads in urban environments provides

opportunities to improve signal coverage at targeted locations where it is needed without

the requirement for expensive infrastructure [20]. In a similar manner to most V2X

communications, UAV communications can take place within diverse environments

ranging from rural areas, motorways, suburban areas, through to densely or sparsely

populated urban zones. However, unique to UAV communications is the ability of the

vehicle to change their trajectories rapidly and operate at varying altitudes. As a result,

the UAV channel will be constituted by large-scale effects, arising from path loss of

signal as a function of distance, shadowing, caused by large objects such as buildings

and hills, and small-scale effects, which are the result of multipath fading, including

additional signals paths generated by the vehicle itself [21].
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Motivated by these issues, this thesis performs a number of targeted measurement

campaigns to facilitate an analysis of the fading in future situations where wearables

and vehicles may intersect. To achieve this, a purpose built measurement system was

designed that enabled untethered fields tests to be performed under real world conditions.

1.4 Objectives

The main objectives of this thesis are summarised as follows:

• To investigate the effects of vehicular traffic on interpersonal W2W communica-

tions channels in an urban environment at 2.45 GHz. In particular, studying the

perturbations in the received signal caused by different types of vehicles as they

passed through a channel between two persons who maintained various relative

orientations while positioned at the opposite sides of a road.

• To characterise the emerging P2V communications channel at 5.8 GHz for the case

of a moving vehicle when a person positioned by the edge of a road was either

stationary or walking parallel to the side of the road. Using the stationary and

walking scenarios, the effect of the moving pedestrian was studied in detail.

• To study the effect of movement on the UAV2P communications channel at 2.45

and 5.8 GHz by considering the cases were both the UAV and person underwent

stationary and mobile scenarios.

1.5 Contributions

This thesis makes the following contributions:

Firstly, the impact vehicular traffic may have on a W2W communications channel

between two people is experimentally investigated. This involved measuring the received

signal power for the W2W channel while over one hundred vehicles moved towards and
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then intersected the direct signal path between two users, each with a wearable device.

A preliminary analysis is then performed, identifying a direct relationship between the

vehicle and the impact it had on the W2W channel. Motivated by this, a categorisation

system for vehicles based on their size and shape is introduced. Initial observations on

the channel perturbations are discussed using quantifying metrics such as maximum fade

and duration of disturbance from the unperturbed state. An analysis of the large- and

small-scale fading is conducted, using the Gaussian mixture model (GMM) and κ-µ

(and κ-µ Extreme) distribution, respectively.

Secondly, for the first time, the P2V communications channel is investigated. Mea-

surements are performed between a moving vehicle and a pedestrian (under both sta-

tionary and walking conditions) in an urban environment. The received signal power is

segmented based on the vehicle’s position, then decomposed into its path loss, large- and

small-scale fading characteristics. To aid the analysis, additional measurements are per-

formed to capture the antenna radiation patterns for the antenna worn by the pedestrian

and for each antenna position on the vehicle. On close examination, quasi-periodicities

in the received signal power are observed and the Two-Ray ground reflection model is

fitted and discussed. However, with further examination several key observations ruled

this model out. Therefore, the dual-slope path loss model is chosen due to its ability

to better follow the path loss conditions observed for the P2V channel. Finally, the

observed shadowing and multipath fading are then fitted with the log-normal and κ-µ

Extreme fading models. The benefits of using the κ-µ Extreme fading is demonstrated

for modelling the ‘worse-than-Rayleigh’ fading the P2V channel may experience.

Finally, the impact of mobility on fading characteristics for UAV2P communication

channels is studied. Several hypothetical scenarios are considered that include the

case when both the UAV and person undergo stationary and mobile scenarios. Since

human-body induced shadowing will depend on the UAV’s relative position, the UAV2P

channel is segmented to enable a comparison between regions. The large- and small-scale

fading are once again modelled using the GMM and κ-µ Extreme fading models. The

importance of mobility on the channel characteristics is readily identified, and is thus an

important consideration in the design of future UAV2P networks.
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1.6 Thesis Outline

The work presented in this thesis is the culmination of research performed through

iterative measurement campaigns, with each study providing valuable insight into the

fading characteristics experienced by these V2X channels. Since the work performed

during all of this research is beneficial to the design of future V2X applications, these have

been published through numerous journals and conference proceedings (Appendix D).

The relevant publications are entitled:

• First-order characteristics of the Person-to-Vehicle channel at 5.8 GHz [22].

• A statistical analysis of Person-to-Vehicle communications channels in an urban

environment at 5.8 GHz [23].

• Fading characteristics of Body-to-Body channels subject to vehicular traffic condi-

tions at 2.45 GHz [24].

• Vehicular traffic intersecting Body-to-Body communications channels at 2.45 GHz [25].

• Fading characteristics of dynamic Person-to-Vehicle channels at 5.8 GHz [26].

• An experimental investigation into the impact of vehicular traffic on interpersonal

Wearable-to-Wearable communications channels [27].

• Pedestrian-to-Vehicle communications in an urban environment: Channel mea-

surements and modelling [28].

• Evaluation of a switched combining based Distributed Antenna System (DAS) for

Pedestrian-to-Vehicle communications [29].

1.6 Thesis Outline

Following this introductory chapter, the rest of the thesis is organised as follows:

Chapter 2 provides an overview of the background knowledge required to understand

the channel modelling presented in this thesis. It begins by describing the individual
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fading mechanisms responsible for shaping the received signal in a wireless communica-

tions channel, namely the path loss, large-scale and small-scale fading. Then, the fading

models typically used to statistically describe these fading mechanisms are presented,

including more recent models that are used in thesis.

Chapter 3 follows a study on the impact of vehicular traffic on interpersonal W2W

communications channels in an urban environment. Based on a preliminary analysis

of the measurement results and specifications for vehicle shapes and sizes, a category

system for vehicle type is introduced. Some metrics utilised for quantifying the impact

of vehicular traffic on the W2W channel are presented and used to compare the influence

of these different vehicle types and for a variety of body orientations relative to the

vehicle. Based on these findings, the measurements are segmented, and a statistical

characterisation of the large-scale and small-scale fading are performed.

Chapter 4 considers the scenario in which one of the wearable devices communicates

with a passing vehicle, i.e., a P2V (or reciprocally V2P) communications channel. The

results of a measurement campaign across numerous mobility scenarios at 5.8 GHz, are

reported. The Two-Ray ground reflection model was considered due to a preliminary

statistical analysis revealing some periodicities in the received signal power, which

is often experienced in V2V channels. However, further investigations demonstrated

this model was not adequate in modelling the fading conditions observed in the P2V

channel. Subsequently, a dual-slope path loss model was selected, along with a log-

normal distribution to model the large-scale fading. Finally, the often extreme small-

scale fading conditions is modelled using the κ-µ Extreme distribution. This work

highlights similarities with V2V channels, as well as substantial differences that make the

work performed here vital in improving our understanding of the P2V communications

channel.

Chapter 5 studies the UAV2P communications channel, with a focus on the impact

of mobility of the UAV and person on channel fading dynamics. Measurements were

simultaneously performed at 2.45 and 5.8 GHz, considering numerous mobility scenarios.

It is shown that UAVs may be advantageous in urban environments as part of a much

greater cellular and interpersonal networks, permitting improved optical line of sight

conditions with reduced signal fading.
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Chapter 6 summarises the conclusions obtained from this thesis including sugges-

tions for future work.
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Chapter 2

Background

The mobile radio channel is subject to limitations which degrade the performance of

wireless communications systems. The transmission path between the transmitter (TX)

and receiver (RX) can vary from an unobstructed view to completely obscured by static

objects in the surrounding environment or mobile objects that cause temporary blockage

to the propagating radio signal. This can be further impacted by the movement of either

end of the wireless communication system, introducing rapid signal fluctuations into the

radio channel. Since these signal variations in the channel occur for different reasons,

it is common practice to model the fading channel as three statistically independent

phenomena, namely path loss, shadowed (or large-scale) fading and multipath (or small-

scale) fading. In this chapter, the relevant background information is presented which is

necessary for understanding the characterisation work performed in this thesis.

2.1 Received Signal Power

The received signal power, or received signal strength (RSS), is the strength of a received

signal measured at the receiver’s antenna. It is determined by the transmission power, the

distance between the TX and the RX, and the radio environment. It can mathematically

be described as [30, eq. (2)]
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FIGURE 2.1: Example of a received signal power (blue) for a wireless channel sim-
ulated1with log-distance path loss (black), log-normal large-scale fading (red) and

Rayleigh small-scale fading.

Pr (dBm) = Pt (dBm)−PL(dB)−LS (dB)−SS (dB) , (2.1.1)

where Pr is the power at the receiving antenna, Pt is the output power of the transmitting

antenna, PL is the path loss between the antennas, and LS and SS are the large- and

small-scale fading of the channel. The gains and losses due to the hardware (e.g., antenna

and equipment) are not included for simplicity. As an example, Figure 2.1 shows a

wireless channel simulated using MATLAB® for a stationary TX communicating with a

mobile RX as it travels away at 30 mph. The simulated received signal power (blue line)

has the superimposed large-scale fading (red line) and path loss (black line), and the

small-scale fading can be observed as the fluctuations of the received signal power with

respect to the large-scale fading. In this thesis, these individual fading mechanisms will

be decomposed from the measured received signal power and systematically modelled.

1The received signal power was simulated using the communications toolbox in MATLAB, for a
stationary TX transmitting at 2.45 GHz to a RX travelling away at 30 mph. The path loss was generated
using the log-distance path loss model as shown in equation (2.2.5), with parameters of PL0(d0) = 40.2 dB
for d0 = 1 m and η = 2. The large-scale fading was generated as a zero-mean Gaussian distributed random
variable with unity standard deviation using the normrnd function of MATLAB® to simulate equation
(2.3.3). The small-scale fading assumed ideal Rayleigh fading conditions and was simulated using the
rayleighchan function for a sample rate of 1.2 kHz. These fading models are detailed in the following
sections.
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2.2 Path Loss

In a communications system, the path loss describes the reduction in the power density

of an electromagnetic wave or signal as it propagates through the environment in which

it is travelling, in the case of a wireless network the environment medium is air. Many

different models exist from simple approximations to those which include specific

parameters such as antenna gains and heights, the surrounding terrain, and the carrier

frequency and propagation distance.

2.2.1 Free-Space Path Loss Model

The free-space path loss is commonly used to model the path loss in wireless systems. It

models the reduction in the signal strength of an electromagnetic wave that would result

from an unobstructed signal path through free space (i.e., air), with no obstacles nearby

to provide any additional signals paths between the TX and the RX. The path loss for the

free space model, including antenna gains, also known as the Friis transmission equation,

is given as [31, eq. (3.5)]

PLFSPL =
Pt

Pr
=
(4π)2 d2

GtGrλ 2 (2.2.1)

where Pt and Pr are the TX and RX power levels (in watts), respectively, and Gt and Gr

are the TX and RX antenna gains with matching polarisation, respectively. In this model,

the path loss is frequency dependent, proportional to square of the signal wavelength, λ ,

and also the square of the TX–RX separation distance, d. However, when both antennas

are considered as isotropic (i.e., radiating unity power in all direction, Gt = Gr = 1) then

the path loss in dB can be expressed as

PLFSPL(dB) = 20log10

(
4πd

λ

)
. (2.2.2)
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This path loss model (and others presented in this thesis) are only valid for predicting

the receive power for values of d which are in the transmitting antennas far field.

2.2.2 Log-Distance (Single-Slope) Path Loss Model

As the received signal power is known to decay with distance, the following simplified

model for path loss as a function of distance is commonly used

Pr = PtK
(

d
d0

)η

(2.2.3)

where d denotes the TX–RX separation distance, d0 is the reference distance for the

antenna far-field, K is a unitless constant which depends on the antenna characteristics

and η is the path loss exponent. Due to scattering phenomena in the antenna near-field,

this equation is only valid at transmission distance d > d0, where d0 is typically assumed

to be 1-10m indoors and 10-100m outdoors [32]. The value of K< 1, may be set through

empirical measurements, but is most often defined as the free space path loss at distance

d0 as

K[dB] = PL0(d0) =−20log10

(
4πd0

λ

)
. (2.2.4)

Typically, equation (2.2.3) is expressed in logarithmic form, such that the signal

attenuation is in dB, thus, the path loss, PL(d), is given by [33, eq. (2)]

PL(d) [dB] = PL0 (d0)+10η log10

(
d
d0

)
,d > d0, (2.2.5)

where d is the TX–RX separation distance in meters, PL0(d0) is mean path loss at the

reference distance, d0, and η is the path loss exponent which is related to the propagation

environment. When plotted on a log-log scale, the modelled path loss is a straight line

with a slope equal to 10η dB/decade, and therefore may be referred to as the single-slope

path loss model.
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2.2.3 Piecewise Linear (Multi-Slope) Model

Some studies have observed that the path loss can change after some distance, suggesting

multiple path loss exponents may exist for a given environment [34]. Therefore, the

piecewise path loss model takes the log-distance path loss model in equation (2.2.5) and

applies a constraint on the distance, such that the path loss, PL(d), is now defined using

a dual-slope path loss model and is given by [34, eq. (2)]

PL(d)=


PL0 (d0)+10η1 log10

(
d
d0

)
, d0≤ d≤dC,

PL0 (d0)+10η1 log10

(
dC
d0

)
+10η2 log10

(
d

dC

)
, d>dC,

(2.2.6)

where η1 and η2 are the path loss exponents for the first and second segments, respec-

tively, and dC is the critical breakpoint distance, or simply breakpoint distance, which

signifies the point where the data is segmented. The reference distance, d0, must be large

enough to ensure that only the far-field antenna characteristics are included in the path

loss model. Typically, d0 is chosen to be around 1 m for indoor applications, 100 m in

V2V scenarios, and up to 1 km for larger cellular networks [35, 31].

2.2.4 Ground Reflection (Two-Ray) Model

In a mobile radio channel, a single direct path between the base station and a mobile is

seldom the only physical means for propagation, and hence the free space propagation

model of equation (2.2.1) is in most cases inaccurate when used alone. The Two-Ray

ground reflection model is a useful propagation model that is based on geometric optics,

and considers both the direct path and a ground reflected propagation path between the

TX and RX [31]. This model has been found to be reasonably accurate for predicting the

large-scale signal strength over distances of several kilometres for mobile radio systems,

and has been used in many vehicular studies [36, 37]. In this model, the received

signal consists of two components: the line-of-sight (LOS) component which is just the
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2.2 Path Loss

transmitted signal propagating through free space, and, a reflected component which is

the transmitted signal reflected off the ground as depicted in Figure 2.2. As a result, the

reflected wave has an amplitude and phase difference from the LOS path resulting in

constructive and destructive interference of the radio transmission.

FIGURE 2.2: Two-Ray ground reflection geometry model.

The received LOS ray is given by the free-space propagation formula, and as shown

in Figure 2.2, the reflected ray path segments are illustrated by d′
re f and d′′

re f . Therefore,

using the superposition of these two components, or rays, the Two-Ray ground-reflection

path loss, PLT R, can be expressed as [32, eq. (2.12)]

PLT R (dB)=20log10

(
λ
√

GLOS

4πl
+
Γ(θi)

√
Gre f exp( j∆φ)

d′
re f +d′′

re f

)
(2.2.7)

where ∆φ is the phase difference between the two signal components, GLOS and Gre f are

both a product of the TX and RX antenna gains for the LOS and reflected signal paths,

which have a length, dLOS, and dre f = d′
re f +d′′

re f , respectively. If d denotes the TX–RX

separation distance and ht and hr are the TX and RX antenna heights, respectively, the

path lengths and reflection incidence angle can be geometrically derived by method of

images as dLOS =
√

d2 +(ht −hr)2, dre f =
√

d2 +(ht +hr)2 and θi = cos−1 (d/dre f ).

Therefore, the difference in path length, ∆d, is ∆d = dLOS−dre f . Once the path difference

is known, the phase difference ∆φ between the two paths can be derived as [38, eq. (3.42)]

∆φ =
2π(d′

re f +d′′
re f −dLOS)

λ
=

2π∆d
λ

. (2.2.8)
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2.2 Path Loss

The attenuation of the polarised electromagnetic wave via ground reflection is de-

scribed as the reflection coefficient, Γ, which is dependent upon the relative permittivity,

εr, of the reflective medium and the incidence angle, θi, is the angle between ground

and the reflected ray [39]. The reflection coefficient can be expressed as follows [38, eq.

(3.24) and (3.25)]

Γ∥ =
−εr sinθi +

√
εr − cos2 θi

εr sinθi +
√

εr − cos2 θi
(2.2.9)

and

Γ⊥ =
−sinθi −

√
εr − cos2 θi

sinθi +
√

εr − cos2 θi
(2.2.10)

where Γ∥ and Γ⊥ denote the case of wave (E-field) propagating parallel and perpendicular

to the reflecting surface. The sine and cosine of incidence angle can be easily computed

from Figure 2.2 as sinθi = (ht +hr)/dre f and cosθi = d/dre f , respectively.

As shown by Rappaport et. al. [38], when the TX–RX separation distance is very

large when compared to the antenna heights then the path difference using the Taylor

series approximation can be simplified such that ∆d = dLOS − dre f ≈ 2hthr/d. As a

result, with the incidence angle approaching zero and therefore behaving as an almost

perfect reflector, the calculation of the interference between the LOS and reflected rays

can be simplified to yield a path loss according to what is commonly termed the Two-Ray

ground path loss equation [40, eq. (3)]

PLT RF [dB] = 20log10

(
d2

hthr

)
. (2.2.11)

Clearly, there is a distance at which this simplified model in equation (2.2.11) can

be used instead of the more complex calculation in equation (2.2.9). This distance is

known as the cross-over distance, denoted here by dcross, which can be derived from

equation (2.2.2) and equation (2.2.11) as dcross = 4π(hthr/λ ). Therefore, a simplified

model breaks even and the path loss is best described as [40, eq. (3)]
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2.3 Shadowed (Large-Scale) Fading

PLT R[dB] =

 PLFSPL[dB] d0≤ d≤dcross

PLT RF [dB] d>dcross

(2.2.12)

It is also worth noting that the Two-Ray ground reflected model may be thought

as a case of multi-slope model with the break point at the critical distance with slope

20 dB/decade before critical distance and a slope of 40 dB/decade after the critical

distance.

2.3 Shadowed (Large-Scale) Fading

2.3.1 Log-Normal Shadowing

The log-distance path loss model in equation (2.2.5) does not consider the fact that the

surrounding environmental clutter may be vastly different at two different locations

having the same TX–RX separation. This leads to measured signals which are vastly

different than the average value predicted in equation (2.2.5) [38]. Therefore, it is

commonly assumed that the path loss, PL(d), at a particular location can be described as

random and distributed log-normally (normal in dB) about the average large-scale path

loss, PL, can be expressed as [38, eq. (3.69)]

PL(d)[dB] = PL(d)+Xσ = PL(d0)+10logη

(
d
d0

)
+Xσ (2.3.1)

and

Pr(d)[dBm] = Pt [dBm]−PL(d)[dB] (2.3.2)

where Xσ is a zero-mean Gaussian distributed random variable (in dB) with standard

deviations σ (also in dB), and the antenna gains are assumed to be unity for simplicity.

By definition, if the random variable X follows a lognormal distribution, then the random
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2.3 Shadowed (Large-Scale) Fading

variable Y = ln(X) follows a normal distribution and the PDF of X can be expressed

as [41, eq. (15)]

fX(x) =
1√

2πσ2
y x

exp

(
−(ln(x)−uy)

2

2σy2

)
(2.3.3)

where uy and σ2
y denote the mean and variance of the distribution (in dB). The log-normal

distribution accounts for the random shadowing effects that occur due to different levels

of clutter in any given environment. Alternatively, if the path loss has been modelled

using another method, then the Gaussian distributed random variable in equation (2.3.3)

can be used on its own to describe these signal variations.

2.3.2 Gaussian Mixture Model

A Gaussian mixture model (GMM) is a distribution assembled from weighted multi-

variate Gaussian distributions. Mixture models assume a linear super-position of N

multivariate distributions and are often used where one statistical model does not accu-

rately model a complete data set [42–44]. The PDF of a mixture model can be represented

as [45, eq. (11.5)]

f (x|α,θ) =
N

∑
n=1

αngn(x|θn) (2.3.4)

where x is a vector of a random variable of length y, and gn(x|θn) is the component density

function with parameters represented by θn. The weights of each density function are

given by αn, with the constraint that they are non-negative and must satisfy the normality

condition ∑
N
n=1 αn = 1. These weights are also called the mixing proportions or mixing

coefficients. The component densities can be any PDF, but in this thesis, we will utilise

the multivariate Gaussian density. The PDF for a multivariate Gaussian finite mixture is

given by [42, eq. (2)]
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2.3 Shadowed (Large-Scale) Fading

f (x|α,u,Σ) =
N

∑
n=1

αnG(x|un,Σn) (2.3.5)

where G(·) represents a multivariate Gaussian PDF, which in a singular dimension form

is given by

G(x|un,Σn) =
1√

2πσn
exp
[
− 1

2σn2(xi −un)
2
]

(2.3.6)

where un denotes the mean, σ2
n the variance and Σn the covariance matrix of the n

components. For a Gaussian mixture model, if n is known, then the estimation of the

parameters can be achieved using the Expectation-Maximization (EM) algorithm [46].

The EM-algorithm proceeds iteratively in two steps: first, the expectation step treats

the Gaussian parameters un, Σn and αn as fixed. Then for each measured data point, the

probability that it is contained within each cluster n is evaluated using the responsibility

value. This gives a soft membership for each data point to the cluster n which contains the

highest responsibility value i.e., has the greatest probability of belonging to that cluster.

The second step, the maximization step, treats the soft assignments of the data points to

each cluster as fixed, and updates the Gaussian parameters using an estimate weighted by

the probability of the responsibility value. These steps are iteratively performed, thereby

increasing the log-likelihood of the GMM ensuring the solution is convergent. The

iterations will continue to converge to a finite solution, however in practice the iterative

procedure is stopped after a predefined parameter threshold is satisfied.

Intuitively, the more Gaussian PDFs that are used to model the underlying data, the

better the model fit. However, increasing the number of Gaussian distributions also

acts to increase the model complexity. Therefore, the number of Gaussians (i.e., n

components) required to model the data should carefully be selected using a complexity

penalty analysis.
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2.4 Multipath (Small-Scale) Fading

2.4 Multipath (Small-Scale) Fading

Multipath fading is used to describe the rapid fluctuation of the amplitude of a radio

signal over a short period of time or travel distance, so that large-scale path loss effects

may be ignored. This type of fading is caused by interference between two or more

versions of the transmitted signal which arrive at the receiver at slightly different times.

These waves, called multipath waves, combine at the receiver antenna (i.e., constructively

and destructively) to give a resultant signal which can vary widely in amplitude and

phase, depending on the distribution of the intensity and relative propagation time of the

waves. Even when a mobile receiver is stationary, the received signal may fade due to

movement of surrounding objects in the radio channel. There are a number of different

fading models used to represent the multipath fading behaviour, often grouped by their

ability to model LOS and non-LOS (NLOS) radio conditions.

2.4.1 Rayleigh Fading

The Rayleigh distribution is commonly used to describe the statistical time varying

nature of the received envelope which undergoes flat fading. The received signal power

is the resultant of many signal components arriving at the receiver antenna which are of

equal magnitude uniform distribution of phase angle such that the central limit theorem

is valid. The PDF, fR(r), of the fading signal envelope, R, in a Rayleigh fading channel

is given as

fR (r) =
r

σ2 exp
(
− r2

2σ2

)
(2.4.1)

where E[R2] = 2σ2 = r̄ is the mean signal power (with E[·] denoting the expectation

operator). The Rayleigh distribution is often used to describe fading channels which

contain no dominant signal component due to obstruction of the direct signal path (i.e.,

NLOS conditions).
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2.4 Multipath (Small-Scale) Fading

2.4.2 Nakagami-m Fading

The Nakagami-m fading model is often used to describe a multipath fading signal in

NLOS channel conditions, and is proposed as a natural extension of the Rayleigh fading

model [47]. Nakagami-m fading occurs for multipath scattering with relatively larger

time-delay spreads, with different clusters of reflected waves. It is well known that the

sum of multiple independent and identically distributed (i.i.d) Rayleigh fading signals

have Nakagami-m distributed signal amplitude. The PDF of the Nakagami-m fading

envelope, R, is given as [48, eq. (3)]

fR (r) =
2mmr2m−1

Γ(m)r̄m
exp
(
−mr2

r̄

)
(2.4.2)

where r̄ = E[r2] is the mean signal power, m ≥ 0.5 is given by m = r̄/{[r2 − r̄2]2}

which is the shape parameter that signifies the severity of fading and Γ(·) is the Gamma

function [49, eq. (8.310.1)]. It includes as special cases a number of other well-

known distributions, such as one-sided Gaussian (m= 0.5) distribution, equivalent to

Rayleigh distribution (m= 1), and when m approaches infinity (m→ ∞) the distribution

becomes an impulse and is therefore deterministic with no fading [47]. The Nakagami-m

distribution may be used to model fading conditions which are worse than Rayleigh (i.e.,

0.5 ≤m< 1).

2.4.3 Rician Fading

The Rician distribution describes the fading of diffuse power in the presence of a

dominant, specular multipath component. When there is also a single dominant stationary

(i.e., non-fading) signal component, such as a LOS propagation path, the small-scale

fading envelope will consist of many random multipath components arriving at different

angles which are superimposed on the stationary dominant signal. This model is therefore

often used to model the multipath fading signal when there exists a direct signal path

between the TX and RX (i.e., LOS channel conditions) as well as a scattered signal
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2.4 Multipath (Small-Scale) Fading

contribution. The PDF of the fading signal envelope, R, in a Rician fading channel is

given by

fR (r) =
r

σ2 exp
(
−d2 + r2

2σ2

)
I0

(
dr
σ2

)
,r ≥ 0, (2.4.3)

where I0(·) represents the modified Bessel function of the first kind with order zero [50,

eq. (9.6.16)], with d and σ representing the non-centrality and scaling parameters,

respectively. The Rician distribution is often described in terms of a parameter K which

is defined as the ratio between the power in the dominant component (d2) and the power

in the scattered component (2σ2), i.e., K = d2/2σ2, which is often presented in terms of

dB as

K (dB) = 10log
(

d2

2σ2

)
. (2.4.4)

When the dominant component no longer exists (i.e., as d → 0, K →−∞), then the

Rician PDF in equation (2.4.3) will reduce to the Rayleigh PDF in equation (2.4.1).

Since the Rician K factor is more intuitive, the Rician PDF, fR(r), can also be expressed

as

fR (r) = 2r(K +1)
(r

r̄

)
exp
(
−K − (K +1)

(r
r̄

))
I0

(
2
√

K(K +1)
(r

r̄

))
. (2.4.5)

2.4.4 κ-µ Fading

The κ-µ distribution is a general fading distribution that can be used to represent the

small-scale variation of the fading signal under LOS channel conditions [51]. The

received signal in a κ-µ fading channel is composed of clusters of multipath waves,

propagating in a homogenous environment, within which the scattered waves are random

and have similar delay times, with the delay-time spreads of different clusters being

relatively large. The clusters of multipath waves are assumed to have scattered waves
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2.4 Multipath (Small-Scale) Fading

with identical powers, but within each cluster a dominant component is found, which

presents an arbitrary power. Given the physical model for the κ-µ distribution, the signal

envelope, R, can be written in terms of the in-phase and quadrature components of the

fading signal as

R =

√
nc

∑
i=1

(Ii + pi)2 +(Qi +qi)2, (2.4.6)

where nc > 0 represents the numbers of clusters of multipath, Ii and Qi are mutually

independent Gaussian random variables with E[Ii] = E[Qi] = 0 and E[I2
i ] = E[Q2

i ] = σ2,

where E[·] denotes the statistical expectation while pi and qi are the mean values of the

in-phase and quadrature components of the multipath cluster i, respectively.

The PDF, fR(r), of a fading signal envelope, R, which undergoes κ-µ fading can be

written as follows [51, eq. (11)]

fR (r) =
2µ(1+κ)

µ+1
2

r̄κ
µ−1

2 exp(µκ)

(r
r̄

)µ

×

exp
[
−µ (1+κ)

(r
r̄

)2
]

Iµ−1

[
2µ
√

κ (1+κ)
r
r̄

] (2.4.7)

where In(·) is the modified Bessel function of the first kind and order n. The κ-µ

distribution intuitively comprises of two fading parameters, κ > 0 which is simply a ratio

of the total power of the dominant components (a2 = ∑
nc
i=1 p2

i +q2
i ) to the total power

of the scattered waves (2µs2), and µ which is related to the multipath clustering of the

scattered waves, while (2σ2) denotes the power of the scattered waves in each of the

clusters [52]. In this model, the mean signal power is given by E[R2] = r̄ = σ2 +2µσ2.

The κ-µ distribution is a generalised fading model which contains as special cases other

important distributions such as the Rician (µ = 1;κ = K), Nakagami-m (µ =m;κ → 0),

Rayleigh (µ = 1;κ → 0) and One-sided Gaussian (µ = 0.5;κ → 0).
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2.4.5 κ-µ Extreme Fading

The κ-µ Extreme fading model was proposed in [51, 53, 54] as an extension to the κ-µ

distribution to account for severe fading conditions. As detailed in [51], for a given

Nakagami-m parameter, an infinite number of curves of the κ-µ distributions can be

obtained for appropriate values of κ and µ . In [53], it was shown that the two parameters,

κ and µ , can be expressed in terms of the normalised variance of the power of a fading

signal (i.e., m = Var−1[P2]), which can be expressed as [53, eq. (4)]

m =
µ(1+κ)2

1+2κ
. (2.4.8)

By keeping m constant and allowing the κ and µ parameters to assume extreme

values i.e., κ → ∞ (indicating a very strong LOS or dominant signal component) and

µ → 0 (indicating very few multipaths), then with some mathematical manipulation, the

PDF, fR(r), of a κ-µ Extreme fading signal envelope, R, can be expressed as [53, eq.

(4)]

fR (r) =
4mI1

(
4mr

r

)
r̄ exp

[
2m
(

1+
(r

r̄

)2
)]+ exp(−2m)δ

(r
r̄

)
(2.4.9)

where δ (·) is the Dirac delta function. In outdoor environments, very few measurable

scattered contributions are likely to detected in low power wireless systems, possibly

because they extend below the sensitivity of the receiver. Instead, the small-scale fading

will be the result of a superposition of a low number of direct and strong multipath

components – propagation artifacts which strongly advocate for this special case of the

κ-µ distribution.

To visualise the physical meaning of the m parameter, examples of the κ-µ Extreme

PDF for increasing values of m are shown in Figure 2.3. As m increases, the severity

of fading is reduced, and thus as m approaches infinity no fading occurs and the κ-µ

Extreme channel becomes deterministic.
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2.5 Goodness-of-Fit

FIGURE 2.3: The κ-µ Extreme PDF for increasing values of m with r̄ equal to unity.

2.5 Goodness-of-Fit

2.5.1 Akaike Information Criterion

Given a dataset, the Akaike information criterion (AIC) can be used to select the model

most likely to have generated the dataset given a set of candidates. The AIC is defined

as [55, eq. (3.44)]

AIC =−2L(θ̂ |x)+2p (2.5.1)

where L(θ̂ |x) is the maximised log-likelihood over the unknown parameters θ given the

data and the model, and p is the number of estimated parameters for the model under

test. In equation (2.5.1), the first term indicates the model fit to the data, where the

lowest log-likelihood yields the model with minimal estimation losses. The second term

penalises the use of additional parameters, ensuring that over fitting of the model does

not occur [55]. The model with the maximum likelihood is the one that provides the best

approximation of the dataset. The AIC is low for models with high log-likelihoods, but
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adds a penalty term for models with additional parameters, since more parameters means

overfitting is more likely to occur. As noted by Fort et al. [56], the AIC gives a relative

measure of the goodness-of-fit from the models available, but does not guarantee that the

chosen model provides an adequate fit to the data. The natural log of the likelihood is

used as a computational convenience.

2.5.2 Kullback-Leibler Divergence

The Kullback-Leibler divergence (KLD) is widely used as an information-theoretic

“distance” measure in the field of theory [57]. The KLD is considered an improvement

over similar distance metrics in its class, such as the Chernoff and Bhattacharyya dis-

tances, since it can more easily be evaluated, particularly for empirical cases. The KLD

measures the relative entropy, or average information loss, between two continuous PDFs

by quantifying how well a particular PDF, p(x), describes samples from another PDF,

q(x). This can be calculated as [58, eq. (1)]

KLD(p||q) =
∫

∞

−∞

p(x) log p(x)/q(x)dx, (2.5.2)

where log(·) refers to the natural logarithm. The KLD represents the average information

loss (measured in bits if the logarithm’s basis is 2) when using one PDF to encode

(model) another. The relative entropy can also be interpreted as the information gain

achieved about X if p(x) can be used instead of q(x) [58]. Thus, letting p(x) represent

any empirical PDF and q(x) denote a theoretical PDF, then the lower KLD value would

indicate a closer approximation to the measured data. However, it is important to realise

that the KLD is asymmetric, and thus the distance between p(x) to q(x), or inversely

q(x) to p(x), are unlikely to be the same.
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2.5.3 Resistor-Average Distance

The Resistor-Average Distance (RAD) improves upon the Kullback-Leibler divergence

by averaging the two possible KLD values, and thus, yielding a symmetrical result that

satisfies the triangle inequality and can therefore be considered a true distance metric.

The RAD can easily be computed from the KLD via the harmonic mean as [57, 59]

RAD(p,q) =
(

1
KLD(p||q)

+
1

KLD(q||p)

)−1

, (2.5.3)

where

KLD(p||q) =
∫

∞

−∞

p(x) log
(

p(x)
q(x)

)
dx, (2.5.4)

KLD(q||p) =
∫

∞

−∞

q(x) log
(

q(x)
p(x)

)
dx. (2.5.5)

2.5.4 Normalised Mean Square Error

The Normalised Mean Square Error (NMSE) is an estimator of the overall deviations

between predicted and measured values. The NMSE can be calculated using

NSME =
1
N ∑

l

(Pl −Ml)
2

P M

P =
1
N ∑

i
Pi

M =
1
N ∑

i
Mi

(2.5.6)

where P and M is the mean of the predicted and measured dataset. Contrary to the bias,

in the NMSE the deviations (absolute values) are summed instead of the differences. For
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this reason, the NMSE generally shows the most striking differences among models. The

NMSE values should range between 0 to 1 when correctly optimised, indicating a bad

to perfect fit, respectively. The NMSE can be calculated using the goodnessOfFit

function which is available in the System Identification toolbox of MATLAB®.
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Chapter 3

An Experimental Investigation into the

Impact of Vehicular Traffic on

Interpersonal Wearable-to-Wearable

Communications Channels

Recent years have seen the embracement of smart devices designed to be carried or worn

by people. These devices, which are now commonly referred to as ‘wearables’, have

the potential to transform how society interacts. With widespread adoption, intercom-

munication between wearable devices will lead to the creation of vast people-driven

networks facilitated by wearable-to-wearable (W2W) communications. These networks

will be expected to facilitate not only the sharing of information between users but also

the relayed transmission of data meant for other people and networks. This will be

particularly advantageous in areas with dense populations, such as urban environments.

However, the proximity to other objects in these areas, particularly vehicles which may

be moving at relatively high velocities, can significantly impact the quality of the wireless

communications channels between two people. In this chapter, the impact vehicular

traffic may have on these W2W communications channels is investigated through an

extensive measurement campaign. A particular focus is placed on studying the signal
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perturbations caused by the vehicles based on their size and shape, across various relative

user orientations. The work presented in this chapter has been published as a journal [27].

3.1 Introduction

Wearable devices continue to gain momentum as advances in the miniaturization of

electronics improves each year. Nevertheless, the design of wearable devices and the

implementation of robust networking remains particularly challenging for wireless

systems designed to operate in close proximity to the human body [4]. This occurs for

two main reasons, firstly the electromagnetic interaction effects between human tissue

and RF circuitry, including the antenna [5], and also due to the unique geometry of

the propagation problem. Wireless systems involving only humans are typically used

at low elevations and are therefore susceptible to shadowing and fading events caused

not only by the wearer’s body but also other pedestrians and obstacles in the local

vicinity [60]. For example in ‘off-body’ communications, the shadowing caused by the

body obstructing the signal often is responsible for significant fading and reduction in

channel reliability [61–63]. At microwave frequencies, the movement of a limb across

the LOS signal path can induce channel fades as great as 20 dB [63]. The disruption to

signal propagation caused by nearby moving objects was investigated in [6, 64].

In [6], experiments were conducted which considered the ‘on-body’ channels found

in body area networks (BANs) in the presence of a walking passerby. The results

concluded that the presence of another person, despite not directly obstructing the main

signal propagation path, still had a significant impact with fades of greater than 20 dB

observed. Similarly, the human-induced shadowing effect for a person walking through

a link was investigated in [64]. The duration of a single fading event attributable to the

body shadowing was observed to last around 550 ms with the mean attenuation between

6 dB and 18 dB. From these studies it is clear that objects moving in the vicinity of

wearable communication systems have a substantial impact on the channel performance.

Therefore, from a system design perspective, it is essential that the magnitude of the
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potential channel impairments caused by objects surrounding the wearable device user

are adequately characterised and understood.

Moving beyond these studies, consumers will expect wearable devices to operate not

only indoors, but also in a wide variety of outdoor environments such as city centres and

urban areas. In these locations, moving objects will not just be limited to pedestrians,

but will also include vehicles which may be operating in close proximity. In V2V

communications, the relatively low heights of the antennas on vehicles can result in

possible obstruction of the LOS signal by either stationary objects (e.g., buildings, trees,

road signs) or mobile objects (e.g., other moving vehicles). This has led to deterministic

and stochastic based studies to investigate the effect of shadowing within vehicular

networks [65–71].

In [65] and [66], experiments were conducted to quantify the impact of obstructing

vehicles that block the LOS between two cars communicating as part of a vehicular

network. The results concluded that at 10 m, a van obstructing the channel can cause

a 20 dB attenuation in the received signal power. This was observed within both the

2.45 GHz and 5.8 GHz frequency ranges. The severity of the signal attenuation was

observed to reduce as the separation distance between vehicles was increased. At twice

the separation distance (20 m), the received signal power was observed to decrease by

12 dB. At that same distance, the author reported a larger lorry caused a significant

27 dB decrease in the received signal power. In [66], the theory of multiple knife-edge

diffraction was used to model the shadowing effect of the vehicles. However, the results

concluded that the model only provided adequate estimates of the signal attenuations for

the larger separation distances. An extensive measurement campaign was performed by

He et al. [67] on the shadowing effects caused by a bus on a similar vehicular channel.

They reported signal attenuations between 15 dB and 20 dB, which are comparable to

the results in [65, 66].

The measurements performed in [65–67] only considered the shadowing effects

caused by a vehicle that obstructed the channel between two vehicles forming a V2V

communications link. However, in [68], the channel between a stationary car and a base

station situated by the roadside was investigated as a large lorry passed across the direct

signal path between the communicating nodes. Similar to [66], the theory of knife-edge

33



3.1 Introduction

diffraction was used to estimate the signal attenuation the lorry may cause across a range

of frequencies (from 1 GHz to 40 GHz). The author simplified the model of the lorry

by considering the effect of the cab to be negligible and ignoring the signal propagation

underneath the trailer. Measurements were performed to validate the model at 11 GHz,

and signal attenuations were found to be as significant as 35 dB compared with the

unobstructed link.

Initial studies performed in [24, 25] as a prelude to the work presented in this chapter,

presented some initial results pertaining to the influence of vehicular traffic on the

W2W channel. In [24] the impact of uncontrolled traffic on a W2W link between two

persons situated on opposite sides of a road was investigated, however, this was restricted

to small-scale fading only. Later in [25], controlled traffic flow was considered and

the analysis of the data extended to report the maximum fade depth and the duration

of channel disturbance, though, this work did not present any statistical modelling.

Therefore, in this chapter, a systemic study of vehicle-induced shadowing and fading

that occurs as a result of realistic traffic flow occurring in the vicinity of a W2W link

is analysed in depth. Most notably, a categorisation of the passing vehicles based on

their size enabled a detailed quantitative report on the channel disturbances induced

by the traffic. This includes the maximum fades that may occur and for how long they

can be sustained dependent upon differing vehicle types. The significance of relative

body orientations between two persons forming the W2W link is also investigated to

determine the role human body shadowing has on W2W communications which are

subject to signal perturbations from vehicular traffic. Due to the non-stationary behaviour

of the W2W channel, the received signal power during the event of a passing vehicle

is segmented into approaching, transitioning and receding phases. By performing an

analysis on the original received signal power using simple metrics, then subsequently

investigating the channel by its separate fading components (large- and small-scale),

significant knowledge was gained on the impact moving vehicles may have on W2W

channels in an urban environment.
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3.2 Measurement Setup, Environment and Procedure

3.2.1 Measurement Setup

To cover the wide range of channel measurements considered in this thesis, a bespoke

wireless transceiver node system was developed that was capable of being reprogrammed

based on the requirements of each measurement campaign (detailed in Appendix A). For

the measurements presented in this chapter, the transceivers chosen were the ML2730

radio devices, configured to operate at 2.45 GHz. When operating as a TX, the node

was configured to transmit a continuous wave signal at its maximum output power.

This was measured using a Rhode & Schwarz NRP-Z21 Power Meter, and although

the rated output power is specified as +21 dBm this was measured to be +17.6 dBm.

When operating as a RX, the node was programmed to measure the RSS at a rate

of 10 kHz, and was transferred and stored on a laptop using universal asynchronous

receiver-transmitter (UART) in real time. The calibration process for the RX is described

in Appendix B. Approximately one million RSS samples were collected during the

measurement campaigns presented in this chapter. It should be noted that prior to

beginning the measurement scenarios, the average noise threshold was determined and

found to be −91.7 dBm. The antenna type used by both the TX and the RX nodes

were a +2.3 dBi gain omnidirectional sleeve dipole antenna (Mobile Mark model

PSKN3-24/55S)1 and were connected directly to the RF front end of the radio using a

SubMiniature version A (SMA) connector. This antenna was used throughout this thesis,

due to its dual band operation in the desired frequency bands and as a dipole antenna

provided the closest to the ideal antenna radiation pattern.

1http://www.https://www.mobilemark.com/download/specifications/wifi_networks/
pskn3-2400-pskn3-3500-psn3-2400-pskn3-24-55s-spec-sheet.pdf (visited on 15/03/2020).
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3.2 Measurement Setup, Environment and Procedure

3.2.2 Measurement Environment and Procedure

To facilitate a study of the impact that different vehicles can have on the W2W channel,

the measurement location chosen for this study was a road situated within a busy business

district in the Titanic Quarter of Belfast, UK, as shown in Figure 3.1(a). The measurement

environment consisted of a straight stretch of road, with a wall approximately 2 m in

height that ran along the footpath near person A [visible in Figure 3.1(b)]. The road had

a maximum speed limit of 30 mph (or equivalently 13.4 ms-1) and the traffic flow was

uncontrolled for the duration of the measurements. The TX and RX were placed on the

central chest region of two persons A and B, respectively, using a 5 mm dielectric spacer

consisting of Rohacell HF 51 foam (εr = 1.07). Person A had a mass of 80 kg and a

height of 1.72 m and person B had a mass of 75 kg and height of 1.83 m. Figure 3.2

shows the azimuthal radiation patterns measured in an anechoic chamber for the sleeve

dipole antenna in free space and when situated on person A and person B. Due to the

presence of the user’s body, there is a noticeable reduction in the antenna’s radiation

pattern laterally by as much as 20 dB (i.e., at 90◦ and 270◦). These patterns were further

distorted to the posterior of the test subject’s bodies, with a decrease in the antenna

radiation patterns of up to 53 dB observed due to body shadowing when compared to the

radiation pattern in free space.

The measurements were conducted for three different relative body orientations which

were deemed typical for wearable systems operating in this environment. Figure 3.3

shows these three scenarios with arrows indicating the orientation of the person’s bodies

while forming the W2W link. It should be noted, to isolate the influence of traffic moving

in the vicinity of the W2W channel, the bodies remained stationary during all scenarios.

During Scenario A, both persons stood parallel on opposite sides of the road, facing in

the direction of oncoming traffic. In this orientation, both bodies will partially shadow

the channel due to the shoulder region obscuring the direct signal path between the

hypothetical wearable devices. For comparison, Scenario B involved both persons on

opposite sides of the road while facing one another thus permitting a LOS signal path

between the bodies (unless obstructed by traffic). Lastly, Scenario C considered the

case where both persons were facing in opposite directions, imitating the situation in
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which pedestrians travel in opposite directions on the roadside. As previously mentioned,

during the measurements a high-definition (HD) digital video camera was used to record

all passing traffic, allowing easy identification of different vehicle types and permitting

their passing to be time synchronised to the measurements [the location of the camera is

shown in Figure 3.1(a)].

3.3 Vehicle Classification

During the measurements, over one hundred vehicles were recorded passing through

the W2W link, all with diverse shapes and sizes. To understand how different vehi-

cles impacted the channel, a classification system was introduced. The internationally

recognised vehicle classification system is defined in ISO 3833-1997 (International

Organization for Standardization) [72]. In [72] vehicles are grouped based on their

structure and design. However, in the United States another classification scheme is used

FIGURE 3.1: (a) Satellite view of the measurement environment highlighting the
positions of both persons and a HD video camera that was used to record the passing
traffic (image courtesy of Google Maps), and (b) a snapshot from the camera when a

vehicle was passing.
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FIGURE 3.2: The measured azimuthal radiation patterns for the sleeve dipole antenna
in free space (black dashed lines) and when situated on person A (grey continuous line)
and person B (black continuous line). It should be noted that the black arrow indicates

the direction that both persons were facing.

FIGURE 3.3: Measurement scenarios considered in this study, with arrows highlighting
the relative body orientations.

by the Environmental Protection Agency (EPA) [73]. This scheme uses the vehicle’s

total interior passenger and cargo volumes only to perform the grouping. By comparing

across both classification lists and the measured vehicles from the video footage, the
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vehicles which are typically found in urban environments could be broadly categorised

into one of four groups. These are:

Type I: Includes any small passenger car but excludes multi-person vehicles (minivans

in the US). These vehicles are classified in section 3.1.1 of the ISO standard, and in

section 1 of the EPA standard (e.g., Ford Fiesta and Audi A1).

Type II: Includes multi-person vehicles (excluding large pickup trucks), and any other

vehicle of the same size (e.g., small vans). These vehicles are classified in section 2 of

the US EPA standard (e.g., Opel Zafira and Volkswagen Caddy Van).

Type III: Includes light commercial vehicles such as large vans and large pickup trucks.

These vehicles are also described in section 2 of the US EPA standard (e.g., Ford Transit

and Renault Master).

Type IV: Includes buses and lorries (or trucks in the US) and any other vehicles that are

larger than Type III. These vehicles are defined in section 3.1.1 and 3.1.2 of the ISO

standard (e.g., Mercedes-Benz Axor and Iveco Eurocargo).

For brevity, the analysis presented in this chapter will only focus on the results

obtained for one vehicle from each group, which was selected as it was well described by

the category type and best reflected the total measurement data captured by all vehicles

within their respective types. Examples of each type of vehicle obtained from the video

footage recorded during the measurements are depicted in Figure 3.4.

3.4 Some Empirical Observations

To quantify and compare the effects of vehicle-induced fading and shadowing on the

W2W channel, this section introduces metrics that were used to empirically characterise

the data. Figure 3.5 shows an exemplary received signal power time series that was

obtained for a Type I vehicle as it travelled through the W2W channel during Scenario B2.

2For all received signal power time series 0 seconds is considered as the time at which the vehicle
began to intersect the direct path between the two persons.
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FIGURE 3.4: Example snapshots captured from the HD camera showing (a) Type I, (b)
Type II, (c) Type III and (d) Type IV vehicles.

FIGURE 3.5: The received signal power time series for a Type I vehicle passing through
the W2W channel during Scenario B.

It is immediately evident that the channel exhibited different fading behaviour dependent

upon where the vehicle was relative to the W2W link. For example, as the vehicle

approached the two persons, noticeable perturbations in the received signal power were

observed to occur approximately 334 ms before the vehicle began to intersect the direct

signal path. Herein, this phase of the vehicle’s journey is referred to as the approaching

region (Figure 3.5). The most significant variations in the channel occurred as the

vehicle obscured the direct signal path between the two persons, which is denoted

as the transitioning region. Upon exiting the transitioning region, there was also an

observable disturbance in the channel – this segment of the journey is referred to as

the receding region. Beyond these three regions, the channel was considered as being

in an unperturbed or ‘normal’ state. It is worth highlighting that these characteristics
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were readily identifiable across all scenarios for all vehicle types, albeit with different

magnitudes. Furthermore, not only did the duration of each of these three regions vary

dependent upon the relative body orientation but their channel statistics were also very

different, requiring separate analysis.

To compare the magnitude of the fades and duration of the disturbances induced

by different vehicle types over each of the three phases two quantities were defined,

namely the maximum fade within each region and the duration of disturbance. The

maximum fade is defined as the maximum decrease in signal power compared to the

mean signal power in the unperturbed state, (i.e., no vehicular impact) and the duration

of the disturbance is defined as the time span for which the channel experiences similar

fading characteristics (i.e., the regions outlined above). The maximum fade and duration

of the approaching, transitioning and receding regions are accordingly represented by

(FAmax , DA), (FTmax , DT ) and (FRmax , DR), respectively, and are visually annotated in

Figure 3.5 and provided in Table 3.1. For brevity, only the aforementioned parameters

will be discussed, however, the mean (FAu , FTu , and FRu) and standard deviation (FAσ
,

FTσ
, and FRσ

) of the fades for each region are also provided in Table 3.1, along with the

total duration of channel disturbance (Dtotal) from the unperturbed state and the total

time (Ttotal) considered to contain a vehicle passing event. In Table 3.1, the Unperturbed

Signal Power (USP) is also presented for relative comparison.

3.4.1 Both persons orientated towards oncoming traffic (Scenario A)

Across all channel measurements in this scenario, there was an observable trend to the

disturbances caused by each of the vehicles. As shown in Table 3.1, the disturbance

duration for all vehicles during the approaching region in Scenario A was larger than

those recorded for the other scenarios. This was presumably due to the fact that both

person’s bodies faced in the direction of the oncoming vehicles meaning that they were

more prone to scattered and reflected signal contributions introduced by the movement of

the vehicles. As an example, Figure 3.6(a) shows the received signal power time series

for the W2W channel when perturbed by a Type III vehicle. In Figure 3.6, the points PA,

PT , PR and PN mark the beginning of the approaching, transitioning and receding regions
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and return to unperturbed state (i.e., end of disturbance), respectively. As the vehicle

approached both people (point PA to PT ), it began to have an impact on the received

signal power well before reaching the two people forming the W2W link (2673 ms,

Table 3.1). This value was comparable with those for the Type I and II vehicles which

were 2696 ms and 2415 ms, respectively. However, the maximum fade experienced

showed significant disparity, with the Type I vehicle inducing a much smaller maximum

fade of 9.93 dB when compared to the Type II (44.1 dB) and Type III (42.7 dB) vehicles.

These results suggest that small to medium sized vehicles can cause fluctuations in the

channel for a W2W link from approximately the same distance when both bodies are

orientated towards oncoming traffic; however, the magnitude of the disturbance depends

on the vehicle size. Interestingly, although the Type IV vehicle disturbs the channel

for significantly longer than the smaller vehicles (6516 ms) in the approaching region,

the maximum fade experienced was observed to be comparable to the Type II and III

vehicles.

For all vehicle types during the transitioning region, the channel was subject to

significant fading (Table 3.1) due to the vehicle obscuring the direct signal path between

the two persons. This can be seen visually in Figure 3.6 between points PT and PR

where the blocking effect of the vehicle reduced the mean signal power significantly

when compared to the approaching region. As expected, the duration of the shadowing

event is directly related to the vehicle type, with larger vehicle sizes (i.e., Types III and

IV) causing longer disturbances. Unique to this particular scenario, as both person’s

bodies were facing in the same direction, the impact on the W2W channel of the vehicle

entering the receding region was greatly reduced compared to the other scenarios. This

of course was to be expected, due to the bodies obstructing the majority of reflected

waves emanating from the vehicle as it traversed this region. Furthermore, as shown

between points PR and PN in Figure 3.6(a) and Table 3.1 for the other vehicle types, the

W2W channel was observed to return to its unperturbed state in a relatively short period

of time when compared to the equivalent approaching segment. Nonetheless, there was

no apparent correlation between the duration of the disturbance and vehicle type for this

region of Scenario A.
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FIGURE 3.6: The received signal power time series for the Type III vehicle in (a) Sce-
nario A, (b) Scenario B and (c) Scenario C. Points PA, PT , PR and PN mark the beginning
of the approaching, transitioning and receding regions and return to unperturbed state

(i.e., end of disturbance), respectively.

3.4.2 Both persons orientated towards one another (Scenario B)

For the remainder of this section, only the impact of the Type III vehicle will be discussed,

however a full summary of the results for all types of traffic are provided in Table 3.1.

When compared to Scenario A, it became immediately obvious that due to the much

stronger LOS condition (evidenced by the increase in the received signal power in

Figure 3.6(b) and Table 3.1), oncoming traffic only caused significant signal perturbations

for the W2W link when the vehicle was in its immediate vicinity. From Table 3.1, the

duration of disturbance as the Type III vehicle approached lasted for 345 ms, which
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was considerably less than that obtained for the same region in Scenario A. However,

in the transitioning region, the disturbance lasted for approximately 505 ms which was

comparable to the same type of vehicle in the equivalent region during Scenario A.

During the transitioning phase, the relative body orientation of the two persons meant

that the vehicle-induced fades were not as deep compared to Scenario A. For example,

the Type III vehicle here experienced a maximum fade of 34.3 dB, which is notably

lower than the 43.1 dB observed in Scenario A.

In Scenario B, the relative orientation of the two person’s bodies meant that vehicles

in the receding region had a greater impact on the W2W channel, since their bodies no

longer fully shadowed the multipath signal contributions emanating from the direction of

the vehicle. This resulted in longer lasting vehicle-induced signal variations within the

receding region. For example, the disturbance duration for a Type III vehicle was 730 ms,

which was more than twice the duration when compared to Scenario A. Interestingly,

although the relative orientation of both persons should have made the W2W link equally

susceptible to reflected signals emanating from the vehicle as it moved through both

the approaching and the receding regions, the vehicle had a noticeably greater impact

during the receding region. This was presumably due to the non-symmetrical front and

rear cross-sectional areas of the vehicle. In particular the angle of these cross-sectional

areas, which tends to be greater at the front for aerodynamics and thus would have

likely reflected fewer signal components in the direction of person B than the relatively

perpendicular rear section. As a result, the Type III vehicle was subject to stronger

reflections from the vehicle in the receding region, evident from both the larger duration

of disturbance and the maximum fade depth than the approaching region.

3.4.3 Both persons orientated in opposite directions (Scenario C)

In contrast to Scenarios A and B, this situation investigated the compounded effects of

vehicle-induced signal variations and shadowing caused by both person’s bodies on the

W2W link. As shown in Table 3.1, the approaching region for the Type III vehicle lasted

for 1093 ms. Compared to the approaching section of Scenario A, a maximum fade

of 3.54 dB was observed which was significantly smaller than Scenario A (42.7 dB).
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TABLE 3.1: Duration of disturbance and fading metrics of each region for all scenarios.

Scn. Veh.
Type USP

Approaching Region Transitioning Region Receding Region

DA FAmax FAu FAσ
DT FTmax FTu FTσ

DR FRmax FRu FRσ
Dtotal Ttotal

(dBm) (ms) (dB) (dB) (dB) (ms) (dB) (dB) (dB) (ms) (dB) (dB) (dB) (ms) (ms)

A

I −57.2 2696 9.93 −1.94 2.54 282 31.7 8.13 6.25 168 4.06 2.62 0.57 3146 5627

II −48.9 2415 44.1 9.74 4.27 288 47.7 21.1 8.09 122 4.71 2.39 0.63 2825 8302

III −53.3 2673 42.7 1.19 4.08 504 43.1 9.65 5.66 278 0.20 −3.06 1.39 3455 10827

IV −52.5 6516 39.8 −1.67 4.20 898 41.0 1.99 4.90 246 2.64 0.50 0.69 7660 13659

B

I −29.9 334 1.34 −0.44 0.69 265 10.2 4.91 2.52 391 1.96 −0.49 0.65 990 8409

II −28.2 454 0.56 −0.15 0.28 369 19.5 8.40 4.71 803 2.70 0.65 0.46 1626 10940

III −29.1 345 1.15 0.27 0.40 505 34.3 15.7 8.45 730 2.44 −0.12 0.79 1553 8660

IV −29.2 841 10.5 0.31 1.56 1115 61.0 18.2 9.66 652 6.33 0.31 0.83 2608 11745

C

I −53.8 1154 3.80 0.44 0.75 272 9.16 4.33 2.63 1101 1.26 −0.17 0.41 2527 6200

II −52.9 315 5.29 1.56 1.34 430 43.9 12.3 5.93 589 11.1 6.30 1.91 1334 4537

III −55.4 1093 3.54 −1.77 1.11 314 45.9 6.28 5.59 342 0.17 −2.60 0.84 1749 6461

IV −61.2 2090 32.3 0.27 3.33 632 38.7 11.1 5.73 3807 16.3 −12.0 3.34 6529 15860

It is evident from both of these metrics that the orientation of person B away from

the oncoming vehicle significantly reduced its impact on the W2W channel within this

region. In the transitioning region, the disturbance lasted for 314 ms, which was shorter

than Scenarios A and B, however this could be accounted for due to a smaller Type III

vehicle that was recorded for this particular scenario. This result, coupled with earlier

observations from Scenarios A and B, suggests that the duration of disturbance within

the transitioning region is largely independent of the relative orientation of the person’s

bodies. Dependent instead on the length of vehicle obscuring the direct signal path.

However, similar to Scenario A and B, relative body orientation does have an impact in

the receding phase of the vehicle’s journey. In this case, the orientation of person B in the

direction of the receding vehicle permits an increased disturbance period of 342 ms for a

Type III vehicle when compared to Scenario A (278 ms, Table 3.1). Also from Table 3.1,

the significance of relative body orientation on the receding region is particularly evident

for the largest vehicle during Scenario C. Here the disturbance for the Type IV vehicle

was observed to last for 3807 ms and contained a maximum fade of 16.3 dB, which was
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a significantly greater than the disturbance recorded for any other vehicle within this

region.

3.5 Large-Scale Fading

To extract the large-scale fading from the received signal power, the signal fluctuations

that occurred due to small-scale fading must first be removed. In this study, both persons

who formed the W2W link remained relatively stationary, with any long-term variations

in the channel largely caused by involuntary movements and other slow movements in the

local surroundings. To determine an appropriate smoothing window for the approaching

and receding regions, a number of windows were applied to the measurement data

and it was deduced that a window size of 100 ms (or equivalently 1000 samples) most

accurately captured the large-scale fading behaviour. During the transitioning region,

as the vehicle intersected the direct LOS signal path between the W2W devices, more

frequent large-scale variations occurred caused by vehicle-induced shadowing as well as

the usual small-scale fading. Consequently, for this region, a smaller 10 ms (100 samples)

window size was required due to the increased volatility of the W2W link. Moreover,

to further assist with the interpretation of these results, the transmit power was also

removed from the data, so that all fade levels are now referenced from 0 dBm meaning

that they are synonymous with the attenuation.

Upon studying the form of the large-scale fading component over each of the three

distinct regions of the vehicle’s journey, it became apparent that the empirical PDFs

contained a number of modes, presumably relating to the non-homogeneous signal

shadowing induced by the vehicle as it moved within the vicinity of the W2W channel.

Therefore, the GMM distribution in equation (2.3.6) was chosen to model the large-

scale fading (detailed in Section 2.3.2) [41]. The model parameters for the GMM were

obtained using the gmdistribution function available in the Curve Fitting Toolbox

of MATLAB®. Since the data is non-convex in form, many local minima were possible.

Thus, to improve the likelihood of a global optimal solution, the starting position for the

cluster centres were estimated using the k-means clustering technique, which partitions
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the data into groups such that the within-group sum-of-squares is minimised [45]. This

was achieved using the kmeans function also available in MATLAB®.

Intuitively, the more Gaussian PDFs that are used to model the underlying data, the

better the model fit. However, increasing the number of Gaussian distributions also

acts to increase the model complexity. Therefore, the number of Gaussians (i.e., n

components) required to model the data in this study was selected using a complexity

penalty analysis, in this case the AIC (detailed in Section 2.5.1) [74, 55]. As noted by

Fort et al. [56], the AIC gives a relative measure of the goodness-of-fit from the models

available, but does not guarantee that the chosen model provides an adequate fit to the

data. Therefore, all candidate models were compared visually with the empirical data to

ensure that a satisfactory fit was obtained. The AIC can be easily computed since the

log-likelihood is readily available from the EM estimates.

3.5.1 Both persons orientated towards oncoming traffic (Scenario A)

As an example of the model selection process, the results of the AIC computations

for each vehicle type in the approaching region for increasing numbers of Gaussian

components are provided in Table 3.2. It was found that the minimum AIC value

was continually obtained for a mixture model containing three Gaussian distributions.

Although a third order GMM provided only a marginally improved fit over a second order

fit in some cases, to simplify the analysis and to enable a direct comparison between

vehicle types a third order GMM was used throughout this study. In the approaching

region with both person’s facing in the direction of the oncoming vehicle a large-scale

variation of the signal power in the W2W channel was found to occur which was not

present during the unperturbed channel state. Considering the earlier example of the

TABLE 3.2: AIC estimates for approaching region in Scenario A.

Vehicle Gaussian Model Order (N)

Type 1 2 3 4 5

I 486 477 475 477 483

II 596 587 585 587 593

III 481 487 470 472 478

IV 457 448 446 452 453
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TABLE 3.3: GMM parameters for all scenarios.

Scenario Region Vehicle
Type

n = 1 n = 2 n = 3

α1 u1 σ1 α2 u2 σ2 α3 u3 σ3

A

Approaching

I 0.40 −74.8 0.80 0.20 −72.2 0.10 0.40 −70.7 0.50

II 0.20 −80.4 0.70 0.10 −78.2 0.20 0.70 −74.2 2.70

III 0.20 −74.2 0.10 0.40 −72.7 0.20 0.40 −69.6 0.60

IV 0.20 −69.9 0.40 0.60 −67.8 0.50 0.20 −66.3 0.10

Transitioning

I 0.10 −93.2 3.30 0.50 −85.2 8.40 0.40 −77.4 4.50

II 0.20 −96.7 6.80 0.60 −86.5 15.5 0.20 −76.4 0.60

III 0.10 −88.2 0.60 0.40 −82.8 5.70 0.50 −76.4 4.00

IV 0.10 −75.6 5.70 0.50 −72.3 2.50 0.40 −69.5 2.40

B Transitioning

I 0.50 −54.5 1.20 0.20 −52.0 0.10 0.30 −49.9 3.20

II 0.60 −56.9 10.7 0.10 −53.5 0.20 0.30 −48.3 1.60

III 0.50 −68.9 12.9 0.40 −56.8 10.5 0.10 −48.6 0.60

IV 0.30 −73.1 13.8 0.40 −63.3 7.90 0.30 −52.6 8.70

C Transitioning

I 0.70 −77.1 1.00 0.10 −73.4 0.20 0.20 −71.1 1.00

II 0.10 −96.5 2.00 0.60 −83.4 12.6 0.30 −78.3 1.80

III 0.30 −83.7 15.1 0.30 −78.9 2.20 0.40 −74.1 1.70

IV 0.10 −97.2 1.20 0.20 −92.2 1.30 0.70 −88.0 8.90

received signal power given in Figure 3.6(a) as a Type III vehicle approached the two

persons, large-scale variation of the signal power is clearly evident between points PA

and PT . As shown in Table 3.3 this led to three clustered large-scale fading levels at

−74.2, −72.7 and −69.6 dB albeit with small standard deviations of 0.10, 0.20 and

0.60 dB, respectively. This observation coupled with the results for the Type I, II and

IV vehicles (Table 3.3) suggests that for a W2W link when both transceivers face in the

direction of an approaching vehicle, noticeable large-scale signal variations can occur

which may be directly attributed to the presence of the vehicle.

As the vehicles traversed into the transitioning region, the large-scale fading was

subject to significant vehicle-induced shadowing caused by the obscuration of the direct

signal path. The substantial impact of the vehicle on the W2W channel in the transitioning

region can be seen in Table 3.3. Here the mean values for the clustered large-scale

fading levels were significantly reduced while the standard deviations for all modes of

the GMMs were observed to increase significantly when compared to the approaching

region. Figure 3.7 shows the empirical and estimated theoretical PDFs for each of the four

vehicles depicted in Figure 3.4. Considering the Type I vehicle shown in Figure 3.4(a),

the corresponding large-scale fading distribution contained three fading levels clustered
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FIGURE 3.7: PDFs of the empirical large-scale fading (circle shapes) and Gaussian
mixture model (continuous lines) for the (a) Type I, (b) Type II, (c) Type III and (d)
Type IV vehicles during the transitioning region for Scenario A. The estimated model

parameters are provided in Table 3.3.

around −93.2, −85.2 and −77.4 dB as depicted in Figure 3.7(a). The greatest degradation

occurred when the tallest section of the vehicle obscured the channel. In this case, the

tallest portion of the vehicle only accounted for a small cross-section of the total vehicle

length. This is evident from Table 3.3, since the cluster that contains the most significant

reduction of the large-scale fading only accounts for 0.10 of the total mixing proportion

for the GMM. For comparison, Figure 3.7(b) shows the empirical and estimated PDFs

for the larger dimensioned Type II vehicle, which caused an even greater degradation

in the large-scale fading with an increased mixing proportion for the equivalent signal

cluster (Table 3.3).

Inspection of Figure 3.7(c) clearly indicates that three grouped large-scale fading

levels were also present for the Type III vehicle. As shown in Figure 3.4(c), this vehicle

can be identified as a small bus with a large proportion of glass windows along its sides.

As a result, the direct signal path actually suffered less attenuation compared to the

Type I and II vehicles (Table 3.3). The empirical PDF for the Type IV vehicle also
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FIGURE 3.8: PDFs of the empirical large-scale fading (circle shapes) and Gaussian
mixture model (continuous lines) for the (a) Type III and (b) Type IV vehicles in
Scenario B, and (c) Type III and (d) Type IV vehicles in Scenario C in the transitioning

region. The estimated model parameters are provided in Table 3.3

contained three clusters, but in comparison to the other vehicle types the peaks are not

as distinguishable [Figure 3.7(d)]. In this instance, the Type IV vehicle was a large

lorry [Figure 3.4(d)]. A close examination of Figure 3.4(d) shows a large gap under

the trailer and fabric sidewalls, which would offer less attenuation to the impinging

electromagnetic waves than the metallic structures of the Type I and II vehicles. As the

vehicle entered the receding region, the relative body orientations of the two persons

limited the vehicular impact on the large-scale fading, owing to the wearer’s bodies

shadowing the majority of the signal arriving from the direction of the receding vehicle.

Therefore, it was determined that only the approaching and transitioning regions had

sufficient variation in the large-scale fading to merit an in-depth characterisation.
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3.5 Large-Scale Fading

3.5.2 Both persons orientated towards one another (Scenario B)

In this scenario (and Scenario C), the alignment of the two persons resulted in signif-

icantly less variation in the large-scale fading when the vehicles moved through the

approaching and receding regions. Therefore, in a similar fashion to the receding region

of Scenario A, these cases were deemed not to be worthy of an in-depth characterisa-

tion (particularly for the smaller vehicle types). Therefore, the characterisation of the

large-scale fading for Scenario B (and later for Scenario C) will be limited to only the

transitioning region.

As an example, Figures 3.8(a) and 3.8(b) show the empirical PDFs of the large-scale

fading for the Type III and IV vehicles, respectively. For the Type III vehicle [Fig-

ure 3.8(a)], three distinct large-scale fading levels can be identified with the majority of

the fading occurring within the first and second modes. In this instance, the dominant

mode contained the most significant large-scale fading, clustered around the −68.9 dB

level. Likewise, the shadowing induced in the large-scale fading by the Type IV vehicle

also exhibited three distinct fading groupings, each containing significant signal variabil-

ity (as evidenced by the large standard deviations recorded for each cluster). Interestingly,

despite the larger overall dimensions of the Type IV vehicle, its impact on the large-scale

fading of the W2W channel [Figure 3.8(b)] was less pronounced than the Type III vehicle.

Similar to the Type IV vehicle in Scenario A, it is likely that the space below the lorry

permitted some signal contributions to reflect off the road surface underneath the trailer,

reducing the severity of shadowing caused by this vehicle type. It should be noted that

the Type IV vehicle considered for Scenario B had a trailer constructed entirely from

metal, which accounted for the increased shadowing when compared to Scenario A.

3.5.3 Both persons orientated in opposite directions (Scenario C)

In this scenario, both bodies were orientated so that they were parallel to the roadside

and facing in opposite directions to one another, resulting in a partial body shadowing

situation similar to that observed in Scenario A. As an example of the large-scale fading

51



3.6 Small-Scale Fading

characteristics obtained in this scenario, Figures 3.8(c) and 3.8(d) show the empirical

PDFs for the Type III and Type IV vehicles, respectively, as they moved through the

transitioning region. Again, for the Type III vehicle, three large-scale fading groupings

were prominent in the empirical PDF. Consulting Table 3.3 it is evident that while all

three fading clusters occurred with comparable mixing probabilities, the first cluster

(centred around −83.7 dB) had by far the largest spread in values (15.1 dB), larger than

any other cluster contained within Table III. Nonetheless, it was the presence of the

Type IV vehicle in the transitioning region during Scenario C which caused the lowest

overall large-scale fading levels [Figure 3.8(d)]. Here the large-scale fading was clustered

around the −97.2, −92.2 and −88.0 dB levels.

3.6 Small-Scale Fading

At the outset, it was anticipated that nearby vehicular traffic would cause substantial

fluctuations in the small-scale fading observed in W2W channels, induced mainly by

the vehicles highly reflective (metallic) exterior, their non-uniform shapes and sizes,

and relatively high velocity of travel. The statistical analysis of the small-scale fading

was performed using the κ-µ distribution, which was chosen for its versatility and well-

known ability to account for many of the popular fading models used in the literature

(e.g., Nakagami-m, Rice and Rayleigh) [51]. The κ-µ distribution intuitively comprises

of two fading parameters; κ which is simply the ratio of the total power of the dominant

components to the total power of the scattered waves, and µ which is related to the

multipath clustering of the scattered waves [52].

From a preliminary investigation of the data, it became apparent that the W2W

channel in an urban environment often underwent severe fading [75]. Therefore the κ-µ

Extreme distribution which was first proposed in [51] and later detailed in [53, 54] as

an extension to the κ-µ distribution was included in the set of candidate fading models

considered in this study. The κ-µ Extreme distribution manifests itself from the κ-µ

distribution, when its two parameters assume extreme values, i.e., κ → ∞ (indicating

a very strong LOS or dominant signal component) and µ → 0 (indicating very few
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multipaths) [53, eq. (4)]. When this occurs, the κ-µ Extreme fading signal can be

derived (Section 2.13) and described by a single parameter, m, which indicates the

severity of fading. As the m parameter increases the severity of fading is reduced, and

thus as m approaches infinity no fading occurs and the κ-µ Extreme channel becomes

deterministic.

The small-scale fading envelopes were obtained by removing the large-scale fading

variations calculated in Section 4.5 from the original received signal power time series,

and then converting the result to a linear amplitude. All parameter estimates for the PDFs

of the two candidate fading models were obtained using the lsqnonlin function with

the multistart class to ensure a global optimal solution was found, both available

from the Optimisation toolbox of MATLAB®. To assess the goodness-of-fit of both

models, the RAD between the empirical and theoretical PDFs were calculated using

(2.20) and the corresponding RAD values are presented in Table 3.4 alongside their

respective theoretical PDF parameter estimates.

3.6.1 Both persons orientated towards oncoming traffic (Scenario A)

From Table 3.4, the severity of the fading can be immediately recognised from the κ

values, which were much greater than 500, and the µ values, which approached zero.

As both bodies were orientated towards the oncoming traffic, the link was particularly

susceptible to a significant signal contribution returned in the direction of the W2W link

from the oncoming vehicle, irrespective of its type. This dominant component acted

to constructively and destructively interfere with the signal contributions arriving from

the direct signal path and the ground reflection associated with the direct path. As the

estimated µ parameter approached zero, this suggested that no measurable scattered

multipath contribution was present, possibly because it extended below the sensitivity of

the receiver. The net result of this, i.e., no detectable scattered multipath contribution

and a low number of dominant signal paths, makes a strong case for the use of the κ-µ

Extreme distribution [54] in this scenario.
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TABLE 3.4: The κ-µ and κ-µ Extreme parameter estimates for all scenarios.

Scenario A Scenario B Scenario C

Region Veh.
Type

κ-µ κ-µ Extreme κ-µ κ-µ Extreme κ-µ κ-µ Extreme

κ µ RAD m RAD κ µ RAD m RAD κ µ RAD m RAD

App.

I ∞ 0.02 0.014678 12.0 0.014675 ∞ 0.01 0.022267 54.6 0.022268 ∞ 0.06 0.001088 115 0.001088

II 870 0.01 0.033228 5.83 0.033082 ∞ 0.07 0.022939 253 0.003666 ∞ 0.02 0.008352 14.1 0.008354

III 680 0.01 0.006391 3.42 0.006422 ∞ 0.01 0.010381 153 0.010883 ∞ 0.01 0.003276 23.1 0.003276

IV 550 0.01 0.011476 2.81 0.011612 ∞ 0.04 0.189461 63.5 0.189499 ∞ 0.01 0.019160 4.78 0.019136

Trans.

I ∞ 0.02 0.084571 16.8 0.084559 ∞ 0.03 0.009790 220 0.001348 ∞ 0.06 0.005114 173 0.002791

II ∞ 0.01 0.039196 5.51 0.039107 ∞ 0.09 0.032516 253 0.011948 ∞ 0.02 0.101092 28.5 0.101091

III 900 0.01 0.024042 4.61 0.023994 ∞ 0.01 0.110814 111 0.110813 ∞ 0.01 0.056379 24.3 0.056378

IV 560 0.01 0.041424 2.79 0.041371 830 0.01 0.029593 3.75 0.029704 310 0.01 0.011276 1.73 0.011022

Rec.

I ∞ 0.01 0.004666 72.5 0.004665 ∞ 0.01 0.043759 88.5 0.043758 ∞ 0.04 0.001260 137 0.001260

II ∞ 0.01 0.037151 87.2 0.037149 ∞ 0.02 0.025442 192 0.035478 ∞ 0.01 0.015236 17.0 0.015236

III ∞ 0.02 0.011202 13.0 0.011202 ∞ 0.01 0.023448 54.2 0.023450 ∞ 0.01 0.030924 46.1 0.030921

IV ∞ 0.01 0.008138 52.0 0.008138 ∞ 0.01 0.102963 131 0.102963 ∞ 0.01 0.009156 5.05 0.009151

Note: The r̄ parameter was approximately unity in all cases and therefore omitted for clarity.
Any estimated κ parameter, for which κ >1000 is denoted as κ → ∞.

As shown in Table 3.4, the RAD indicates that the κ-µ Extreme distribution outper-

formed the κ-µ distribution in the majority of model fits to the empirical data. Nonethe-

less, for the remaining channels, the estimated κ and µ parameters still approached

extreme values suggesting that the κ-µ Extreme fading model was suitable regardless of

the vehicle type. Additionally, the estimated m parameter of the κ-µ Extreme distribution

was found to decrease as the size of the approaching vehicle increased, suggesting that

an increase in the severity of the small-scale fading occurred.

As the vehicles traversed the transitioning region, the previously dominant LOS

and ground reflected components between the two persons were now partially or fully

obstructed by the passing vehicle depending on its size and shape. Similar to the

approaching stage, the estimated m parameters were found to reduce as the vehicle

size increased. As an example of model fitting, Figure 3.9 shows a selection of the

empirical PDFs compared with the PDF of the κ-µ Extreme distribution. In particular,

Figures 3.9(a) and 3.9(b) show the distribution of the small-scale fading for the smallest

(Type I) and largest (Type IV) vehicles as they approached the W2W channel. Clearly, the

presence of the Type IV vehicle [Figure 3.9(b)] caused much deeper fading in the W2W

channel compared to the Type I automobile [Figure 3.9(a)]. In contrast, Figures 3.9(c)
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and 3.9(d) illustrate the same vehicle types within the transitioning region. Interestingly,

the m parameter estimates in Table 3.4 suggest a similarity between the severity of

fading experienced in the approaching and transitioning region in relation to vehicle

types, which can be confirmed from the comparable shapes of the small-scale fading

distributions in Figures 3.9(c) and Figure 3.9(d).

In the transitioning region, the RAD values indicated that the κ-µ Extreme distri-

bution provided a better fit to the underlying channel data than the κ-µ distribution

for all vehicle types. As the vehicle progressed into the receding region, the effect of

body shadowing acted to shield the W2W link from the vehicles. This resulted in no

discernible impact on the channel from the smaller vehicle types and minimal small-scale

fading created by the larger vehicle types.

3.6.2 Both persons orientated towards one another (Scenario B)

The significance of the relative body orientation on the small-scale signal variation

became immediately obvious when both persons were orientated so that they were now

directly facing one another. In this scenario, the majority of the estimated κ parameters

tended towards infinity3 while correspondingly, the estimated m parameters of the

κ-µ Extreme distribution (Table 3.4) were also significantly increased compared to

Scenario A. During the approaching region of Scenario B, since both persons were no

longer directly facing oncoming traffic, their bodies partially shielded the electromagnetic

waves emanating from the direction of the approaching vehicle, which resulted in a

reduction of the small-scale fading caused by multipath interference.

In the transitioning region, the improved LOS conditions compared to Scenario A

were found to mitigate the severity of the fading, particularly for the small and mid-to-

large sized vehicles types (i.e., m >100 for the Type I, II and III vehicles, Table 3.4). On

the other hand, the largest vehicle type was found to suffer from increased small-scale

fading within this region, likely due to its increased height and length (i.e., greater

obscuration of the LOS signal path and for longer durations) as it traversed through the

3In this chapter, any estimated κ parameter, for which κ >1000 is denoted as κ → ∞
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FIGURE 3.9: PDFs of the empirical small-scale fading with respect to (w.r.t) the large-
scale fading (circle shapes) and κ-µ Extreme (continuous lines) in Scenario A for the
(a) Type I and (b) Type IV vehicles for the approaching region, and (c) and (d) for the

transitioning region. The estimated model parameters are provided in Table 3.4.

direct signal path. As an example of the model fitting for this region, Figures 3.9(a)

and 3.9(b) present the empirical PDFs of the small-scale fading compared with their

respective κ-µ Extreme PDF fits for the Type III and IV vehicles. The Type III vehicle

underwent largely insignificant small-scale fading [Figure 3.10(a)] with the majority of

the small-scale signal distributed with ±1 dB of the large-scale fading level. In contrast,

the Type IV vehicle experienced much greater small-scale fading with fades greater than

20 dB below the large-scale fading level occasionally possible [Figure 3.10(b)].

As the vehicles travelled away from the two persons (i.e., receded), the propagation

geometry was similar to that found in the approaching region for this scenario. Again,

both person’s bodies acted to partially shield the W2W link from signal contributions

arriving from the direction of the retreating vehicle which resulted in very little small-

scale fading, as evidenced by the large m values obtained for this region. Again, the RAD

values indicated the majority of channels were modeled better using the κ-µ Extreme

distribution (Table 3.4).
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FIGURE 3.10: PDFs of the empirical small-scale fading w.r.t the large-scale fading
(circle shapes) and κ-µ Extreme (continuous lines) for the (a) Type III and (b) Type IV
vehicles for Scenario B, and for the (c) Type III and (d) Type IV vehicles for Scenario C
in the transitioning region. The estimated model parameters are provided in Table 3.4.

3.6.3 Both persons orientated in opposite directions (Scenario C)

In this scenario, at least one person was always facing in the direction of the moving

vehicle and thus, at least one end of the W2W link was continually exposed to the

additional multipath. From Table 3.4, it can be seen that this acted to mitigate the

severity of the small-scale fading compared to the approaching and transitioning stages

of Scenario A. Performing a like for like comparison, the estimated m parameters

obtained for these two regions of Scenario C were much greater than the corresponding

values obtained for Scenario A (with the exception of the Type IV vehicle during the

transitioning phase of Scenario C).

In the receding region of Scenario C, the W2W link was found to suffer less small-

scale fading effects during the presence of vehicle Types I, II and III than for the Type

IV vehicle. In fact the estimated m value obtained for Scenario C (5.05, Table 3.4) for
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this region was the lowest across all three scenarios. As an example of model fitting

for this scenario, Figures 3.10(c) and 3.10(d) show the empirical small-scale fading

and κ-µ Extreme PDFs for the Type III and Type IV vehicles within the transitioning

region. Similar to the Type III vehicle in Scenario B [Figure 3.10(a)], the majority of

the small-scale fading occurs close to the large-scale fading level, however very rarely,

fades beyond 5 dB below this level can occur [Figures 3.10(c)]. As with this region in

the other scenarios, the Type IV vehicle was observed to cause significant disturbance to

the small-scale fading [Figure 3.10(d)]. Here it can be seen that small-scale down fades

greater than 20 dB occasionally happen. In a similar fashion to the other two scenarios,

the κ-µ Extreme distribution outperformed the κ-µ distribution, providing lower RAD

values for the majority of the cases considered in this scenario (Table 3.4).

3.7 Conclusion

In this chapter, the effect of vehicular traffic on W2W communications channels operating

at 2.45 GHz in an urban environment has been investigated. In particular, this work

examined the statistical characteristics of the signal fading in a W2W link formed by two

persons, positioned on opposites sides the road and subject to traffic flowing in between

them. Based on a segmentation of the measured channel data according to the vehicle

size and position relative to the W2W link, it was found that when both persons face in

the direction of the oncoming traffic, the channel was subject to significant disturbances.

Fades of up to 44.1 dB (Type II) from the unperturbed state are possible, with vehicle-

induced signal variations appearing as early as 6516 ms (Type IV) prior to the vehicle

crossing the direct signal path of the W2W link. However, when one or both persons

were orientated so that they faced away from the direction of the oncoming vehicle

(Scenarios B and C), the susceptibility to fading caused by an approaching vehicle was

observed to decrease significantly. When the vehicles traversed the direct signal path

between the two persons (i.e., transitioning region), the duration of disturbance was

observed to be largely independent of relative body orientation, dependent instead on the

length of vehicle obscuring the LOS. While for a receding vehicle, the W2W link was

noticeably influenced by the relative orientations of the two persons. In the scenarios
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where both bodies shielded or partially obscured the multipath signal originating from

the direction of the retreating vehicle, the impact of the vehicle on the W2W channel

was greatly reduced as evidenced by lower maximum fades and duration of disturbances

obtained.

While not all of the regions suffered equally from the effects of large-scale fading,

most notable was the impact of the vehicle within the transitioning region for each of

the scenarios. Due to vehicle-induced shadowing, the large-scale fading process was

found to be multimodal and well described by a GMM. To assess the optimal model

order required, the AIC was used and found that a third order GMM was best suited to

modelling the large-scale fading. Initially, the κ-µ distribution was used to model the

small-scale fading, however, an inspection of the estimated model parameters revealed

that the W2W channel in an urban environment often underwent severe fading (i.e.,

κ → ∞ and µ → 0). Therefore, this work was extended to include the special case of the

κ-µ distribution, known as the κ-µ Extreme distribution. Using the RAD to quantify the

difference between the empirical and theoretical PDFs, it was found that the modelling

using the κ-µ Extreme distribution represented the lowest information loss in 69% of

the cases. Nevertheless, due to the close relationship between both models coupled with

the severe fading experienced in this environment, the differences between both fits were

almost indistinguishable in most cases.

59



Chapter 4

Pedestrian-to-Vehicle Communications

in an Urban Environment: Channel

Measurements and Modelling

As wireless connectivity becomes increasingly ubiquitous, a greater emphasis will be

placed upon the seamless integration of dissimilar networking technologies. One such

example of this will occur in urban environments, where wearable devices and vehicular

networks will operate in close proximity to one another. Clearly, a natural extension

to both types of network is their interconnectivity through vehicle-to-pedestrian (V2P)

or equivalently pedestrian-to-vehicle (P2V) communications as part of a much greater

vehicle-to-X (V2X) based Intelligent Transportation System (ITS). Due to the complex

nature of the propagation problem between these networks, previous measurements

and analysis performed for each channel in isolation are unlikely to accurately depict

the compounded effects of the vehicle and pedestrian’s body on the received signal

power. In this chapter, through an extensive measurement campaign conducted across

numerous hypothetical scenarios, the propagation mechanisms which are responsible for

shaping the received signal in the P2V channel have been investigated. By segmenting

the channel measurements to study these individual fading mechanisms, similarities

between V2V channels have been identified as well as substantial differences that make

the unique propagation geometry, and thus the work performed here, vital in improving
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our understanding of the P2V communications channel. Furthermore, by segmenting

the channels based on the vehicles position throughout its journey, and by comparing

across stationary and walking pedestrian scenarios, the effect of the vehicle and the

pedestrian’s bodies has been methodically studied. The work presented in this chapter

has been published as a journal [28].

4.1 Introduction

Recent years have seen the widespread uptake of wireless enabled devices designed to

be carried or worn by people [76, 77]. These devices, have the potential to transform

how society interacts, by forming vast people-driven networks that are not only capable

of sharing information between themselves but also relaying data meant for other people

and networks. Similarly, the adoption of wireless devices designed for the automotive

market [78] have also been prevalent. Here it is envisioned that vehicles will gather in-

formation on road traffic conditions, and through sharing of this information with nearby

wireless devices, assist in improving road safety and help alleviate traffic congestion [79].

This unified infrastructure is often referred to as an Intelligent Transportation System

(ITS) which, among other functions, will be critical for relaying time-sensitive safety

information [80].

ITSs were originally conceived to include both V2I and V2V communications, which

enable the exchange of information between vehicles in the immediate vicinity, or provi-

sion information ahead of time to drivers who may be travelling through the area in the

near future. The transmission of information between a moving vehicle and fixed infras-

tructure has been the subject of research for many years [81, 82], while communications

between vehicles have only relatively recently been gaining momentum [83, 84, 10]. This

has been popularised by the introduction of Wireless Access for Vehicular Environments

(WAVE) [85], which defines enhancements to the IEEE 802.11 standard, enabling the

architectures and services required to allow wireless devices to communicate over the

Dedicated Short Range Communications (DSRC) frequency band [10]. In 1999, the U.S.

Federal Communications Commissions (FCC) allocated 75 MHz of spectrum within the

61



4.1 Introduction

5.9 GHz band for the use of ITSs. Similarly, in 2008, the European Telecommunications

Standards Institute (ETSI) allocated 30 MHz of spectrum also within the 5.9 GHz band,

enabling the standardisation of previously disparate systems.

As ITSs continue to evolve, it is envisaged that wearable and vehicular networks

will eventually interoperate through a standardised V2X or more precisely V2P com-

munications network. This will bring many benefits to users of both type of network.

For example, through P2V communications, drivers will have an early warning on the

numbers of pedestrians inhabiting in the local environment. Additionally, both types of

wireless node (wearable and vehicular) may act as relay nodes for one another and in

the process, provide multi-hop access to wireless networks outside their communicating

range [86].

The propagation conditions encountered by both wearable and vehicular commu-

nications are known to be particularly challenging. For example wearable devices can

operate in a range of different environments (e.g., indoors, outdoors, in-vehicle etc.), are

subject to complex antenna-body electromagnetic interaction effects [5] and due to the

low elevation of at least one end of the link, subject to frequent shadowing events caused

by the wearer’s body and the bodies of other persons in the local surroundings [87, 88].

In [87], it was found that the received signal power in a wearable device to base station

link operating indoors at 2.4 GHz can deteriorate by as much as 50 dB due to human

body shadowing, whereas for W2W applications operating in a low multipath environ-

ment such as outdoors, this effect may result in the communications link being lost

entirely [88].

In a similar manner to wearable communications, vehicular communications can take

place within diverse environments ranging from rural areas, highways and interstates,

through to densely and sparsely populated urban zones. Furthermore, these often occur

at high velocities and in the presence of other moving vehicles, which can result in

significant scattering and obstruction of the link [89, 69, 90, 34]. Like antennas op-

erating in close proximity to the human body, within vehicular communications, the

antenna-vehicle interaction effects can have a considerable impact on the performance

of communications [91–93]. Typically, antennas are mounted on the highest point of

the vehicle (i.e., the roof) to reduce the interaction with the vehicle and surrounding
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low-lying objects, thus providing the best opportunity for unobstructed omnidirectional

radiation in the horizontal plane. Nonetheless, in this case, the metallic structure of the

roof acts as a ground plane which can reflect electromagnetic energy from the antenna

above the horizontal plane, therefore reducing gain in the desired elevation for V2V

channels [91]. In [79], the authors reported a drop in antenna directivity by as much as

6.5 dB in the horizontal plane as a direct result of the roof tapering. In modern vehicles,

the roof may contain non-metallic elements such as a sunroof, non-uniform surfaces,

or railings mounted along the sides, which can further influence the antenna’s radiation

pattern [91, 94]. This was also reported in [92, 93, 95], suggesting that the link quality

for V2V communications depends significantly on the mounting location of the antenna.

This has prompted investigations into alternative mounting locations, such as front and

rear bumpers, wing mirrors and even inside the vehicle [92]. Indeed, this observation

motivates this investigation of alternate vehicular mounting points for the automobile

side of the P2V communications scenarios studied here.

In the open literature, the few existing studies of communications between a pedes-

trian and a vehicle are largely based on understanding collision avoidance techniques, for

the detection of so-called vulnerable road users (VRU) [96–101]. Pedestrian detection

within the automotive industry has been ongoing for many years, utilising vision, laser

and radar techniques; however, these methods require an unobstructed optical view

with the pedestrian, which is rarely the case in an urban environment. To extend the

detection region to include hidden areas, methods based on wireless communications

have also been investigated [96, 98]. In [96], the authors investigated the channel latency

of numerous wireless communications architectures, including Wi-Fi ad hoc networks

and cellular communications, for sharing the position of pedestrians obtained by a GPS

enabled device with nearby vehicles. While in [98], the authors chose to detect the

pedestrian’s position based on localisation utilising dedicated Wi-Fi enabled receivers

placed on the four corners of the vehicle. The analysis was limited to the detection of

the pedestrian, and although significant variations in the received signal were observed,

no statistical analysis of the channel dynamics was performed. Furthermore, these in-

vestigations were all performed outside of the DSRC frequency band. This issue was

addressed in [102, 103], where a system was developed within the DSRC frequency

band to provide information to both pedestrians and vehicles on nearby collision risks.
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In [104], the authors considered the communications between two mobile users, one of

which was located within a vehicle and another who was walking outside the vehicle.

Although they provided a statistical analysis of the mobile-to-mobile (M2M) channel, it

was performed at 1.85 GHz, which is outside of the DSRC frequency band.

While previous measurements performed for both wearable and vehicular channels

have provided valuable insights into both channels in isolation, the differences in antenna

type, height, mounting position, and the operating environment will result in fading

conditions that are unlikely to accurately depict those experienced within the P2V

channel. Preliminary work performed in [22, 23, 26] has presented some initial insights

pertaining to the fading characteristics that occur within P2V communications channels.

In [22], radio channel measurements were conducted at 5.8 GHz between a moving

vehicle at different velocities and with a stationary pedestrian positioned by the side of the

road. The experiments considered a TX positioned at different locations on the body and

several RX positioned on the vehicle. Though examples of the observed received signal

power were presented, the analysis was limited to modelling only the small-scale fading

using the Rician distribution. Moreover, since this work modelled the vehicle’s journey

in its entirety, without making a distinction between LOS and NLOS fading conditions,

it was not possible to quantify the effects of shadowing caused by both the vehicle and

the pedestrian’s body. This was later addressed in [26], by segmenting the data into

parts corresponding to when the vehicle ‘approached’ and ‘receded’ from the pedestrian,

where fading conditions were observed to vary considerably as a result of the body-

induced shadowing. This work was also extended to complete the statistical analysis of

the P2V channel by modelling the path loss and the large-scale fading components. It

was found that by visually segmenting the data where the fading conditions appear to

change considerably, the path loss was better modelled using a dual-slope model rather

than the single-slope approach.

In this chapter, the modelling and measurements were further extended to include an

improved small-scale fading analysis using the κ-µ Extreme distribution. This included a

systematic method for segmenting the channels by estimating the breakpoint distance that

yields the optimal (in the least-squares sense) dual-slope path loss model. Furthermore,

by keeping the speed of the vehicle consistent and introducing scenarios where the
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pedestrian was walking, the analysis presented here can examine how the movement

of the pedestrian’s body will further impact the P2V communications channel. Lastly,

by considering different antenna positions on the vehicle from those previously studied

in [22, 23, 26] including the often-omitted wing mirror positions, demonstrated that they

may be potentially valuable and worth consideration for P2V communications.

4.2 Measurement Setup, Environment and Procedure

4.2.1 Measurement Setup

The measurement system used in this study consisted of five of the bespoke wireless

nodes equipped with the ML5805 transceiver that operated at 5.8 GHz (chosen due

its close proximity to the 5.9 GHz DSRC band). Although all nodes were capable of

operating as either a TX or RX, for the purposes of this measurement campaign one

was configured as a TX and the remaining four as RX nodes, maintaining their mode

of operation throughout (detailed in Section A.2.1). The RX nodes on the vehicle were

programmed to sample the RSS at a rate of 10 kHz to a single laptop, which was also

equipped with a GPS receiver (G-STAR IV model BU-353S4) to record the position of

the vehicle. A GPS receiver was also carried by the pedestrian so that their position could

also be monitored throughout the field measurements. It should be noted that due to the

vastly different sample rates between the wireless nodes and the GPS receivers (10 kHz

vs 1 Hz), a linear interpolation, post-processing step was used to synchronise the RSS

samples with the GPS data. This enabled the distance between the pedestrian and vehicle

to be computed using the Haversine formula in equation (C.1.2) as shown in Appendix C.

Approximately seven million RSS samples were collected during the measurement

campaigns presented in this chapter. The RX noise threshold was determined prior to all

experiments and the average was found to be −98.2 dBm. To ensure all channel data

used in the analysis was above this noise threshold, the lowest recorded sample used for

the purposes of modelling was −97.1 dBm.
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The same omnidirectional antenna as Chapter 3 was used by both the TX and

the RX nodes and were connected directly to the RF front end of the radio using a

SMA connector. The TX antenna was mounted using Velcro® in a vertically polarised

orientation, parallel to the front central chest (C) region of an adult male of mass

75 kg and height 1.72 m, resulting in an antenna height of 1.2 m above ground level as

shown in Figure 4.1(a). To maintain a consistent antenna-body distance throughout the

experiments, a 5 mm dielectric spacer consisting of Rohacell HF 51 foam (εr = 1.07) was

placed between the antenna and the body surface. The vehicle chosen for this study was

a typical European, small three-door hatchback car with the dimensions as depicted in

Figure 4.2(a). Also indicated in Figure 4.2(a), is the four antenna positions on the vehicle

that were considered for this study, these were: the front- and rear-centre of the roof (i.e.,

FC and RC) and on the left- and right-wing mirrors (i.e., LW and RW) of the vehicle.

All RX antennas were mounted in a vertically polarised orientation. The roof mounted

RX nodes were secured directly onto the vehicle’s body, however, due to the physical

dimensions of the RX nodes (Figure A.1), the base of the antenna maintained a distance

of approximately 30 mm from the roof surface. On the wing mirrors, to imitate the

placement of the antenna inside the wing mirror unit while maximising signal coverage,

the antenna was mounted on the outside edge of the wing mirror with the same type of

dielectric spacer as used on the pedestrian’s body.

The measured azimuthal antenna directivity patterns for the chest mounted TX is

shown in Figure 4.1(b), and for the RX nodes mounted on the vehicle’s roof and wing-

mirrors in Figures 4.2(b) and 4.2(c), respectively, alongside the same sleeve dipole

antenna in free space. The antenna directivity pattern for the pedestrian was measured

using a single RX node that was placed on a non-conducting polyvinyl chloride (PVC)

stand, situated at a distance of 10 m from the test subject’s body. The RX node sam-

pled the RSS at a rate of 1 kHz as the test subject uniformly rotated their body. The

vehicle’s directivity pattern was measured by moving a single TX node attached to a

non-conducting stand around the vehicle at a radius of 10 m in 2.5◦ increments. At each

angular increment, each of the RX nodes on the vehicle took a synchronised snapshot

of 20 RSS measurements which was then averaged in a post-processing step. For both

cases, the stand was set at a height that matched the chest region of the pedestrian and

the measurements were performed in a large open field. From these directivity patterns,
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FIGURE 4.1: (a) Illustration of the TX node position on the central chest (C) region
of the pedestrian and (b) its measured azimuthal directivity pattern (black continuous
line) with the same sleeve dipole antenna in free space1(black dashed line). The upward

arrow in (b) denotes the forward direction from the pedestrian’s chest.

we can make the following observations; firstly, the presence of the pedestrian’s body

reduces the forward antenna directivity (i.e., in the forward half plane) by as much as

12 dB. The directivity also decreases dramatically around the back of the pedestrian’s

body as a direct result of body shadowing. Secondly, the wing mirror antennas are subject

to significant amounts of shadowing caused by the vehicle in the direction opposite to

which they are mounted. Otherwise they have a comparable directivity pattern to the

roof positions in their unobstructed side. Lastly, the positioning of the roof antennas

meant that they were also found to have a reduced antenna gain in the direction opposite

to which they were mounted.

4.2.2 Measurement Environment and Scenarios

All of the measurements conducted in this study were performed in the Titanic Quarter

of Belfast, UK. As shown in Figure 4.3, the surrounding area contained a number

of large office buildings situated at various distances and orientations relative to the
1The free space antenna measurement was captured in an anechoic chamber, using the purpose built

equipment (i.e., rotating platform) at exactly the frequency used in this chapter.
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roadside. It is worth highlighting that although these buildings and other objects (e.g.,

trees, street signs) were in the surrounding area, the immediate vicinity (i.e., within

10 m) to the pedestrian was clear, and no objects obscured the P2V channel at any point

during the vehicles journey. As a result, combined with ensuring no other vehicles or

pedestrians were present during the measurements permitted a controlled analysis of the

P2V channel. Naturally, when the underlying fading mechanisms in the P2V channel

have been understood, these additional propagation effects not considered here could be

superimposed to the channel model proposed in this study [105].

FIGURE 4.2: (a) Illustration of the RX node positions on the front- and rear-centre of
the roof (i.e., FC and RC) and on the left- and right-wing mirrors (i.e., LW and RW)
of the vehicle and their heights relative to the road, and (b) and (c), their measured
azimuthal directivity patterns with the sleeve dipole antenna in free space (black dashed
line), respectively. The upward arrow in (b) and (c) denotes the forward direction from

the vehicle.
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The scenarios were chosen to emulate some typical trajectories for both vehicles and

pedestrians that may occur in this environment. As illustrated in Figure 4.3, the vehicle’s

trajectory was limited to the straight stretch of road, however, as is typical with urban

environments vehicles may travel along the near side or the far side2 of the road relative

to the pedestrian. Furthermore, as the vehicle travels along the road, the pedestrian may

adopt one of two states, namely stationary or walking along the roadside. Therefore, as

indicated in Figure 4.4, four scenarios were considered:

A. The pedestrian stood stationary parallel to the roadside orientated towards the

direction of the oncoming vehicle, which travelled on the side of the road closest

to the pedestrian,

B. The pedestrian stood stationary parallel to the roadside orientated away from the

direction of the oncoming vehicle, which travelled on the side of the road furthest

from the pedestrian,

C. The pedestrian walked parallel to the roadside orientated towards the direction of

the oncoming vehicle, which simultaneously travelled on the side of the road clos-

est to the pedestrian, and,

D. The pedestrian walked parallel to the roadside orientated away from the direc-

tion of the oncoming vehicle, which simultaneously travelled on the side of the

road furthest from the pedestrian.

It should be noted that when the pedestrian was walking they moved with an approxi-

mate velocity of 1.2 ms-1, starting from a position 15 m behind the point in which they

stood in the stationary scenarios, such that they would reach the stationary point when

the vehicle passed by (as indicated by the dashed line in Figure 4.4).

2In the UK, traffic laws stipulate that vehicles must travel on the left-hand lane of a single carriage-
way with two lanes. Furthermore, the speed limit is 30 mph (or equivalently 13.4−1 ms) in an urban
environment.
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FIGURE 4.3: Satellite view of the measurement environment showing the vehicle
trajectories (continuous white lines with arrow heads) and pedestrian trajectory (dashed
white line with arrow head) for the walking scenarios (Note: Image courtesy of Google

Maps).

FIGURE 4.4: Illustration of the pedestrian and vehicle trajectories during each scenario.
It should be noted that the road is approximately 10 m in width and objects are not

drawn to scale.

4.3 Path Loss and Large-Scale Fading

Figure 4.5 presents the raw received signal power for three3 of the RX nodes mounted

on the vehicle as a function of the TX–RX distance obtained during Scenario A. As

expected, the P2V channels experienced significant signal fluctuations, which varied

according to the vehicle’s position relative to the pedestrian. In particular, it was apparent

3The RC node was largely indistinguishable from the FC node when plotted on this scale, and has
therefore been omitted for clarity.
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that the channels underwent different fading conditions prior to, and after the vehicle

passed the pedestrian. As a result of this observation, the data was segmented into two

regions, namely the approaching and receding regions. As the vehicle traversed into

the receding region, the effect of the body-induced shadowing can be observed to cause

an immediate reduction in the received signal power of the FC and LW channels [in

excess of 20 dB, evident in the expanded view in Figure 4.5(b)]. Moreover, the combined

shadowing effect of both the pedestrian and the vehicle had an even more detrimental

impact on the RW channel. Consequently, the fading that occurred within this region

often extended into the noise floor at the extremities and therefore data analysis was

limited beyond this point to a maximum distance (dmax) of 50 m behind the pedestrian

for all scenarios. In vehicular communications, the antennas are typically mounted onto

the highest point of the vehicle (i.e., the roof), to mitigate the severity of shadowing

caused by the structure of the vehicle. As can be seen in Figure 4.5, the FC channel does

in fact contain the highest received signal power in close proximity to the pedestrian.

However, for the majority of the approaching region, the LW and RW channels, which

are often omitted from consideration for V2V and V2I communications channels, were

observed to contain a higher received signal power. This suggests that adopting a wing

mirror mounted antenna for use in P2V communications may also be valuable.

FIGURE 4.5: The (a) received signal power as a function of TX–RX distance for the
front-centre (FC), left-wing mirror (LW), and right-wing mirror (RW) channels for
Scenario A and an (b) expanded view around the crossing point. (Note: the minimum

distance in this scenario is 5.62 m as labelled on the abscissa.)
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To extract the path loss and large-scale fading, the fluctuations in the received signal

power due to small-scale fading were first removed. This was achieved by applying a

smoothing window of 386 samples to the raw received signal power. The size of the

window required was calculated based on the time it takes for the moving vehicle to

pass through 10 wavelengths of the propagating signal. Following the removal of the

small-scale fading, it was observed for a small number of the P2V channels, in part of

the approaching region, that the combined path loss and large-scale fading fluctuations

exhibited a noticeable quasi-periodicity. This artefact is usually indicative of a few

strong signal paths (i.e., rays) interacting to cause constructive and destructive signal

attenuations at the receive antenna. Typically in vehicular communications channels, this

phenomenon is modelled using the Two-Ray ground reflection path loss model [40, 106].

As described in Section 2.2.4, the Two-Ray ground reflection model consists of two

components: the LOS component which is just the transmitted signal propagating through

free space, and, a reflected component which is the transmitted signal reflected off the

ground.

As an example, Figure 4.6 shows the Two-Ray ground reflection path loss model

superimposed over the received signal power and combined path loss and large-scale

fading signal of the FC channel during Scenario A. To further assist with interpretation

of this data, the transmit power has been removed so all the fading signals are now

referenced relative to 0 dBm meaning they are synonymous with attenuation. Clearly,

there are striking similarities between the combined signal fading and the model in

the approaching region. This was hardly surprisingly, since the FC channel during

this region maintained an optical LOS path with the chest mounted TX along with an

unobstructed view of the road surface between the vehicle and the pedestrian. However,

as the vehicle neared the pedestrian and moments after passing them, the received signal

power actually increased compared to what would normally be expected if considering

free space propagation. This was a consistent observation throughout the measurement

trials conducted in this study and will likely be an important feature of future P2V

channels. It is attributed to the strong enhancements caused by the vehicle’s metallic

structure, whereby signal contributions which may ordinarily be lost due to free space

propagation are returned towards the RX node. The net result of this is an increase

in the average received signal power. Furthermore, as the vehicle progressed through
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the receding region, where body shadowing becomes more prominent it was evident

that the Two-Ray ground reflection model provides a poor approximation of the fading

which occurred within this region. On a closer inspection of the combined path loss and

large-scale fading signal depicted in Figure 4.6, a more frequent quasi-periodicity than

that predicted by the Two-Ray ground reflection model was evident. This suggests that

for this particular section of the FC channel, a higher order ray model could provide

a better approximation of the path loss. Moreover, in [35], it was reported that the

Two-Ray ground reflection model was better suited to rural environments and in other

environments may be unreliable for distances less than 100 m, which aligns with our

observations here for an urban environment. As a result, due to the inability of the

Two-Ray ground reflection model to accurately characterise the path loss over all of the

considered channels and all of their constituent regions (i.e., approaching and receding),

instead a more uniform and practical approach to modelling the path loss is used.

The path loss experienced in a fading channel can also be modelled in logarithmic

form as outlined in Section 2.2.2. In [26], it was found that using a linear (dual-slope)

path loss model for P2V channels significantly outperformed the traditional single-slope

path loss model approach. To emphasize this, the free space path loss is also presented

in Figure 4.6, where, it can be seen that a calculation of the path loss based on the free

space model provides a poor overall fit to the measurement data. For this reason, the

dual-slope path loss model was used in this study and the sections (i.e., slopes) will be

denoted as near and far with respect to the pedestrian. Therefore, using equation (2.2.6),

the dual-slope path loss exponents for the near and far regions are denoted as ηN and

ηF [for η1 and η2 in equation (2.2.6)], respectively, and dC is the critical breakpoint

distance, or simply breakpoint distance, which signifies where the data is segmented.

The reference distance, d0, must be large enough to ensure that only the far-field antenna

characteristics are included in the path loss model. In this analysis, as the vehicle passed

the pedestrian at varying distances in each scenario4, we chose the minimum TX–RX

distance for that scenario as the reference distance. To obtain the path loss parameters,

linear regression was performed on the combined path loss and large-scale fading signal

with the logarithmically transformed TX–RX distance. There are different techniques

4The minimum TX–RX distances varied due to the slightly different paths taken by the vehicle between
scenarios.
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available to perform a linear regression analysis. In this study, the polyfit function

which is available in the Curve Fitting toolbox of MATLAB® was used.

Prior to performing the model fitting, the combined signal must be segmented at

the breakpoint distance. In the conventional flat earth model, dC is taken to be the

distance where the first Fresnel zone touches the ground and is referred to as the Fresnel

distance [34]. This distance, is where the ground reflection enters the Fresnel zone of the

propagating wave between the TX and RX, and may attenuate the signal power through

absorption, reflection, scattering, and diffraction, and therefore change the path loss

exponent significantly [107]. However, due to the unique geometry of P2V channels, it

was immediately evident that the optimal5 breakpoint distance was significantly closer

to the pedestrian. In [26], the breakpoint distance was selected visually where the fading

was perceived to undergo drastically different variations in the received signal power.

In this contribution, we improved on this process by estimating the breakpoint distance

by jointly optimising the near and far slopes simultaneously. This was achieved by

incrementing the breakpoint distance (in steps of 0.05 m) from the minimum to the

maximum distance within each region (i.e., d0 < dC < dmax), while performing linear

regression for both slopes at each distance and recording the joint residual error. Thus,

the breakpoint distance could be easily identified as the point where the combined

regression error was lowest. It should be noted that the far slope linear regression fit was

constrained at the breakpoint distance to ensure continuity of the path loss model. As an

example, Figure 4.7 provides the combined path loss and large-scale fading signal with

the superimposed resultant estimated path loss model for the FC channel in Scenario A.

As can be seen, this process of estimating the breakpoint distance provided an excellent

fit to the combined path loss and large-scale fading, which was superior to the single

slope and Two-Ray ground reflection models (see Figure 4.6).

The variation in the logarithmically transformed signal power due to large-scale,

or equivalently shadowed fading can be modelled as a Gaussian random variable as

provided in equation (2.3.3), where u and v, will denote the mean and standard deviation,

respectively. Hence, by removing the estimated path loss, the large-scale fading param-

eters within each section can be obtained using the MLE process. The MLE method

5Using least-squares fitting, the optimality is determined in terms of minimum sum of squared errors.
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attempts to find the parameter values that maximise the likelihood function, given the

observations. In this study [27], the MLE function already available in the Statistics and

Machine Learning Toolbox of MATLAB® was used. Figure 4.8 provides some example

fits of the Gaussian distribution to the empirical densities of the large-scale fading for

the FC channel. As shown, the Gaussian distribution provides an excellent fit in both

cases with some digression for the approaching-far case [Figure 4.8(a)].

6The dielectric constant was chosen based on the empirical study presented in [39], which was measured
under dry (εg = 0.34) and wet (εg = 0.56) road surface conditions with a TX frequency of 5.9 GHz.

FIGURE 4.6: Attenuation, extracted path loss and large-scale fading alongside the free
space path and Two-Ray ground-reflection path loss models (Pt = 0 dBm, Gt = Gr = 1,

ht = hC = 1.2 m, hr = hFC = 1.5 m, εg = 0.346) for the FC channel in Scenario A.

FIGURE 4.7: The combined path loss and large-scale fading with the superimposed
estimated path loss for the FC channel in Scenario A.
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4.3.1 Stationary pedestrian orientated towards oncoming vehicle

(Scenario A)

The parameter estimates for the path loss and large-scale fading for all scenarios are

provided in Table 4.1. In this scenario, the pedestrian was orientated towards the

oncoming vehicle, and as a result, the approaching region contained no body-induced

shadowing. From Table 4.1, with the exception of the LW channel, the path loss

exponents between the approaching-far and -near regions showed significant disparity.

In the approaching-far region, the path loss exponents were reasonably close to those

anticipated in free space, ranging from 1.53 to 2.18. However when the vehicle entered

the approaching-near region, the path loss exponents obtained for the FC and RC

positioned devices increased significantly, showing a rapid increase in the received signal

power as the vehicle travelled closer to the pedestrian. This observation may have been

due to the vehicle’s metallic structure (bonnet and roof) returning a significant signal

power contribution in the direction of the pedestrian that would ordinarily have been lost

in a free space environment. As anticipated from the antenna directivity pattern depicted

in Figure 4.2(c), the path loss exponent for the RW channel experienced a substantial

decrease in the received signal power at close proximity to the pedestrian due to the

increasing shadowing of the direct signal path induced by the vehicle (reflected in the

negative path loss exponent obtained).

FIGURE 4.8: PDFs of the empirical large-scale fading (black circles) with respect to
(w.r.t) path loss and the Gaussian fits (black continuous lines) of the (a) approaching-far

and (b) receding-far sections for the FC channel in Scenario A.
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When the vehicle passed the pedestrian, it moved into the shadowed region behind

the pedestrian’s body. Similar to the approaching-near region, there was a substantial

drop-off in the received signal power with distance (i.e., as the shadowing effect of the

vehicle’s structure on the direct signal increased), while in the receding-far region (with

the exception of the RW channel) the reduction in the received signal power was in line

with that for the approaching-far region. Interestingly, although the LW channel contained

no vehicle-induced shadowing for this scenario, the body-induced shadowing alone still

resulted in a substantial power drop off over distance directly behind the pedestrian’s

body. The increase in large scale fading can be directly attributed to its position on the

vehicle, which was located on its left most point (i.e., closest to the pedestrian), and thus

would have moved through the most significantly shadowed region immediately behind

the pedestrian’s body. Over extended distances as the vehicle progressed through the

receding-far region, there may have been an increased opportunity for additional signal

paths to reach the vehicle (e.g., due to reflections from the environment) that were not

present immediately behind the pedestrian’s body. Therefore, similar to the approaching

case, there was an increase in the variation of the large-scale fading when moving from

the receding-near to -far region (Table 4.1). This increase was largely to be expected, as

comparable V2V channels have been shown to be highly susceptible to strong ground

reflections, which result in significant variations of the received signal power dependent

on the separation distance and elevation of the antennas [108].

4.3.2 Stationary pedestrian orientated away from oncoming vehicle

(Scenario B)

In an urban environment, traffic may flow in both directions, therefore this scenario

considered the case were the vehicle moved in the opposite direction to that studied

above. In direct contrast to Scenario A, the approaching and receding regions are now

considered as NLOS and LOS, respectively. Most strikingly, the path loss at the reference

distance, with the exception of the RW channel, was significantly increased compared

to Scenario A. For example, both the FC and RC channels experienced a greater than

10 dB increase in the path loss at the reference distance (d0) while the combined effect
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TABLE 4.1: Path loss and large-scale fading parameter estimates for all scenarios.
Section

Scn. RX
Approaching-Far Approaching-Near Receding-Near Receding-Far

ηAF uAF vAF dCA ηAN uAN vAN PL0 d0 ηRN uRN vRN dCR ηRF uRF vRF

(dB) (dB) (m) (dB) (dB) (dB) (m) (dB) (dB) (m) (dB) (dB)

Stationary

A

FC 1.79 2.04 3.35 7.85 12.1 −0.04 0.91 47.8 5.62 16.3 −0.80 2.19 8.74 1.82 2.11 3.36

RC 2.18 2.41 3.38 7.91 11.6 −0.37 1.39 48.2 5.62 33.6 0.38 2.96 6.84 2.11 1.95 3.27

LW 1.87 1.03 3.78 12.0 1.72 1.07 2.80 56.3 5.62 23.6 −0.79 3.66 7.43 1.34 1.83 3.86

RW 1.53 1.06 4.91 6.60 −27.0 2.58 2.74 59.8 5.62 3.32 2.40 3.49 13.5 0.90 1.53 4.05

B

FC 5.28 −0.07 6.57 10.7 1.57 0.39 1.00 60.7 6.10 2.89 −0.57 2.24 11.4 1.65 1.62 4.22

RC 3.45 1.31 3.49 14.3 6.30 −0.59 4.38 57.9 6.10 4.02 −0.15 1.75 9.88 1.32 1.42 4.31

LW 2.96 0.16 5.50 9.68 0.37 1.66 2.46 73.5 6.10 −8.44 2.40 2.35 9.57 1.15 1.08 4.28

RW 1.71 0.60 4.74 15.1 4.09 0.51 4.20 62.0 6.10 −0.87 1.34 3.33 12.4 1.46 1.28 5.50

Walking

C

FC 1.41 1.90 3.44 10.5 7.02 −0.43 2.47 44.6 4.76 13.5 −0.64 2.76 8.95 1.38 2.24 2.94

RC 1.59 2.72 3.19 21.4 5.00 0.85 3.12 45.0 4.76 29.0 0.13 3.72 6.42 1.12 2.07 3.15

LW 1.62 0.80 4.82 22.3 1.81 2.23 2.93 54.3 4.76 12.8 0.07 4.50 7.82 0.61 2.53 3.43

RW 1.41 0.96 5.67 5.67 −17.7 1.98 2.73 58.1 4.76 −2.17 2.80 2.44 5.98 2.57 0.86 5.35

D

FC 0.76 2.34 2.60 16.7 14.3 0.38 2.17 58.6 10.2 3.69 0.55 2.87 22.9 1.46 1.47 4.44

RC 1.83 2.50 2.44 20.8 9.63 0.38 3.85 60.3 10.2 7.64 0.72 2.37 12.6 1.29 1.11 4.21

LW 1.03 1.37 3.31 12.8 8.95 4.26 3.68 77.1 10.2 0.65 5.86 4.50 12.5 0.64 0.77 4.83

RW 0.70 1.87 3.41 15.5 8.20 2.79 4.04 69.3 10.2 0.11 0.92 4.05 28.7 1.91 0.62 5.01

of the pedestrian’s body and the vehicle’s structure amplified this loss to over 17 dB for

the LW positioned device. This illustrates the deleterious impact that the pedestrian’s

body and the vehicle can have on the P2V channel when the optical path between the TX

and the RX on the oncoming vehicle is blocked.

Compared to Scenario A, the path loss exponents for the approaching-far region

were greater while in the approaching-near region they were reduced. One possible

explanation for this is due to the greater passing distance in this scenario (i.e., larger

dmin), and as a result the effect of the vehicle’s structure on the received signal power

was less pronounced. Nevertheless, similar to Scenario A the severity of the fluctuation

of the large-scale fading was also reduced when transitioning from the approaching-far

to -near region. Within the receding-near region, the RX nodes fitted to the vehicle

were no longer subject to body shadowing, and with the exception of the FC device

this acted to reduce the large-scale fading. It is worth highlighting that the wing mirror

channels now experienced the opposite vehicular shadowing conditions to those faced

during Scenario A (i.e., the RW channel had an unobstructed view of the pedestrian).

Subsequently, this was the only channel for which abrupt changes in the received signal
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power (i.e., path loss exponents) did not occur as the vehicle entered the receding-near

region (Table 4.1). In the receding-far region the path loss exponents were once again

comparable to those expected for free space propagation (with exception to the RW

channel), while variations in the large-scale fading increased presumably due to the

increased influence of large-scale effects (e.g., additional opportunities for reflected

waves from the surrounding environment) due to the extended separation distance.

4.3.3 Walking pedestrian orientated towards oncoming vehicle (Sce-

nario C)

To investigate the joint impact of pedestrian and vehicle movement, in this scenario

the pedestrian walked parallel to the roadside while maintaining the same orientation

as in Scenario A. As can be observed from Table 4.1, this had a substantial impact

on the estimated breakpoint distance for the transition between the approaching-far

and -near regions when compared to the equivalent stationary case (i.e., Scenario A).

In general, the approaching-near region became larger when the person was mobile,

suggesting that the influence of the body becomes more apparent at a larger distance

than the stationary case. Overall, the path loss exponents obtained for the approaching

region for this scenario were lower than Scenario A. Contrasting the remainder of the

channel parameters for the approaching-far and -near regions, visibly they are largely

comparable, with the exception of the large-scale fading observed by the LW and RW

channels while in the approaching-far region and the FC and RC devices while in the

approaching-near region. In the approaching-far region, the lower mounted wing mirror

devices would be more susceptible to strong ground reflections than the roof positioned

RX nodes. As the pedestrian walked, they introduced greater fluctuations in the received

signal power evidenced by the increased variations in the large-scale fading (Table 4.1).

This was particularly pronounced in the wing mirror positioned receivers, presumably

due to the low elevation making them more susceptible to ground reflected components

(more so than the devices mounted on the roof which are largely shielded from this effect

due to the metallic top cover of the vehicle). In the approaching-near region, the FC and

RC channels now also become significantly affected by the motion of the user. As the
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vehicle’s position at close proximity to the pedestrian is almost immediately to the left of

the body (i.e., lateral to the torso), all channels were vulnerable to quasi-LOS (QLOS)

conditions as the pedestrian walked (e.g., the movement of the limbs).

When the vehicle transitioned into the shadowed region immediately behind the

pedestrian, the breakpoint distances obtained were largely identical to the stationary case

with the exception of the RW channel, which was significantly reduced compared to

Scenario A. The majority of the path loss exponents for the receding-near case were

reduced slightly compared to Scenario A. Nonetheless, they were all still quite large

confirming that there is a large drop-off in the received signal with distance in close

proximity to the pedestrian. In the final segment of the vehicle’s journey, the majority

of the path loss exponents were found to be less than that expected for free space while

the large-scale fading variations were found to be consistent with the stationary case.

The exception to all of this was the RW channel which was particularly prone to the

combined shadowing effect of the vehicle and the body (Table 4.1).

4.3.4 Walking pedestrian orientated away from oncoming vehicle

(Scenario D)

From Table 4.1, it was immediately evident that there was again a significant increase in

the area covered by the approaching-near region compared to the equivalent stationary

case. As well as this, there was a dramatic increase in the path loss exponents obtained

when moving between the approaching-far and -near regions. The variation in the

large-scale fading (with the exception of the FC channel) was also higher as the vehicle

approached the pedestrian. These findings are consistent with the previous scenario,

where the change in received signal power and variations in the large-scale fading

were found to be greater in the region immediately behind the pedestrian due to the

movement of the body. When the vehicle moved into the receding-near region, there

was a noticeable increase in the variation of the large-scale fading compared to the

stationary case due to the combined movement of the pedestrian and the vehicle. Within

the receding-far region, the path loss exponents and large-scale fading observed were
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comparable to Scenario B, suggesting that the movement of the pedestrian has less of an

impact on the channel at greater separation distances to the vehicle.

4.4 Small-Scale Fading

During the preliminary experiments, it became immediately evident that the P2V channel

can experience fading conditions which are much worse than Rayleigh. In this setting,

very few measurable scattered contributions are likely to have been detected, possibly

because they extended below the sensitivity of the receiver. Instead, the small-scale

fading will be the result of a superposition of a low number of direct and strong multipath

components – propagation artefacts which strongly advocate the use of the κ-µ Extreme

distribution. As described in Section 2.4.5, this fading model is an extension of the

κ-µ distribution and is characterised using the m parameter to indicate the severity of

fading. As was visualised in Figure 2.3, as m increases the severity of fading is reduced,

thus as m approaches infinity no fading occurs and the κ-µ Extreme channel becomes

deterministic. In this study, the small-scale fading envelopes were obtained by removing

the estimated path loss and large-scale fading from the original received signal power

and then converted the result to linear amplitude.

All parameter estimates for the κ-µ Extreme distribution were obtained using the

lsqnonlin function available in the Optimisation toolbox of MATLAB®. This func-

tion solves nonlinear least-squares curve fitting problems with the added benefit of being

able to add constraints to the model parameters. This included configuring the fitting

process to ensure proportionate changes occurred between each model parameter. Using

the PDF for the κ-µ Extreme distribution, the residual error between the measured

data and a proposed fit given initial model parameters is computed. This process is

then repeated, with each iteration choosing parameter values which reduce the residual

error, concluding when the parameters with the best fit (i.e., lowest residual error) were

obtained [109]. To improve the likelihood of obtaining the best fit overall, the entire

model fitting process was performed using numerous initial start positions, obtained

using the multistart function of MATLAB®. To evaluate the accuracy of the model
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fitting, the normalised mean square error (NMSE) was computed and is provided along

with the parameter estimates in Table 4.2. The calculated NMSE values indicate that the

κ-µ Extreme model provided a good fit to the measurement data for the majority of the

considered channels (NMSE> 0.96).7

4.4.1 Stationary pedestrian orientated towards oncoming vehicle

(Scenario A)

Within the approaching-far region, the roof-mounted devices suffered most from small-

scale signal fluctuations as indicated by the estimated m values (Table 4.2). Signal

components generated by the metal bodywork of the vehicle, in particular the engine

compartment (i.e., bonnet) for the FC device and the slight curvature of the roof in

the case of the RC device are likely to have contributed to the more significant fading

observed at these locations. For the wing mirror positioned devices, which were always

in LOS of the body worn TX, it was evident from the m parameters that both underwent

less fading when compared to the roof positioned antennas (Table 4.2). As an example of

the model fitting process, Figure 4.9(a) shows the empirical PDF for the FC positioned

RX node compared with the κ-µ Extreme distribution. From this it is clear that the

κ-µ Extreme distribution provides an excellent fit to the empirical data for all fades

until the −10 dB level, with some slight deviation below this point. As the vehicle

progressed along its trajectory into the approaching-near region, the shorter transmission

distance provided an opportunity for an increase in the dominance of the LOS signal

component resulting in a significant rise in the values of the estimated m parameters

(Table 4.2) and a reduction in the depth of the fades. Of course the exception to this was

the RW channel, which now became partially shadowed by the vehicle causing greater

small-scale variations of the received signal. Figure 4.9(b) depicts the distribution of the

empirical data for the FC channel in this region, which can be observed to be almost

symmetrical in nature representing an almost equivalent number of up- and down-fades

from the large-scale signal level. Again the agreement between the empirical data and

the κ-µ Extreme distribution is found to be very good.

7A value of unity indicates a perfect fit.
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Despite the body shadowing that occurred immediately behind the pedestrian, when

the vehicle entered the receding-near region, nearly all of the links saw a reduction in the

variation of their small-scale fading. This observation must be tempered with the more

significant variation in the large-scale fading when moving from the approaching-near

region into the receding-near region (Table 4.1). The RW channel saw a slight increase

in the variation of the small-scale fading due to the double shadowing condition now

caused by the pedestrian’s body and the structure of the vehicle, as both obscured the

optical signal path. However, again the bulk of the fluctuation occurred in the large-scale

fading suggesting that the shadowing is more pronounced in the large-scale sense.

As expected, in the receding-far region, the estimated m values were once again

reduced suggesting an increase in the intensity of the small-scale fading. Nonetheless,

despite the increase in the separation distance between the TX and RX nodes, which

ordinarily would have been expected to provide the opportunity for the generation of an

increased number multipath components (including scattering), a separate analysis using

the κ-µ distribution (not reported here for brevity), indicated extremely high κ (κ > 102)

and low µ values (µ → 0). At first glance, this result may seem surprising, however

considering the intrinsic nature of κ-µ Extreme fading, this observation may have been

due to the fact that any scattered signal contributions arriving at the RX may have

extended below the minimum detectable power level. As the bespoke RX nodes used in

this study were based on re-purposed, commercially available, transceiver chipsets, this

type of fading is likely to be a realistic characteristic of future P2V communications.

4.4.2 Stationary pedestrian orientated away from oncoming vehicle

(Scenario B)

In the approaching-far region of Scenario B, the estimated m parameters obtained

were most comparable with those recorded for the receding-far region of Scenario A,

presumably due to the symmetry of the propagation geometry. As the vehicle neared

the pedestrian, although the channels were still subject to body-induced shadowing,

the m parameters increased, although not as a significantly as observed in Scenario A.
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Interestingly, as the vehicle continued into the receding-near region, the m parameters

suggest greater small-scale fading occurred than during the approaching-near region.

One plausible explanation for this observation was due to an increased opportunity for

destructive interference caused by additional signal components that were previously

filtered due to the shielding effect of the body. During the final stages of the vehicle’s

journey, greater variation in the small-scale fading was once again observed (Table 4.2).

In line with the observations from the previous scenario, the wing mirror channel

which was not subject to vehicle-induced shadowing (i.e., the RW channel in this case)

underwent the least amount of fading at the extremities.

FIGURE 4.9: PDFs of the empirical small-scale fading (black circles) and the κ-µ
Extreme distribution (black continuous lines) with respect to large-scale fading of the FC
channel for the (a) approaching-far and (b) -near regions in Scenario A (i.e., stationary

pedestrian), and respectively (c) and (d) in Scenario C (i.e., walking pedestrian).
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TABLE 4.2: The κ-µ Extreme parameter estimates and NMSE for all scenarios.

Section

Approaching-Far Approaching-Near Receding-Near Receding-Far

Scn. RX m r̄ NMSE m r̄ NMSE m r̄ NMSE m r̄ NMSE

Stationary

A

FC 1.48 0.97 0.986 14.8 1.00 0.975 12.2 1.00 0.961 1.53 0.94 0.994

RC 1.17 0.94 0.967 14.9 1.00 0.984 22.7 1.00 0.988 1.59 0.95 0.996

LW 3.68 1.01 0.985 9.70 1.00 0.985 7.72 0.98 0.936 1.91 0.98 0.967

RW 3.56 1.00 0.974 1.93 0.96 0.980 1.63 0.96 0.981 2.07 0.97 0.990

B

FC 1.40 0.94 0.998 12.5 1.00 0.997 3.05 1.01 0.993 2.39 0.99 0.984

RC 1.05 0.91 0.937 5.36 1.00 0.983 3.17 1.03 0.979 3.05 0.99 0.962

LW 1.78 0.97 0.988 3.36 1.00 0.988 1.12 0.94 0.960 2.29 1.00 0.968

RW 2.18 0.99 0.955 4.18 1.00 0.987 1.87 1.04 0.965 5.66 1.00 0.969

Walking

C

FC 1.82 0.98 0.990 5.19 1.01 0.973 9.62 1.00 0.948 1.27 0.93 0.978

RC 1.15 0.93 0.966 2.08 1.01 0.897 20.8 0.99 0.986 1.47 0.96 0.986

LW 3.56 1.00 0.968 4.36 1.03 0.954 4.84 1.00 0.928 1.37 0.94 0.991

RW 4.27 1.00 0.973 2.79 0.98 0.982 1.17 0.95 0.912 1.46 0.95 0.991

D

FC 1.24 0.93 0.979 4.61 1.00 0.939 2.91 1.01 0.974 3.59 1.00 0.978

RC 1.14 0.91 0.971 2.40 0.99 0.975 4.63 1.02 0.964 5.54 1.00 0.943

LW 1.63 0.97 0.990 1.58 0.98 0.986 1.54 0.97 0.988 2.72 1.00 0.980

RW 1.71 0.98 0.984 2.20 0.99 0.973 5.63 1.00 0.965 8.34 1.00 0.983

4.4.3 Walking pedestrian orientated towards oncoming vehicle (Sce-

nario C)

Upon first observation, the estimated m parameters obtained for this scenario appeared

comparable to the equivalent stationary case (i.e., Scenario A). However, while this was

certainly true for the far regions [e.g., Figures 4.9(a) and 4.9(c)], this was not the case

for the near zones [e.g., Figures 4.9(b) and 4.9(d)]. Indeed, the most notable changes

occurred when the vehicle was within close proximity to the now mobile pedestrian,

where the estimated m values were now reduced compared to the equivalent stationary

case (Table 4.2). Clearly the disruption introduced into the channel by the pedestrian’s

mobility (e.g., movement of the limbs) created increased volatility in the small-scale

fading. This can be visualised in Figure 4.9(d), where the FC channel during the

approaching-near region contained a greater number of fades below the −5 dB level than
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during the stationary case [Figure 4.9(b)]. As the vehicle receded further away from the

pedestrian, the impact of the person’s mobility appeared to be less prominent than before,

with estimated m parameters reducing to values marginally lower than those obtained

when the pedestrian was stationary.

4.4.4 Walking pedestrian orientated away from oncoming vehicle

(Scenario D)

During the approaching-far region of Scenario D, as before, the estimated m values were

comparable to the stationary case (Scenario B, Table 4.2). Again, the impact of pedestrian

mobility on the P2V channel is most pronounced when the vehicle and pedestrian are in

close proximity of one another (i.e., approaching- and receding-near regions). In line

with what was observed in Scenario C, the mobility of the pedestrian generally caused

an increase in the intensity of the small-scale fading and a corresponding reduction

the estimated m parameters (Table 4.2). Most surprisingly though there was a slight

increase in the m values obtained for all channels in the receding-far region of Scenario D.

However, as was shown in Figure 2.3, the variation in the m parameter between the

corresponding channels in Scenarios B and D does not have a significant impact on the

overall small-scale fading conditions.

4.5 Conclusion

In this chapter, the P2V communications channel has been investigated within an urban

environment at 5.8 GHz. In particular, several hypothetical scenarios were considered

where a wireless device positioned on a pedestrian situated by the side of a road may

communicate with a passing vehicle. It was immediately evident that the P2V channel

underwent significant signal fluctuations, which noticeably varied depending on the

position of the vehicle relative to the pedestrian. Therefore, the measured channel data

was segmented into two regions, corresponding to whether the vehicle was approaching
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or receding from the pedestrian. Due to the complex nature of the propagation problem,

the P2V channels were further decomposed into their individual fading components.

It was found that the path loss was best described using a dual-slope path loss model,

enabling the different path loss characteristics experienced at close proximity to the

pedestrian and further away to be identified. It was also determined that the optimal

breakpoint distance was dependent on the position of the RX, but in all cases, occurred at

much shorter distances than those typically considered for other V2X applications. In all

cases, the logarithmically transformed large-scale fading was found to be well modelled

as a Gaussian random variable.

Due to the often extreme nature of the small-scale fading which can be observed in

P2V communications channels, the κ-µ Extreme distribution has been utilised to model

its behaviour. It was observed that when the pedestrian is stationary and within close

proximity to the vehicle, the small-scale fading is typically reduced compared to the

case when the vehicle is further away. When the pedestrian became mobile, while the

small-scale fading observed at the extremities remained largely unperturbed, at reduced

separation distances, the impact of the mobility of both ends of the wireless link had a

more discernible effect. Surprisingly, in some scenarios the often omitted wing mirror

channels were found to suffer less fading than the roof mounted antennas, suggesting

that adopting a wing mirror mounted antenna for use in P2V communications may also

be valuable. Finally, it is worth remarking that using the simulation technique proposed

in [110] for producing κ-µ Extreme random variables, along with the straightforward

generation of the Gaussian large-scale fading and computation of the path loss, the results

presented in this work can readily be reproduced for incorporation into ITS network

simulations.
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Chapter 5

Low-Altitude UAV-to-Person

Communications Channel: Impact of

Mobility on Fading Characteristics

Unmanned Aerial Vehicle’s (UAV’s) are becoming an important tool in a wide range

of applications and may operate in a diverse range of environments, including at ultra-

low altitudes in urban environments. As advancements in technology have enabled an

increasing number of UAV’s to be easily accessible due to their ease of deployment, these

UAV’s offer an exciting opportunity to form part of existing and future networks. One

such application, is UAV-to-Person (UAV2P) communications, which has the potential

to provide improved cellular coverage or increased data rates in densely populated areas.

The UAV that forms part of this UAV2P channel, may act as a base station or relay

to communicate between other nearby users or as fronthaul infrastructure to cellular

networks. As these devices are intended to be carried or worn by people at ground

level, they will be subject to human-induced signal perturbations compounded by the

increased opportunity for scattering or signal obstructions by objects in the surrounding

environment. This will further be exacerbated by the movement of the person as they

walk. In this chapter, the impact of movement on the UAV2P communications channel

has been explored through a systematic measurement campaign.
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5.1 Introduction

Research into air-to-ground (A2G) communications has been ongoing for many years,

taking into consideration airborne vehicle’s such as airships, planes, and other aircraft, to

communicate data to devices located at ground level [111, 112]. More recently, UAV’s,

commonly referred to as ‘drones’, have become increasingly popular for general-purpose

civil and commercial applications [21]. Previously, these airborne UAV’s were limited to

military applications as they required high maintenance, complex control systems and

permission to fly in most airspaces. As their cost, size and weight continue to decrease,

coupled with improvements in their flight-time endurance and ability to manoeuvre

and hover in any environment, make them an enticing tool for a wide range of applica-

tions [111]. These include search and rescue, civil engineering, agriculture, infrastructure

inspection and even as human transportation [113–115]. In the last few years, there

has been a significant increase in the number of personal UAV’s brought to market by

companies such as DJI, Parrot and 3D Robotics [115]. UAV’s are generally categorised

according to criteria, such as functionality, weight, payload capacity, aerodynamic lift

type, flight performance characteristics, and energy consumption methods [116, 117].

As UAV’s can be used for rapid temporary network deployment or as robust long term

communication relays, they have received significant interest as reinforcement to existing

and future cellular networks [118]. A unique advantage of drone-hosted base stations

is that they can alter their location and position to address migrating crowds, changing

environments, or provide rapid deployment to support connectivity during cellular

network overloads or power failure events [119–122]. In cellular communications,

the use of UAV’s has been investigated in a number of studies [123–127]. In [123–

125], the impact UAV altitude can have on cellular communications was investigated

mathematically, showing degradation of the signal-to-interference plus noise ratio (SINR)

as a function of increasing altitude, leading to eventual loss of signal. Similarly, in [127],

the potential improvement to cellular communications of using multiple UAV’s was

investigated. The results showed that increasing the number of UAV’s in a given area

can improve the coverage probability. However, increasing the amount of UAV’s will

eventually saturate the available frequency spectrum as UAV channels interfere with one
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another. Similarly, in 2016, Nokia in partnership with the network operator ‘Everything

Everywhere’ (EE) in the UK announced an exploratory program to test the use of drones

to provide coverage using cellular pico cells in rural areas [128]. More recently, this

was followed up with an industry-first 4G LTE A2G communications network aimed

to provide support for 300,000 emergency service personal [129]. There has also been

considerable interest in using future mm-wave 5G networks to increase data rates and

provide higher bandwidth, working in tandem with existing networks to improve the

coverage of cellular network systems [130]. This research highlighted some potential

for UAV’s to satisfy varying 5G network demand but was focused on higher frequency

bands (28 GHz).

A number of studies have investigated the radio channel for UAV-to-cellular base

station links at 800 MHz [125], 850 MHz [17, 131], and at dual radio bands 968 MHz

and 5.06 GHz [132], as well as computer modelling of the channel at 850 MHz and

2.4 GHz [133]. In [125], the results indicated that the channel performed better as the

UAV increased in altitude, however, they highlighted that although fading characteristics

improved with height the SINR degradation makes this solution impractical. Moreover,

the work focused on UAV altitudes of around 100 m, for distances of drone-user separa-

tions of up to tens of kilometres which is distinct from the short-range UAV channels

considered in this chapter. The work in [17] focused on a UAV communicating to a

cellular base station, covering a suburban area to map the path loss experienced over

a large area. They noted that the benefit of improved LOS conditions with increasing

UAV altitude contradicts traditional base station antenna gains, which have an intentional

down-tilt of the antenna pattern. Findings of [131] through simulation show that LTE

networks can support drone-to-infrastructure communications for low-density drone

scenarios, but were unsuitable for high message delivery ratios in high-density scenarios

as a result of interference. In [132], measurements were performed between a fixed wing

aircraft and the ground for a drone height of 600 m above the ground station, with a

flight velocity of 74.2-92.0 ms-1. Although they provide insight to the path loss and

small-scale fading parameters, due to the flight conditions chosen in this study they are

unlikely to represent those experienced in UAV2P communication channels. Similarly,

the theoretical path loss models presented in [133] which focused on user coverage,

does not include suitable range of environments or user modes which are essential in
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evaluating how applicable these models are to describing the UAV2P communications

channel. The UAV body can have a significant impact on the antennas radiation pattern

and performance when mounted to a UAV. In [134], the location of antenna placement

on a UAV was investigated, were it was shown that the assumption of a constant azimuth

radiation pattern when the UAV body was included is not valid. Variations in the antenna

radiation pattern of up to 10.3 dB were observed when compared to the antenna in free

space. Similarly, the human body can have a significant impact on the antenna radiation

pattern as discussed in previous chapters.

In [135], a study was performed on the A2G channel at 3.4-3.8 GHz for varying

altitudes, focusing on the impact of the environment on the channel characteristics.

Similar studies were performed in [133, 136] across multiple frequency ranges (900 MHz,

1800 MHz and 5 GHz). However, as these studies were performed over an open field

for a ground station fixed to a tripod, these findings are unlikely to be extendable to

UAV channels involving people that occur within urban environments. The A2G channel

was also characterised in [111], which included a study of the fading characteristics,

however, the ground station was situated on a metallic platform (i.e., scissor lift) and

the focus was entirely on the UAV side of the channel. A similar study was performed

in [112], which also only considered the case of a RX placed on a stand. It focused on

different environments (i.e., lake, hilly, rural, suburban areas), and the authors reported

the strongest multipath occurred in the suburban environment. Unfortunately, the urban

environment was not considered, but it can be presumed from these results that a denser

environment may contain an even greater amount of multipath fading. In [137], a similar

measurement setup and environment was considered for a channel frequency of 3.9 GHz.

The authors used a Two-Ray path loss model, and while it provided good agreement with

the measurements, it is unlikely that a channel in an urban environment would contain

only a LOS signal and singular reflected component in all situations.

The use of a drone sounder to measure channels for cell-free massive multiple-

input and multiple-output (MIMO) systems was presented in [138], and although they

performed these in an urban setting, the ground station was not part of a wearable

communications network. In [139], ray tracing methods were used to simulate the A2G

channel for mm-wave systems at 28 GHz and 60 GHz. It was observed that the Two-Ray
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propagation model may be useful, and that signal fluctuations decreased as the UAV

height increases due to the less significant effect of scatterers at higher UAV altitudes. A

similar conclusion was found in [125]. The UAV-to-UAV and UAV-to-ground channels

were investigated in [134]. It was found that the Rician K factor decreased as the UAV

lowered in altitude. They extended their work in [140] to include human body effects on

a UAV2P channel. However, those measurements were performed for a stationary person

in an open field with no nearby objects meaning that it did not capture fading conditions

experienced as the person moves through dense urban environments. Therefore, in this

chapter, these issues will be addressed by studying the effect of dual mobility on the

UAV2P communications channel by considering scenarios where both the UAV and

person were subject to movement.

5.2 Measurement Setup, Environment and Procedure

5.2.1 Measurement Setup

To facilitate the measurements performed in this study, a commercially available aerial

vehicle, namely the 3DR Solo quadcopter by 3D robotics was used (shown in Figure 5.1).

This UAV was chosen due to its advanced flight computers, which provided a stable

aerial platform that could fly predetermined flight paths for up to 25 minutes carrying a

total payload of up to 450 g. To enable reproducible measurements, a ground control

station (GCS) was used, namely the Mission Planner application that uploaded the

GPS coordinates and commands for the scenarios that were studied. This enabled real

time communications with the UAV via a direct-link WiFi connection, although for the

duration of the measurements the UAV flight software was configured to fly regardless

of connection to the GCS to ensure measurements were always captured in their entirety.

It should be noted that prior to powering on the UAV flight computer, the measurement

system was enabled first to ensure that the UAV to GCS connection always configured

with a different frequency channel.
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As detailed in Appendix A, the measurement system carried by the UAV was one of

three specialised hardware devices that enabled time synchronised bidirectional channel

measurements to be simultaneously performed at 2.45 GHz and 5.8 GHz with a sampling

rate of 2 kHz. The synchronisation was provided by another radio system that operated

at 868 MHz, using a CC1110 system-on-chip transceiver that provided precise timing

for when each channel operated as either a TX or RX. The CC1110 that acted as a TX

was fitted onto a second 3DR solo quadcopter, which was also pre-programmed to fly at

a fixed position (at a higher altitude with horizontal separation from the measurement

UAV) that would maintain a direct LOS view with all three devices for the duration

of the measurements. A high precision GPS module was added to each measurement

device, which provided a 3D GPS fix at a rate of 4 Hz. The measurement system would

therefore maintain knowledge of its position in 3D space, and each RSS sample would

have this position appended to the result. It should be noted that due to the vastly

different sample rates between the wireless nodes and the GPS receivers (2 kHz vs 4 Hz),

a linear interpolation, post-processing step was used to synchronise the RSS samples

with the GPS data. Finally, this enabled the TX–RX separation distance for all nodes

to be computed using the modified Haversine formula in equation (C.2.1) as shown in

Appendix C.

Approximately two million RSS samples were collected to obtain the results pre-

sented here. The RX noise threshold was determined prior to all experiments and the

average was found to be −99.2 dBm. Similar to the previous chapters, the measurement

system was calibrated as a post-processing step (detailed in Appendix B). However, it is

worth highlighting that since each measurement radio operated as both a TX and RX in

this study, variations in the transmit power between radios were measured using a Rhode

& Schwarz NRP-Z21 Power Meter for each device at the antenna and found to range

between 14.2 and 17.6 dBm. These were removed from the received signal power for

each channel configuration, which left the signal attenuation, and therefore the uplink

(UL) and downlink (DL) channels were reciprocal in magnitude.

For the purposes of this study, one of three devices were fitted to the UAV (U), a

person (P) and a stand (S). To aid in the discussion of the communication channels

considered in this study, the UAV-to-Person channel and UAV-to-Stand channel will be
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FIGURE 5.1: The (a) front and (b) side views of the 3DR Solo quadcopter fitted with
the measurement equipment.

referred to as the UAV2P and UAV2S channels, respectively. The antennas used were the

same omnidirectional antenna as described in Chapter 3. The antennas mounted on the

UAV, were fitted to a custom platform that attached to the UAV’s anti-vibration mount

normally used for cameras, orientated so the antenna was pointed vertically downwards

(Figure 5.1). This was chosen so as to provide the optimal signal coverage around the

UAV. The antenna was connected to the RF front end of the radio via a 30 cm length of

low noise coaxial jumper cable with SMA connectors. During the calibration process,

the receive power and transmit power were measured at the connection to the antenna,

so any cable losses were removed from the measurement results. On the ground, the

two nodes that acted as part of the UAV to ground link were worn by the person and

for comparison fitted to a non-conducting stand. These were chosen to enable the effect

of the human body on the channel to be studied, by providing an analogue to compare

the UAV2P channel against for an antenna free from human body effects. The antennas

on the person were mounted using Velcro® in a vertically polarised orientation, parallel

to the front central chest region of an adult male of mass 82 kg and height 1.70 m,

resulting in an antenna height of 1.2 m above ground level [identical to Figure 4.1(a)].

The antennas placed on the stand, were also vertically mounted at the same antenna

height of 1.2 m above ground level to enable direct comparisons between the UAV2P

and UAV2S channel.

The measured antenna radiations patterns for the antennas in free space and when

mounted on the UAV are shown in Figure 5.2. From these antenna radiation patterns, we

can make the following observations; firstly, for the azimuthal patterns in Figures 5.2(a)

and 5.2(b) for 2.45 and 5.8 GHz, respectively, the presence of the UAV body caused some
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FIGURE 5.2: The antenna radiation patterns for the antennas in free space (black dashed
line) and when mounted on the UAV (blue line) for the azimuth planes at (a) 2.45 GHz
and (b) 5.8 GHz, and for the elevation planes at (c) 2.45 GHz and (d) 5.8 GHz. The
UAV orientation is also illustrated with an arrow indicating the forward direction, and

the approximate antennas locations on the UAV are noted (red outline).

distortion in the antenna directivity with maximum deviations from free space between

+3.5 dB and −9 dB. It is worth highlighting that the antenna in free space shows a higher

gain at 5.8 GHz in the azimuth plane when compared to 2.45 GHz [Figures 5.2(a) and

5.2(b)]. Secondly, for the elevation patterns in Figures 5.2(c) and 5.2(d), the presence of

the UAV reduced the magnitude of the null observed in free space at 90◦, presumably

due to the UAV’s body acting as a reflector. Nevertheless, there are notable reductions

in the antenna gain at approximately ±30 degrees from the downward direction (i.e.,

at 60◦ and 120◦), likely caused by the UAV’s landing legs (as depicted in Figure 5.2).

As expected, the UAV’s body caused a significant reduction to the antenna gain in the
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upward direction, however, this is not relevant to the UAV to ground channels considered

in this study.

5.2.2 Measurement Environment and Scenarios

All of the measurements conducted in this study were performed over a residential

building, chosen due to its surrounding environment containing similar attributes to

dense urban centres (e.g., concrete ground surfaces). Additionally, as UK laws on UAV’s

prohibit flying over people or being within 50 m of a public building without a pilots

license [141], it would not have been practical to fly within a city. The building was

approximately 15 m long, 12 m wide and had a height of 7 m. The UAV was programmed

to fly at an altitude of 10 m above the building during all scenarios (i.e., 17 m above the

ground), simulating a low-altitude UAV network. The four scenarios were chosen to

capture situations when the UAV and person were either stationary or mobile, and are

outlined in Table 5.1 (also illustrated in Figure 5.3).

TABLE 5.1: Mobility of the UAV and person for all scenarios.

Scenario Scenario UAV Person
Order Name Mobility Mobility

A US −PS Stationary Stationary
B UM −PS Mobile Stationary
C US −PM Stationary Mobile
D UM −PM Mobile Mobile

Since the UAV’s pre-programmed flight paths required reaching a position in 3D

space which can be impacted by wind conditions1, additional time was added before and

after each measurement scenario to ensure the UAV was in a stable position. For the

UAV stationary scenarios, a total of 30 seconds was captured, and as a post-processing

step, approximately 5 seconds was trimmed from the data acquisition period (visually

selected by viewing the flight logs and dependent upon the movement of the person

when applicable). During the scenarios where the UAV moved, it was set to travel

along its predetermined trajectory at a velocity of 2 ms-1, which also included an extra

1During these measurements, the wind conditions were recorded as 9 mph with gusts up to 12 mph
possible. This was well below the limits of the 3DR Solo quadcopters specifications of 25 mph.
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FIGURE 5.3: Illustration of the UAV and person trajectories during each scenario. It
should be noted that the black dots represent when the object remains stationary with
the blue arrow indicating the orientation, while the black lines indicated the paths taken

during mobility scenarios.

5 seconds at the beginning and end of the flight paths that were also removed during

analysis. As depicted in Figure 5.3, during the scenarios where the person remained

stationary, they stood parallel to the UAV such that their left shoulder was aligned with

the UAV’s stationary position. During the walking scenarios they walked along the

trajectory parallel to the UAV, starting inline from the UAV’s mobile end position and

travelling towards the UAV mobile start position.

5.3 Path Loss and Large-Scale Fading

As an example, Figure 5.4 presents the received signal power with transmit powers

removed at 5.8 GHz for all channels as a function of the TX–RX separation distance

obtained during Scenario D (UM −PM). In this scenario, both the UAV and person were

moving and as expected the UAV channels experienced significant signal variations in

the received signal power, which varied according to the position of the UAV relative
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to the person and stand. Similar to the analysis performed in Chapter 4, since the

channel measurements will undergo different fading characteristics based upon the

UAV’s position relative to the person (and stand), the mobile channels in this study will

be segmented into two regions, namely the approaching and receding regions. Since

the distance remains constant in the scenarios were both ends of the channel remain

stationary, those will be analysed without segmentation.

As we can see from Figure 5.4(a), as the UAV moved from the approaching to

receding region (i.e., anterior to posterior position relative to the person), the body-

induced shadowing can be observed to cause an immediate reduction in the received

signal power (in excess of 15 dB). Interestingly, when the UAV passed the stand its

received signal power also decreased by as much as 25 dB, which actually then increased

as the UAV travelled further away from the stand. This can be easily explained by

considering the antenna radiation pattern for the elevation plane Figure 5.2(d). Using the

flight logs recorded by the UAV computer (analysed with Mission Planner GCS), as the

UAV travelled along its trajectory it reached a maximum downward pitch of 8.35 degrees.

As a result, the antenna lobe at 90-degrees that was observed in Figure 5.2(d), would have

been orientated towards the stand (and person) when it travelled into the receding region.

However, since the body-induced shadowing occurred for this UAV2P channel when

the UAV traversed into the receding region, this increased signal power is dampened by

worsening shadowing conditions. The effect of body-induced shadowing on the UAV2P

FIGURE 5.4: The received signal power with transmit powers removed as a function of
TX–RX distance for the (a) UAV2P and (b) UAV2S channels at 5.8 GHz.
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channel is also evident on the signal fluctuations on the received signal power in this

region, with fewer fluctuations than that observed for the LOS UAV2S channel.

To extract the path loss and large-scale fading, a similar process to the extraction

procedure outlined in Chapter 4 was used. As the smoothing window used to segment the

small- and large-scale signal variations in the received signal power varies by frequency

and relative velocity of the TX and RX, in this case, a number of different smoothing

windows were required. When the person walked, they moved at an average velocity of

1.4 ms-1 (measured by the GPS carried by the person) and the UAV was programmed

to fly at a consistent speed of 2 ms-1. Therefore, depending on the scenario the relative

velocity ranged from 0 ms-1 to 3.4 ms-1. As a result, the size of the window required was

calculated based on the time it takes for the RX to pass through 10 wavelengths of the

propagating signal which was determined to range from 304 to 1220 samples. Following

the removal of the small-scale fading, the combined path-loss and large-scale fading

signal was initially modelled as log-distance path loss and log-normal large-scale fading.

However, on closer inspection it was immediately apparent that many of the large-scale

fading signal fluctuations exhibited multimodal fading.

Therefore, in a similar approach to the analysis performed in Chapter 3, the GMM

distribution in equation (2.3.5) was utilised, with the model order selection process

performed by the AIC goodness-of-fit. In all cases for the UAV2P channel, and the

majority of cases of the UAV2S channel (i.e., 89 %), a model order of two was found

to provide the best characterisation of the large-scale fading process. To simplify the

analysis and to enable a direct comparison between channels a second order GMM

was used throughout this study. The GMM mixing component, α , can be used to

ascertain the proportion of each Gaussian PDF to the total fading model. The mean and

standard deviation for the Gaussian PDFs are denoted by u and σ , respectively. During

the stationary scenarios (i.e., when the distance between wireless devices remained

the same), the TX–RX separation distance remains constant and therefore becomes

equivalent to the reference distance. Therefore, the path loss equation in equation (2.2.5)

can be described as simply the mean signal power at the reference distance, i.e., PL(d0),

with no path loss exponent.
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5.3.1 UAV and Person Stationary (Scenario A)

The parameter estimates for the path loss and large-scale fading for all scenarios are

provided in Table 5.2. It was immediately apparent from the parameter estimates that the

channel underwent different fading conditions depending on the mobility of the UAV

and person. In this scenario, the UAV remained stationary at an altitude of 17 m while

the person stood orientated parallel to the UAV. The mean path loss, P0, at the reference

distance, d0, was observed to be greater for the U–P channel when compared to the U–S

channel (−74.5 to −68.0 dB, Table 5.2), despite the shorter separation distance (17.6

compared to 19.3 m, Table 5.2). This can attributed to the QLOS channel conditions

for the U–P channel when compared to the LOS for the U–S channel, as the UAV

was positioned parallel to the person and would therefore be partially shadowed by

the shoulder of the test subject’s body. This was evident for the majority of scenarios

in Table 5.2. Although the term stationary is used to describe when the UAV would

hover, this is more commonly referred to as loitering in aviation. This is the phase of

flight were an airborne vehicle, in this case a UAV, attempts to remain flying over some

small region. Factors such as drifting due to sensor inaccuracies (e.g., GPS or inertial

measurement unit) and most predominantly wind gusts resulted in the UAV regularly

performing small movements to maintain its desired position. The impact of these

movements can be observed in the parameter estimates of the large-scale fading, which

were observed to contain a number of modes in most cases regardless of the person’s

mobility. Nevertheless, the greatest variation in large-scale fading for Scenario A at

2.45 GHz was still observed for the P–U channel, presumably due to the involuntary

movements (e.g., breathing) by the person causing additional signal variations when

compared to the antenna on the stand (1.13 dB, Table 5.2).

5.3.2 UAV Mobile and Person Stationary (Scenario B)

To investigate the impact of mobility on the UAV2P channel, in this scenario the UAV

was pre-programmed to fly a flight path parallel to the person who remained stationary
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FIGURE 5.5: PDFs of the empirical large-scale fading (black circles) with respect
to (w.r.t) path loss and GMM fits (continuous lines) for the (a) approaching and (b)
receding regions for Scenario B (UM −PS), and for the (c) approaching and (d) receding
regions for Scenario D (UM −PM) of the P−U (UL) channel at 2.45 GHz. The estimated

model parameters are provided in Table 5.2.

in the same position as in Scenario A. As the UAV was mobile in this scenario, the

relative position of the UAV to the person (and stand) varied, and therefore the separation

distance was dependent upon the UAV’s location. Thus, all channels in this scenario

were segmented based on the minimal separation distance (i.e., as the UAV passed

the person). Since the UAV’s trajectory was symmetrical relative to the stationary

person, the segmentation point occurred at approximately the same position in 3D space

were the UAV was positioned during its stationary point (i.e., the same location as

Scenario A). This was validated by the reference distance for all of the UAV mobile

scenarios being approximately the same as during their respective stationary scenario

(Table 5.2). Although the UAV travelled along its trajectory for approximately 25 m,

since it moved parallel to the person (and stand), the separation distance did not vary

significantly. As a result, the estimated path loss exponents (i.e., power loss as a function

of distance), remained approximately equal to zero in the majority of cases.
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Since the device worn by the person was on their central chest region, as the UAV

travelled from the anterior to posterior region relative to the person, due to the person’s

body orientation the P–U (and U–P) channel would go from LOS to NLOS conditions,

as a direct result of human-body induced shadowing. Figures 5.5(a) and 5.5(b) pro-

vide example fits of the GMM distribution for the P–U channel at 2.45 GHz for the

approaching (LOS) and receding (NLOS) regions, respectively. During the approaching

region, the added mobility of the UAV had a discernible impact on the large-scale signal

variations, with the mean value of each Gaussian PDF spread further apart than during

the Scenario A (−1.35 and 3.15 dB for Scenario B compared to −0.31 and 1.82 dB for

Scenario A). As the UAV traversed into the human-body shadowed region, the variations

in large-scale fading increased, visualised by the greater spread of fades when comparing

the GMM fit for the approaching and region regions [Figures 5.5(a) and 5.5(b)]. Inter-

estingly, the S–U channel in this scenario during the approaching region contained a

significant amount of large-scale fading. However, this can be explained by examining

the UAV flight logs, which indicated that the UAV’s axes (i.e., pitch and roll) fluctuated

as the UAV travelled past the person (i.e., at the minimum separation distance). Since

this region is considered as QLOS for the U–P channel (due to the test subject’s shoulder

obstructing the channel) and LOS conditions for the U–S channel, these fades were likely

less apparent for the UAV2P channel. During the receding region, as the UAV2S channel

maintained LOS with the UAV, as expected it underwent less large-scale fading than the

U–P channel. Clearly the mobility of the UAV had a substantial impact on the large-scale

fading conditions experienced here when compared to the stationary case (Scenario A).

5.3.3 UAV Stationary and Person Mobile (Scenario C)

In this scenario, the UAV remained stationary (in the same position as in Scenario A)

while the person walked parallel to the UAV’s mobile trajectory. As can be observed

from Table 5.2, this had a substantial impact on the standard deviations for the Gaussian

PDFs, indicating increased large-scale signal variations as a direct result of the person

walking. During the approaching region, despite having an optical LOS path with the

passing UAV, the large-scale fading was observed to be more significant than the previous
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TABLE 5.2: Path loss and GMM large-scale fading parameter estimates for all scenarios.

Scn.
Mobile or

Stationary

Channel

TX–RX

Region 1 (Approaching or Combined) Region 2 (Receding)

GMM (N=2) Path Loss GMM (N=2)

α1 u1 σ1 α2 u2 σ2 η1 P0 d0 η2 α1 u1 σ1 α2 u2 σ2

(dB) (dB) (dB) (dB) (dB) (m) (dB) (dB) (dB) (dB)

2.45 GHz

A

US-PS

S
P–U 0.76 -0.31 1.13 0.24 1.82 0.06 − -74.3 17.6 − − − − − − −
U–P 0.68 -0.52 0.78 0.32 1.53 0.09 − -74.5 17.6 − − − − − − −

S
S–U 0.37 -0.89 0.47 0.63 0.73 0.27 − -67.5 19.3 − − − − − − −
U–S 0.48 -0.80 0.85 0.52 0.84 0.24 − -68.0 19.3 − − − − − − −

B

UM-PS

M
P–U 0.66 -1.35 0.52 0.34 3.15 0.84 0.23 -73.5 17.4 -0.34 0.78 0.01 1.03 0.22 4.30 0.31

U–P 0.67 -1.14 0.51 0.33 2.72 0.58 0.20 -73.6 17.4 -0.36 0.33 -0.43 0.09 0.67 1.02 8.73

M
S–U 0.93 0.47 16.6 0.07 9.25 0.24 -0.50 -67.7 19.4 0.18 0.50 -0.67 2.09 0.50 0.97 1.05

U–S 0.72 -0.24 13.9 0.28 5.00 12.1 -0.50 -68.1 19.4 0.19 0.09 -3.11 0.14 0.91 0.33 1.50

C

US-PM

M
P–U 0.52 -2.33 9.03 0.48 3.38 0.90 0.44 -73.5 17.5 -0.22 0.94 0.56 5.95 0.06 10.9 0.42

U–P 0.50 -2.30 6.82 0.50 2.65 1.07 0.41 -73.5 17.5 -0.30 0.98 1.08 5.11 0.02 7.65 8.16

S
S–U 0.60 -0.48 0.50 0.40 0.94 0.22 − -68.4 19.3 − − − − − − −
U–S 0.62 -0.54 0.55 0.38 0.96 0.13 − -69.2 19.3 − − − − − − −

D

UM-PM

M
P–U 0.30 -0.21 0.59 0.70 1.87 0.87 0.08 -70.1 17.3 -0.41 0.51 -5.36 2.64 0.49 6.74 5.21

U–P 0.10 -1.65 0.31 0.90 1.49 0.91 0.09 -71.1 17.3 -0.34 0.46 -6.24 2.30 0.54 6.06 5.54

M
S–U 0.15 -5.10 0.94 0.85 2.17 11.6 -0.44 -68.4 19.4 0.21 0.46 -1.21 1.21 0.54 1.41 0.57

U–S 0.34 -2.83 6.86 0.66 2.94 6.84 -0.42 -69.0 19.4 0.22 0.46 -1.37 1.18 0.54 1.26 0.41

5.80 GHz

A

US-PS

S
P–U 0.93 -0.12 1.48 0.07 2.97 0.03 − -76.2 17.6 − − − − − − −
U–P 0.63 -0.67 0.64 0.37 1.42 0.72 − -74.4 17.6 − − − − − − −

S
S–U 0.22 -1.46 3.02 0.78 0.69 2.22 − -84.4 19.3 − − − − − − −
U–S 0.28 -1.30 3.10 0.72 0.69 1.38 − -84.7 19.3 − − − − − − −

B

UM-PS

M
P–U 0.14 -10.1 4.26 0.86 2.20 16.6 0.02 -78.6 14.4 0.11 0.31 -1.73 0.58 0.69 0.85 0.53

U–P 0.18 -12.2 13.1 0.82 3.50 9.49 -0.12 -76.7 14.4 0.09 0.18 -3.14 3.55 0.82 0.76 0.56

M
S–U 0.79 -0.59 3.12 0.21 2.64 0.03 0.26 -85.0 19.4 -0.13 0.29 -4.02 0.64 0.71 3.13 7.38

U–S 0.49 -1.41 3.57 0.51 1.55 0.34 0.14 -85.3 19.4 -0.19 0.28 -4.18 0.42 0.72 2.76 4.48

C

US-PM

M
P–U 0.44 -0.20 12.9 0.56 0.97 1.38 0.25 -76.6 17.5 -0.01 0.24 -5.70 26.7 0.76 2.25 1.12

U–P 0.08 -6.18 0.36 0.92 1.10 5.35 0.27 -75.9 17.5 0.07 0.10 -12.1 10.6 0.90 1.78 3.43

S
S–U 0.40 -1.84 5.19 0.60 1.85 2.74 − -84.8 19.3 − − − − − − −
U–S 0.80 -0.55 3.11 0.20 2.98 2.59 − -83.7 19.3 − − − − − − −

D

UM-PM

M
P–U 0.12 -2.47 22.1 0.88 1.41 2.01 -0.11 -72.7 17.3 -0.28 0.37 -2.60 6.67 0.63 1.95 7.53

U–P 0.27 -1.24 10.6 0.73 2.09 3.31 -0.13 -69.9 17.3 -0.25 0.27 -4.48 6.33 0.73 2.21 4.39

M
S–U 0.40 -2.29 2.97 0.60 1.72 1.07 0.40 -88.3 19.4 0.03 0.53 -2.74 6.81 0.47 5.84 0.87

U–S 0.43 -2.53 5.98 0.57 2.16 0.15 0.17 -84.7 19.4 -0.07 0.60 -1.63 7.32 0.40 4.35 0.34

scenarios (Table 5.2). Presumably, the movement of the test subject’s body (particularly

their arms) may have periodically obstructed the chest mounted transceiver, resulting in

greater large-scale signal variations. As a result, the mobility of the person appears to

cause greater large-scale fading than when the UAV moved. As the UAV then travelled

into the receding region, these same arm movements may have permitted additional

signal paths to reach around the body, resulting in an increase in the estimated σ values

when compared to the person’s stationary scenarios. Since the UAV remained stationary

during this scenario, the S–U channel is equivalent to Scenario A, and as expected this

resulted in comparable large-scale fading parameters estimates.
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5.3.4 UAV and Person Mobile (Scenario D)

In this scenario, the impact of dual mobility was investigated as both the UAV and the

person were mobile. As anticipated, the large-scale fading that occurred during the

previous mobility scenarios were compounded during this scenario, resulting in the

greatest large-scale fading to be observed. From Table 5.2, the most notable change

occurred during the receding region, where the compounded effect of body-induced

shadowing and mobility resulted in greater large-scale signal variations in the received

signal power. This can be visualised in Figure 5.5, where the approaching and receding

regions for the P–U channel during Scenarios B and D are presented. Although the

standard deviations are only slightly larger for this scenario, the most notable change is

the spread between the modes (i.e., u values are further apart), resulting in an overall

greater number of large-scale fades with respect to the path loss level. Interestingly,

during the approaching region, the increased mobility resulted in an empirical PDF that

appeared to contain a single dominant mode [visualised in Figure 5.5(c)]. Although on

closer inspection, the second mode is still visible [at the −0.21 dB level, Figure 5.5(c)],

its magnitude has been reduced by the movement of the person when compared to the

equivalent PDF when the person remained stationary [Figure 5.5(a)]. One possible

explanation for this may be that as the person walked, and therefore moved their limbs,

the time spent in distinct shadowing states would have been reduced. As expected, the

mobility of the UAV resulted in large-scale fading parameter estimates for the UAV2S

channel comparable to Scenario B, where the UAV2S channel underwent the same

trajectory and therefore similar large-scale fading conditions.

5.4 Small-Scale Fading

Since the UAV operates at altitudes that provide improved LOS conditions when com-

pared to ground channels, it was expected from the outset that the measurements would

likely contain a number of strong contributing signal components. Moreover, as the UAV

can operate free from nearby objects, it was anticipated that the number of discernible
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multipath signals that arrive at the receiver may be low, resulting in small-scale fading

that may resemble worse than Rayleigh fading conditions. Therefore, in a similar ap-

proach to the previous chapters, the initial analysis considered the κ-µ distribution due

to its ability to cover a wide variety of traditional fading models as special cases. As

expected, the sparse environment resulted in the fading parameters assuming extreme

values (κ > 6000 and µ → 0) for the majority of cases, suggesting that only a number

of strong dominant signal components existed, indicating the channel underwent severe

fading conditions. Hence, as discussed earlier in the thesis, this advocated for the use of

the κ-µ Extreme distribution. All parameter estimates for the κ-µ Extreme distribution

are provided in Table 5.3.

5.4.1 UAV and Person Stationary (Scenario A)

From Table 5.3, as both the UAV and person remained stationary, unsurprisingly the

parameter estimates for the m value indicated that the channel was deterministic across

both frequencies. This suggested that no measurable scattered multipath contributions

were present, possibly because of the low multipath environment and any components that

may reach the antenna likely extended below the sensitivity of the receiver. Nevertheless,

the m values were observed to be lower for the UAV2P channel when compared to the

UAV2S channel, indicating that the presence of the human-body likely obstructed some

of the multipath signals when compared to the UAV2S channel (i.e., antennas in free

space) resulting in an increase in small-scale fading.

5.4.2 UAV Mobile and Person Stationary (Scenario B)

Within the approaching region, as the UAV maintained an optical LOS with the device

situated on the person, as expected the estimated m values for both frequencies were

comparable to the stationary case (Scenario A, Table 5.3). As the UAV progressed along

its trajectory and traversed into the receding region, the impact of the human-induced

shadowing was immediately apparent from the decreased m values indicating an increase
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FIGURE 5.6: PDFs of the empirical small-scale fading with respect to (w.r.t) the large-
scale fading (circle shapes) and κ-µ Extreme (continuous lines) for the (a) approaching
and (b) receding regions for Scenario B (UM −PS), and for the (c) approaching and
(d) receding regions for Scenario D (UM −PM) of the P−U channel at 2.45 GHz. The

estimated model parameters are provided in Table 5.3.

in the intensity of small-scale fading. This can be visualised in Figures 5.6(a) and

5.6(b), which provide the κ-µ Extreme distribution fit to the empirical small-scale fading

for the approaching and receding regions, respectively. When comparing these model

fits, it is clear that the receding region contained a greater number of fades below the

−5 dB level than during the approaching region. Interestingly, despite the body-induced

shadowing in the receding region, the estimated m values were larger than the estimates

for the UAV2S channel. Considering the physical meaning behind the m parameter, the

small-scale fading that occurred in the shadowed region behind the person may have

been contained a few dominant signal paths, whereas the LOS UAV2S channel would

have been susceptible to an increased number of signal paths that resulted in greater

severity of small-scale fading to be observed.
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TABLE 5.3: Small-scale fading parameter estimates for all scenarios.

Scn.
Mobile or

Stationary

Channel

TX–RX
Region 1 Region 2

(App. or Comb.) (Receding)

m r̄ m r̄

2.45 GHz

A

US −PS

S
P–U 27.1 1.01 − −
U–P 30.4 1.01 − −

S
S–U 37.8 1.01 − −
U–S 37.5 1.00 − −

B

UM −PS

M
P–U 30.7 1.02 10.2 1.03

U–P 28.9 1.02 10.3 1.01

M
S–U 32.6 1.02 6.04 0.97

U–S 39.0 1.01 6.17 0.98

C

US −PM

M
P–U 11.4 1.03 2.49 0.98

U–P 12.5 1.01 3.02 0.99

S
S–U 55.6 1.01 − −
U–S 54.9 1.00 − −

D

UM −PM

M
P–U 6.24 1.00 1.90 1.01

U–P 6.12 1.01 1.76 1.03

M
S–U 33.4 1.02 5.50 0.98

U–S 37.8 1.00 5.81 0.99

5.80 GHz

A

US −PS

M
P–U 16.1 1.01 − −
U–P 23.0 1.00 − −

M
S–U 39.7 0.99 − −
U–S 38.3 1.00 − −

B

UM −PS

M
P–U 32.1 1.00 22.7 1.00

U–P 32.4 1.00 19.7 0.99

M
S–U 23.4 1.00 4.57 1.03

U–S 16.3 0.99 5.20 1.03

C

US −PM

M
P–U 17.1 1.01 9.60 1.01

U–P 16.8 1.01 7.61 1.01

M
S–U 16.6 1.02 − −
U–S 25.7 1.00 − −

D

UM −PM

M
P–U 9.28 1.00 3.96 1.01

U–P 9.91 1.00 3.54 1.02

M
S–U 20.6 1.01 3.41 0.99

U–S 13.4 0.99 4.85 0.98
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5.4.3 UAV Stationary and Person Mobile (Scenario C)

The impact of the person walking upon the small-scale fading was immediately apparent

by the reduction in the estimated m values when compared to the previous scenarios

when the person remained stationary. Despite the antennas on the UAV and person

maintaining an optical LOS signal path during the approaching region, the m values

were substantially lower, indicating that the severity of small-scale fading increased

significantly. As the person walked, the periodic movement of their arms likely caused

the QLOS region to the sides of the person’s body to be extended further forward (and

rearward). As a result, the previously dominant LOS components observed during the

scenarios where the person was stationary would likely be partially or fully obstructed by

the test subject’s body. This resulted in an increase in the magnitude of the small-scale

fading during both the approaching and receding regions.

As the person continued to walk and passed the stationary UAV into the receding

region, the impact of body-induced shadowing resulted in a further increase to the

intensity of small-scale fading. This indicated that the received signal power contained

a number of weaker signal paths, with no dominant LOS component that was present

during the approaching region. In direct contrast to Scenario B where the UAV moved

and the person remained stationary, the results of this scenario suggested that the impact

of the person’s mobility had a much stronger impact on the severity of small-scale fading

than that of the UAV. Finally, since the UAV remained stationary in this channel, as

expected the UAV2S channel was deterministic with the highest m values observed

across all scenarios for the 2.45 GHz frequency (55.6 and 54.9, Table 5.3).

5.4.4 UAV and Person Mobile (Scenario D)

In this scenario, the impact of both the UAV and person moving resulted in the most

severe small-scale fading of all the scenarios. During the approaching region, although

the U–P (and P–U) channel did not contain any body-induced shadowing, it actually

underwent greater small-scale fading than the shadowed region behind the person during
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Scenario B (i.e., when the person remained stationary). This indicates that the small-scale

fading that occurs during LOS conditions when both ends of the link are mobile, may

actually be more severe than when the person was stationary and obstructing the channel.

This suggests that the mobility of the person may have a greater effect than shadowing

alone. Nevertheless, as the UAV and person continued on their journeys into the receding

region, the combined impact of the dual mobility and body-induced shadowing resulted

in the most severe small-scale fading conditions experienced for the UAV2P channel.

5.5 Conclusion

In this chapter, the UAV2P communication channel has been investigated for a low-

altitude UAV flying in an urban environment at 2.45 and 5.8 GHz. Several hypothetical

scenarios were considered that enabled a systematic study of the impact of mobility on

the UAV2P channel, by considering cases when both the UAV and person underwent

stationary and mobile scenarios. It was immediately evident from the received signal

power, that the UAV2P channel contained significant signal fluctuations that varied

depending on the relative position of the UAV and person. Therefore, the channels were

segmented into two regions when one end of the channels were mobile, resulting in

an approaching and receding region which enabled insight into LOS and NLOS fading

conditions as a direct result of human-body induced shadowing. After decomposing

the channels into their individual fading mechanisms, the path loss was modelled using

a log-distance path loss model. Since even during the UAV stationary scenarios the

UAV was continuously adjusting its position, coupled with involuntary and intentionally

movements of the person during stationary and mobile scenarios, the large-scale fading

was found to be multimodal and well described by a GMM distribution. As expected,

the greatest large-scale fading variations occurred when both the UAV and person were

mobile. However, when comparing the scenarios when only one of them moved, the

mobility of the person was found to have a greater disturbance to the large-scale fading.

Since the UAV operated at an altitude that permitted optical LOS conditions towards

the person (and stand), the UAV2P channel was expected to contain a dominant signal
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path in many cases. Therefore, the initial analysis considered the κ-µ distribution, but

from the parameter estimates it became immediately evident that the UAV2P channels

underwent severe small-scale fading conditions. Therefore, the κ-µ Extreme distribution

was used to model the extreme fading conditions, and was found to be well suited to

modelling this behaviour. As expected, during the stationary scenario the parameter esti-

mates for the κ-µ Extreme distribution indicated the UAV2P channel was deterministic

in nature. Similar to the large-scale fading, the compounded effect of both the UAV and

person moving resulted in the greatest small-scale fading to be observed for the dual

mobility scenario. Likewise, the mobility of the person was observed to be cause greater

signal variations than just the UAV mobile scenario. This suggested that although the

mobility of the UAV has an impact of the fading characteristics of the UAV2P channel,

the mobility of the person had the greatest influence on the channel characteristics.
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Chapter 6

Conclusions and Future Work

In this thesis, a number of wireless communications channels involving wearables and

vehicles have been investigated. This has been achieved through detailed measurement

campaigns, enabling an in depth examination of the fading characteristics that shape the

received signal power. This chapter summarises the conclusions from this thesis and

presents some paths for future research.

6.1 Conclusion

An outline of the V2X network was made in Chapter 1, describing how new types of

communications are being considered for integration as part of a much greater intelli-

gent transportation system, underlying the motivations and contributions of this thesis.

In Chapter 2, to help with the understanding of this work, some background on the

fading mechanisms responsible for shaping the received signal in a wireless communi-

cation system was introduced. This included the models used for the characterisation

work presented here, including methods for choosing the most suitable models from

those available in the literature to describe the often severe fading conditions that were

observed.

Chapter 3 presented an analysis on the effect of vehicular traffic on W2W com-

munications channels operating at 2.45 GHz in an urban environment. During the
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measurements, over one hundred vehicles were recorded passing through the W2W link,

all with diverse shapes and sizes. Since it was immediately apparent that the vehicles

impact on the W2W channel varied dependent on the vehicle’s size, a categorisation

system was introduced based on the internationally recognised vehicle classification

system. To quantify and compare the effects of vehicle-induced fading and shadowing

on the W2W channel, several metrics were introduced to empirically characterise the

data, namely the maximum fade and duration of disturbance. Based on these, it was

evident that the channel exhibited different fading characteristics depending on where the

vehicle was relative to the W2W link, and therefore the measurements were segmented.

The channels were also decomposed into their individual fading characteristics. While

not all regions suffered from the effects of large-scale fading, most notable was the

impact of the vehicle as it directly intersected the channel. Here, the fading was found to

be multimodal and was well described by a GMM, which had its model order chosen

using the AIC goodness-of-fit test. The κ-µ fading model and its special case, the κ-µ

Extreme fading model, were used with great success to model the small-scale fading

observed in this channel. In general, it was found that when at least one person faced the

moving vehicle, there was considerable fading experienced in the channel, which was

directly dependent upon the vehicle type.

Chapter 4 investigated the P2V communications channel within an urban environment

at 5.8 GHz. It considered several hypothetical scenarios were a wireless device worn

by a pedestrian on the side of the road may communicate with a passing vehicle. Four

antenna positions on the vehicle were considered, two of which are likely candidates

for P2V/V2P channels. It was immediately evident that the P2V channel experienced

significant signal fluctuations, which noticeably varied depending on the position of the

vehicle relative to the pedestrian. The received signal power was split into its individual

fading mechanisms, where it was evident for some channels that quasi-periodicities were

present. Therefore, the Two-Ray ground reflection model was considered for modelling

the path loss. However, it was apparent that although similarities existed, during certain

parts of the vehicle’s trajectory the Two-Ray model was not sufficient in characterising

the entire channel. Instead, a dual-slope path loss model was successfully proving

particularly suitable for modelling the steep increase in the received signal power in close

proximity to the pedestrian. Due to the often extreme nature of the small-scale fading
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that was observed in P2V communications channels, the κ-µ Extreme distribution was

used to model its behaviour. It was found that during the scenarios when the pedestrian

walked, they introduced greater fading into the channel.

Chapter 5 explored how mobility in the UAV2P communications channel would

impact its fading characteristics. Numerous stationary and mobile scenarios where

considered, and measurements were performed at simultaneously at 2.45 and 5.8 GHz.

Three wireless devices were considered as part of the study, namely, a UAV which flew

predetermined flight paths, a wearable device worn by a person and for comparison a

stand which provided measurements free from the effects of human-induced shadowing.

It was immediately apparent that the UAV2P channel underwent significant signal

fluctuations, particularly during the dual mobility scenarios. To characterise these effects,

the channel was modelled using similar techniques to the previous chapters. It was

observed that the large-scale fading encountered multimodal fading, most prominent

during the scenarios when the person walked. The κ-µ distribution was first considered

for modelling the small-scale fading, but was found to assume extreme values in the

majority of cases, therefore, the κ-µ Extreme distribution was once again used with

great success. The significance of the antenna radiation pattern on the UAV was also

highlighted, in particular since these low-altitude UAV2P communications channels

will occur over relatively short distances it is likely the wearable on the person will be

sensitive to the radiation pattern of the antenna positioned on the UAV.

The research conducted in this thesis, for the first time, provided invaluable insight

into the fading mechanisms that shape these V2X communications channels. Since

these complex channels are not deterministic, wireless system designers must rely on

statistical models such as the ones presented in this thesis that can accurately describe

the worst case characteristics of the channel. It was shown that the received signal power

often consisted of a few dominant signal components, presumably due to the sparsity

of nearby reflections from the surrounding environment. The fading models parameter

estimates presented in this thesis can readily be reproduced for incorporation into ITS

network simulations, enabling development of robust networking solutions that can

overcome the challenging fading conditions each of these V2X networks may encounter.

For example, the small-scale fading analysis contained information on the multipath
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environment that reveal traditional models that rely on the central limit theorem (e.g.

Rayleigh fading) do not adequately describe these channels. This will be exacerbated

when considering environments that contain fewer opportunities for multipath signals

than those considered in this thesis. The analysis on small-scale fading will enable

system designers to introduce methods such as interleaving for forward error correction

to overcome these outage periods in the signal and overall improve the reliability of the

communication network [142–144].

The large-scale fading results, demonstrate not only are significant deep fades possi-

ble, but due to the mobility of these channels they often contain multiple modes that will

be particularly challenging to mitigate. As a result, channel performance metrics such

as bit error rate will decrease inversely with the signal to noise ratio, occurring during

these deep fades that may be sustained over longer time periods dependent upon the

severity and duration of shadowing [145, 146]. Contrary to the small-scale fading that

contains interference but with no outages (and can therefore be mitigated by correction

methods), the large-scale fading may result in the signal to be lost entirely and require

more substantial mitigation methods such as designing an antenna diversity system.

Finally, the path loss model analysis showed that the received signal power as a function

of distance does not follow traditional V2X models, making the work presented in this

thesis vital in improving our understanding of the recently introduced P2V and UAV2P

communications channels in the larger V2X network. Although these results were ob-

served for narrowband systems, it will also be beneficial to understanding frequency

selective fading with wideband systems.

6.2 Future Work

The work presented in this thesis has contributed to our knowledge of the fading charac-

teristics likely to be encountered by wearable devices operating in concert with vehicular

communications or in the close proximity of vehicular traffic and will be of key interest

to wireless communication system designers. Since these types of communications are

projected to grow rapidly, the findings will be an essential addition to our understanding
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of the performance of wearable and V2X communications. Nevertheless, this work has

identified some areas of research that require deeper investigation.

• Second-order statistics of W2W channels in the presence of vehicular traffic:

In Chapter 3, a study was performed on the impact that vehicular traffic may

have on the interpersonal W2W communications channel. This work focused on

the first-order statistics, which are useful in interpreting the overall distribution

of fades in fading channels, however they provide no indication of how these

fades are distributed with respect to time [147]. The metrics introduced in this

chapter considered the duration of disturbance and maximum fade depth on the

raw received signal power, which provided valuable insights, but future work

should consider higher order statistics to evaluate how this directly impacts the

change of fading over time. Second-order statistics, such as the level crossing

rate (LCR) and average fade duration (AFD) provide information on how long the

signal envelope crosses below a certain threshold, and for long it stays below that

threshold, respectively. This can provide valuable information on the temporal

behaviour of the signal envelope. For example, since the impact of frequent but

short lasting fades is completely different to rare but longer lasting fades, it is

essential knowledge in the design and selection of error correcting techniques [48].

During the analysis in Chapter 3, it was clear that the vehicles were responsible

for generating an increasing amount of multipath in the W2W channel as they

approached the W2W link. To model the temporal characteristics, another second-

order statistic, the autocorrelation function (ACF), can be used to provide additional

information on the impact that vehicles may have when they operate in close

proximity to W2W channels [148].

• Effect of road surface conditions on impact vehicular traffic may have on

W2W channels: In Chapter 3, it was shown that with increasing vehicle size the

impact that vehicle had on the fading characteristics, in particular the large-scale

fading due to vehicle induced shadowing similarly increased. However, perhaps

the most interesting result of this study was that the largest vehicle type (i.e., lorry)

actually contained less significant large-scale fading when compared to the smaller

vehicles, presumably due to the gap under the trailer permitting some signal
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contributions to reflect off the road surface underneath the trailer. Furthermore,

signal reflections emanating from the approaching vehicle would likely have been

exacerbated by additional paths reflected from the road surface, further degrading

the wireless channel. Since these reflections from the road surface are dependent

upon the ground reflection coefficient, which increases when the road surface is

wet, this may provide additional signal paths to reach the receiver antenna thereby

reducing the most significant deep fades experienced but also potentially increasing

the small-scale signal fading due to destructive interference [149, 150]. Therefore,

additional measurements should be performed under varying weather conditions

to ascertain how the fading characteristics change and hence the impact vehicular

traffic may have across a wide variety of scenarios.

• Improving the reliability of P2V communications: In Chapter 4, the P2V

communications channel was investigated for different antenna positions on the

vehicle. This included more traditional antenna positions considered for V2X

channels (i.e., the roof), along with often-omitted in V2X communications wing

mirror positions that was found to be advantageous for P2V communications. It

was found that each antenna location contained different amounts of shadowing and

multipath fading. To take advantage of these different fading conditions, a MIMO-

Distributed Antenna System (DAS) could be used to improve the overall system

performance [151]. The added benefit of using a MIMO-DAS configuration, is the

combined efforts to reduce outage by using DAS, which provides macro-diversity

to counter-act large-scale fading, with MIMO, which provides micro-diversity

to reduce small-scale fading. Therefore, future studies should consider multiple

MIMO antenna systems distributed across different locations on the vehicle to

improve signal coverage and reliability of P2V communications.

• Investigating different antenna types: In an effort to keep the antenna charac-

teristics consistent throughout this thesis, the same dual frequency band dipole

antenna was used for all measurements. The significance of antenna radiation

patterns when the dipole was mounted on the vehicles and persons body is dis-

cussed in the earlier chapters, and how variations in the antenna gain around their

bodies impacted the fading conditions particularly when this resulted in partial or
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complete shadowing of the LOS signal path. The magnitude and position of these

shadowed regions may be reduced by using antennas better suited for the body

they are mounted on. For example, on the human body, antennas such as a com-

pact microstrip patch antennas excited at a higher order (HMMPA) or microstrip

patch (MPA-F) may provide better radiation coverage around the body [152]. In

fact, preliminary measurement campaigns did consider different antenna types

and included patch antennas during uncontrolled traffic measurements [24]. The

analysis presented in this thesis should be repeated for numerous antenna types,

using antennas selected for body worn and vehicular networks that provide the

best coverage around people and vehicles. This is particularly relevant for the UAV

mounted antennas, since it may operate anywhere in 3D space. They will not only

be required to provide coverage to localised networks directly below the UAV but

also to base stations that may be located at the same altitude or perhaps higher.

• De-embedding antenna effects: To improve the channel measurements and

modelling performed in this thesis, isolating the propagation characteristics by

removing the antenna effects will be invaluable. To the end, exploratory work

was undertaken to remove the antenna characteristics from the P2V channel

measurements that were presented in Chapter 4. This included measuring the

antennas directivity patterns variation in power, described as the vehicle shadowing

factor (VSF) and body shadowing factor (BSF) relative to the azimuth around

their bodies on a horizontal plane. Based on the geometry of the vehicle travelling

alongside the person, the angle of departure (AOD) and angle of arrival (AOA)

of the propagating wave and thus the instantaneous combined antenna gain for

each position during the scenarios was calculated. However, after significant

work it was determined that the surrounding environment played a significant role

in the shadowing caused by both the person and the vehicle, and isolating the

antennas gain for these measurements was not practical. When considering the

unique geometry problem of the UAV2P channel, where the UAV may operate

and rapidly traverse anywhere in 3D space, isolating the antenna radiation pattern

will require measuring the complete 3D radiation pattern. The same process for

removing the combined antenna gain as discussed for the P2V channel may be

used, but calculating the AOA and AOD will also include elevation data. Since
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measuring these 3D radiation patterns for antennas mounted on a person is not

trivial, isolating the antenna patterns for the UAV2P channel will require further

investigation. Nevertheless, further work should be undertaken to enable isolation

of the antenna effects, since studying each component that shapes the received

signal power ultimately provides a better understanding of the complete fading

characteristics of the V2X channel.

• UAV relay assisted channels: In Chapter 5, the communications between a UAV

and two devices positioned on opposite sides of a building (i.e., UAV2P and

UAV2S) were investigated. The analysis focused on the impact mobility may have

on the fading conditions experienced by the UAV and the person, using the stand

device as a reference device. However, since these wireless devices are expected

to operate in dense urban centres, they are likely to encounter signal obstruction

from nearby buildings. Since UAV’s can operate above buildings, with improved

LOS, they offer an enticing opportunity to operate as relays for devices situated

at ground level to improve interconnectivity. By design, the measurement system

in Chapter 5 recorded the received signal power between all three devices which

included the device worn by the person and the device fitted to the stand (i.e.,

through the building). Therefore, relay techniques such as Detect-and-Forward

(DF) and Amplify-and-Forward (AF) should be investigated using the existing

measurement data to ascertain the worthwhile improvement in signal reliability

and coverage that can be obtained for future cellular networks [153].

• Different operational environments: In this thesis, the main environment con-

sidered was an urban centre, chosen due to dense populations providing the most

opportunities for these emerging wireless channels to coexist. However, moving

beyond urban centres to suburban and eventually rural environments, the sparsity

of nearby objects will reduce the amount of signal reflections and result in a chan-

nel model reliant on fewer signal contributions. Furthermore, instead of nearby

buildings made from concrete, there will be more foliage resulting in more ab-

sorption of multipath signals [154–156]. Therefore, measurements performed for

the P2V channel should also consider varying environments to improve the depth
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of knowledge on how vehicles may detect and communicate with pedestrians’

reliability under all environment densities.
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Appendix A

Measurement System

A.1 Overview

To facilitate the measurements that were performed in this thesis, a bespoke measurement

system was created. For each study, modifications were made to customise the channel

measurements. The main three components contained: the RF section, which featured

a transceiver chip manufactured by RF Micro Devices (RFMD), a baseband controller

section, which used a dedicated PIC32MX microcontroller manufactured by Microchip

Technology Incorporated, and a purpose built interface board. The transceiver chips used

were either the ML5805 or ML2730 device by RFMD, which included a fully integrated

Frequency Shift Keyed (FSK) transceiver with an integrated Power Amplifier (PA) which

operated at 5.8 GHz or 2.45 GHz, respectively. These devices were developed for a

variety of applications operating in their respective unlicensed Industrial, Scientific and

Medical (ISM) radio bands. Both transceivers are configurable with up to +21 dBm

output power from the integrated PA and have a sensitivity of approximately −97 dBm

with the integrated Low Noise Amplifier (LNA). Power supply regulation is included

on the transceiver boards, providing circuit isolation and consistent performance over

a range of supply voltages. A Receive Signal Strength (RSS) indication signal is also

provided which supplies a voltage out that indicates the amplitude of the received RF

signal. The RSS voltage is proportional to the logarithm of the received power level, and
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TABLE A.1: Transceiver board specifications.
Transceiver Board

Parameters ML2730 ML5805
Frequency

Frequency range 2.40−2.50 GHz 5.725−5.850 GHz
Channel spacing 1.728 MHz with data rate of 1.52 Mbps

Number of channels 51
Transmitter

Typical output power +21 dBm
Receiver

Input Sensitivity −97 dBm < 0.1% Bit Error Rate (BER)
RSS Maximum 2.5 V @ −10 dBm input 2.7 V @ −10 dBm input
RSS Midrange 2.3 V @ −40 dBm input 2.5 V @ −40 dBm input
RSS Minimum 0.2V with no signal applied
RSS Sensitivity 35 mV/dB for (V−40dBm −V−50dBm)/10 dB

here it is connected to an Analogue-to-Digital Converter (ADC) pin on the baseband

controller. The transceiver chip specifications are provided in Table A.1.

A.2 System Configurations

Several variations of the measurement system were used in this thesis and can be

categorised into two types namely: single channel unidirectional system; and multi-

channel bidirectional system.

A.2.1 Single Channel Unidirectional System

When configured as a single channel unidirectional system, a single node operated as

either a TX or RX for the duration of the measurements. The baseband controller used a

CUI32Stem board which contained the PIC32MX microchip. This was chosen since it

contained a high number of internal timers that could act as precise timing interrupts, and

it also had multiple high speed universal asynchronous receiver-transmitter (UART) for

asynchronous serial communication. This enabled ADC measurements to be captured

using the built in 32-bit timer, that were then immediately transmitted over the UART

connection to a connected laptop. On the laptop, a custom built application was created

using Microsoft Visual Studio® written in VB.NET computer programming language. It
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recorded the incoming data stream from a connected measurement node along with the

system time of the computer and an optional GPS stream that could also be connected

to the laptop. This enabled multiple devices to be connected to a single laptop and the

measurements to be time synchronised as a post-processing step along with optional GPS

coordinates. The measurement nodes communicated with the laptop at 1.536 Mbaud,

while the GPS used 9600 baud. Offloading the recordings from the baseband controllers

in real-time meant they could achieve high sample rates without suffering from buffering

issues. The single channel transceiver node is shown in Figure A.1.

In Chapter 3, the W2W channel was measured at 2.45 GHz using a pair of ML2730

transceiver boards. The TX node was programmed to transmit a continuous wave at

maximum output power, while the RX node recorded the RSS to a laptop that was carried

by the person at waist height in a messenger (i.e., shoulder) bag. Since neither of the

people in this study moved for the duration of the measurements, a GPS module was not

required.

In Chapter 4, five ML5805 transceiver boards operating at 5.8 GHz were used, each

acting as their own independent measurement nodes. One of the nodes was worn by

the pedestrian, which acted as a TX and was programmed to transmit a continuous

signal power. The person also carried a GPS (G-STAR IV model BU-353S4) receiver

module, that was connected to the laptop and recorded the position of the pedestrian

throughout the measurements. On the vehicle, the four nodes were configured to act

as RX devices and were programmed to measure the RSS to another single laptop in

real-time, along with a second GPS module. This enabled all four receivers to be time

synchronised with one another, including the GPS position for each RSS measured. It is

worth highlighting due to the vastly different sample rates of the RSS samples and GPS

positions, a linear interpolation post-processing step was performed to synchronise each

nodes RSS samples with the GPS data.

The antenna directivity pattern for the vehicle’s antennas was also presented in

Chapter 4, and recorded using a slightly modified baseband controller. Each of the four

RX node baseband controllers interfaced with another single PIC32MX controller, which

used differential data lines (due to signal interference) to control when the RX nodes

would capture a burst of RSS samples, which was controlled via a remote switch.
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A.2 System Configurations

FIGURE A.1: The top view of the (a) ML5805 and (b) ML2730 transceiver boards, with
a side profile of the complete (c) 5.8 GHz and (d) 2.45 GHz transceiver nodes including

the baseband controller.

A.2.2 Multiple Channel Bidirectional System

In Chapter 5, the devices (and hence measurements) needed to be lightweight enough

to be carried by the UAV. As previous versions of the measurement setup required a

laptop, this was obviously not possible for the UAV measurements and therefore required

a redesign of the measurement system.

As depicted in Figure A.5, each newly designed measurement node consisted of a

number of radios and microcontrollers. The baseband controller was the same PIC32MX,

but here it was programmed to control an ML2730 and ML5805 transceiver board

simultaneously, again chosen due to its precise timing. To perform the function of the

data logger in place of the laptop, a dual-core ESP32-WROOM-32 system-on-a-chip

microcontroller manufactured by Espressif Systems was included. This was specifically

chosen due to its high performance, and the dual-core CPU enabled a single core to be

dedicated to logging the data to a memory card. Since the UAV can position itself in

3D space, it was essential that the GPS position be recorded during the measurements.

As shown in Figure A.5, a GPS module (DIYmalls DY-220TTL 220) was included and

connected directly to the ESP32 module, which used its second processing core to keep

an up to date location fix at a rate of 4 Hz.
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A.2 System Configurations

FIGURE A.2: The measurement equipment fitted to the 3DR Solo showing the (a)
measurement radios, (b) synchronising radio and (c) data logger.

During this measurement campaign, the three nodes communicated simultaneously to

one another at both at 2.45 and 5.8 GHz, at a rate of 2 kHz. This was enabled by another

radio, a sub-GHz CC1110 transceiver by Texas Instruments configured to transmit

synchronising radio packets at 868 MHz every 10 ms. As illustrated in Figure A.3, a

single received sync packet on the CC1110 board would trigger each of the ML boards

to transmit and receive in time slots, with the RSS sampling after the required time delay

for the ML boards to change transceiver modes. Guard periods were added on each time

slot to account for slight timing variations.

It is worth highlighting that the UAV carried an independent power source for the

measurement system, this isolated the measurement system from fluctuations as a result

of changes in power consumption on the UAV battery during flight.
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A.2 System Configurations

FIGURE A.3: Illustration of synchronised bidirectional measurements, where a single
sync frame is received every 10 ms and triggers each wireless node to switch from TX

to RX within a given time slot.

FIGURE A.4: Block diagram illustrating the unidirectional single channel transceiver
node, with laptop and optional GPS module.

125



A.2 System Configurations

FIGURE A.5: Block diagram illustrating the bidirectional multi-channel transceiver
nodes used for the UAV2P measurements.
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Appendix B

Measurement System Calibration

As with any measurement system, it is crucial that it must be calibrated against a

reference signal. To that end, each receiver node was calibrated using a Rohde &

Schwarz SMU200A vector signal generator. As shown in Figure B.1, this was achieved

by connecting a transceiver node using a low loss coaxial cable directly to the signal

generator. The baseband was programmed to sample the RSS voltage using the ADC

input at a rate of 1 kHz. This was then transmitted via UART interface using a Universal

Serial Bus (USB) cable to a laptop that recorded the ADC value with the sample number

using a purposely programmed application. To perform the calibration, the signal

generator was configured to output a continuous signal power at the desired frequency

used in each study. This output power ranged from −20 dBm to −110 dBm, decreasing

in steps of 0.5 dB, with each power level padded with no output from the generator with

a dwell time of 100 ms. This enabled easy visual identification of each power level, and

through code can be extracted based on the rising and falling edges to enable a simplified

and rapid calibration process. This was significant since the calibration process must

be repeated for each board, and after every measurement campaign is performed to

ensure that the results are always calibrated. As an example of the calibration process,

the measured ADC values recorded across a single power level sweep are presented in

Figure B.2(a). To improve the calibration accuracy, the beginning and end ADC values of

each signal power level were discarded (100 samples from each side), and the remaining

readings were then averaged. The final step in this calibration process is to estimate the

relationship between the known signal power and the ADC values.
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As shown in Figure B.2(b), the region for which the RSS response was linear

could readily be identified, and using a single order polynomial a line of best fit was

obtained using the polyfit function which is available in the Curve Fitting toolbox

of MATLAB®. Therefore, using the polynomial parameters it became possible to map

the measured ADC values to the calibrated received signal power level. It is important

to note that the measured voltage level, and thus its calibrated power level equate to

the signal power at the input of the RF front end of the receiver, and as a final step this

must be converted into voltage at the antenna when the signal envelope is required. To

complete the calibration process, the transmit power was also measured using a Rhode

& Schwarz NRP-Z21 Power Meter, and although the typical output power is stated as

+21 dBm this was measured to range from +14.2 dBm to +17.6 dBm.

FIGURE B.1: Photograph taken of the calibration process after the vector signal genera-
tor (image left) had completed a signal power sweep with the resultant measured ADC

levels after processing shown on the laptop (image right).

FIGURE B.2: (a) The measured ADC voltage for the entire signal power sweep with (b)
the extracted average voltage level for each power level.
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Appendix C

Differential GPS Distance Methods

The TX–RX separation distance has a significant influence on the received signal power,

therefore, it is important that this distance be known throughout the measurement

campaigns. Whenever either end of the wireless link was subject to movement, that end

was fitted with a GPS receiver to record the transceivers position along with an accurate

time fix. Therefore, the instantaneous TX–RX distance could be obtained by calculating

the distance between two GPS coordinates, an essential step in decomposing the fading

mechanisms into their respective parts. Extracting and interpolating the GPS signal was

dependent on the measurement scenario, and required different techniques.

C.1 Haversine Formula

The Haversine formula is used to calculate the great circle distance between two points

using the coordinates of latitude and longitude. For the purposes of this thesis, the

Haversine formula is instrumental in calculating the TX–RX separation distance, required

for modelling the channel. The Haversine distance, dHAV , between two coordinates is

calculated as [157, eq. (2)]

a = sin2
(

lat2 − lat1

2

)
+ cos(lat2)cos(lat1)sin2

(
lon2 − lon1

2

)
(C.1.1)
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C.2 Modified Haversine Formula

and

dHAV = 2Ratan2(
√

a,
√

1−a) (C.1.2)

where R is the radius of the Earth. The Earth is not a perfect sphere, where the radius

R varies from 6356.8 km at the poles to 6378.1 km at the equator. The radius, R, at a

given latitude, A, is found using R= [(r2
e cosA)2+(r2

p sinA)2]/[(re cosA)2+(rp sinA)2]

where rp and re are the radius of the Earth at the pole and equator, respectively. For

the purposes of the thesis, the radius was calculated as 6364.96 km for a latitude of

54.514 degrees.

C.2 Modified Haversine Formula

The Haversine formula calculates the great-circle distance between two points assuming

they are both on the surface of a sphere. This is sufficient in estimating the distance

between two transceivers when located at the same height, however, some measurements

performed in this thesis varied in relative height and thus required a modified calculation.

First, assume that both positions are indeed located on the surface of a sphere and

using the latitude and longitude with equation (C.1.2), the ground distance between

them can be found. Second, using the relative height (or altitude difference for GPS

coordinates) then the Euclidean Formula [dEUC
2 = (x2 − x1)

2 +(y2 − y1)
2] between two

points p1 = (x1,y1) and p2 = (x2,y2), the distance calculation can yield the estimated 3D

differential distance as illustrated in Figure C.1. Therefore, the 3D separation distance,

d3D, can be calculated as

d3D =

√
dHAV

2 +∆h2 (C.2.1)

where ∆h is difference in antenna heights, or for the purposes of this thesis, the altitude

in metres (i.e., ∆h = alt2 −alt1 for alt2 > alt1).
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C.2 Modified Haversine Formula

FIGURE C.1: Geometry for calculating the 3D GPS distance between two points which
include latitude, longitude and altitude.
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Author’s Publications

• Seong Ki Yoo, S. L. Cotton, Lei Zhang, M. G. Doone, J. S. Song and S. Rajbhandari,

"Evaluation of a Switched Combining Based Distributed Antenna System (DAS) for

Pedestrian-to-Vehicle Communications," in IEEE Transactions on Vehicular Technol-

ogy, vol. 70, no. 10, pp. 11005-11010, August 2021.

• M. G. Doone, S. L. Cotton, D. Matolak, C. Oestges, S. F. Heaney and W. G. Scanlon,

“Pedestrian-to-Vehicle Communications in an Urban Environment: Channel Measure-
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no. 3, pp. 1790-1803, March 2019.
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• M. G. Doone and Simon L. Cotton, “Vehicular traffic intersecting body-to-body

communications channels at 2.45 GHz,” in proceedings 9th Conference on Antennas
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Memphis, TN, USA, July 2014, p. 236.

• M. G. Doone and S. L. Cotton, “First-order characteristics of the Person-to-Vehicle
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