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“A mamma e papa,
che mi hanno insegnato a stare in piedi da sola,

rialzandomi ogni volta che sono caduta.”

“A tutte le “500” che ho incontarto sulla strada,

=2

perche non abbiamo nulla da invidiare alle “Ferrari”.






“...ma tra la partenza e il traguardo,
nel mezzo c’e tutto il resto

e tutto il resto € giorno dopo giorno
e giorno dopo giorno

e silenziosamente costruire,

e costruire e potere e sapere

)

rinunciare alla perfezione.’

[“Costruire”, N.Fabi]
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Abstract

Body-centric communications are emerging as a new paradigm in the panorama of
personal communications. Being concerned with human behaviour, they are suitable
for a wide variety of applications. The advances in the miniaturization of portable
devices to be placed on or around the body, foster the diffusion of these systems,
where the human body is the key element defining communication characteristics.
This thesis investigates the human impact on body-centric communications under
its distinctive aspects. First of all, the unique propagation environment defined by
the body is described through a scenario-based channel modeling approach, according
to the communication scenario considered, i.e., on- or on- to off-body. The novelty
introduced pertains to the description of radio channel features accounting for mul-
tiple sources of variability at the same time. Secondly, the importance of a proper
channel characterisation is shown integrating the on-body channel model in a system
level simulator, allowing a more realistic comparison of different Physical and Medium
Access Control layer solutions. Finally, the structure of a comprehensive simulation
framework for system performance evaluation is proposed. It aims at merging in
one tool, mobility and social features typical of the human being, together with the
propagation aspects, in a scenario where multiple users interact sharing space and

resources.






List of Acronyms

ACK acknowledgment

AIC Akaike Information Criterion
AFD Average Fade Duration

AP Access Point

B2B body-to-body

BAN Body Area Network

BC Backoff Counter

BER Bit Error Rate

BP Backoft period

BPSK Binary Phase Shift Keying
BSN Body Sensor Network

BT-LE Bluetooth Low-Energy



List of Acronyms

CAP Contention Access Period

CER Chip Error Rate

CFP Contention Free Period

CIR channel impulse response

CM Channel Model

CP Contention Probability

CS Compressed Sensing

CSMA/CA Carrier Sense Multiple Access with Collision Avoidance
CW Continuous Wave

DBPSK Differential Binary Phase Shift Keying
DQPSK Differential Quadrature Phase Shift Keying
DSSS Direct Sequence Spread Spectrum

ECG Electrocardiogram

EEG Electroencephalogram

EMG Electromyogram

GFSK Gaussian Frequency Shift Keying

GMSK Gaussian Minimum Shift Keying

GPRP Generator Pulse Repetition Period



List of Acronyms

GPRR Generator Pulse Repetition Rate
GTS Granted Time Slot

FFT Fast Fourier Transform

HBC Human Body Communication

IF Intermediate Frequency

IP Integrating Project

ISM Industrial, Scientific, and Medical
LCR Level Crossing Rate

LL Link Layer

LNA Low-Noise Amplifier

LOS Line-of-Sight

LPL Low Power Listening

MAC Medium Access Control layer

MICS Medical Implant Communication Sevice

MIMO Multiple-Input Multiple-Output

MLE maximum likelihood parameter estimation

MPC Multipath component

MSK Minimum Shift Keying



List of Acronyms

NC Network Coordinator

NET Network layer

NLOS Non Line-of-Sight

0-QPSK Offset Quadrature Phase Shift Keying

PA Power Amplifier

PAN Personal Area Network

PDF Probability Density Function

PER Packet Error Rate

PHY Physical layer

PLCP Physical Layer Convergence Protocol

PLR Packet Loss Rate

PM Wideband Planar Monopole

PRP Pulse Repetition Period

PSDU Physical Service Data Unit

QoS Quality of Service

RC Remote Controller

RF Radio Frequency

Rx receiver

xii



List of Acronyms

SAR Specific Absorption Rate

SER Symbol Error Rate

SF Superframe

SIR Signal-to-Interference Ratio

SINR Signal-to-Interference-and-Noise Ratio
SIMO Single-Input Multiple-Output

SNR Signal-to-Noise Ratio

TDMA Time Division Multiple Access

TG Task Group

TLM Wideband Top Loaded Monopole

Tx transmitter

UP User Priority

UWB Ultra Wide Band

VNA Vector Network Analizer

WiserBAN Smart miniature low-power microsystem for Body Area Network
WMTS Wireless Medical Telemetry System

WSN Wireless Sensor Network

xiii






List of Figures

i

‘T'he paradigm oI body-centric communications) . . . . . .

2

'The WiserBAN project: (a) dedicated protocol stack solution (b) tarq

get use- cases) . . . . . ... oo o s e e

L1 _Position of BAN 1n the context of wireless communication networks| .

[L.2

Applications Ior body-centric communications) . . . . . .

IL.o  Spectrum allocation chart tor AN application 1n IKEE S02.15.0 stan

4

{L.o

Bxample of IEEE s02.15.4 SE structurel . . . . . . . ..

{L.6

Diagram ot b 1-LE Link Laver State Machinel . . . . . .

2.1

Measurements test-bed Ior on-body channel investigations,

2.2

Node emplacement 1or on-body measurements) . . . . . .

2.5

Antennas for on-boay measurements: EM and TLM . . .

2.4

Realised gain of the antennas Ior on-body measurements

2.5

Antenna’s reflection coeflicients: PMs (a) and TLMs (b))

XV

14

15

28

31

35

38

54

57

59

60

61



List of Figures

£.0  Un-boay channel power transter tunctions: 1x on lett hip, 1LV anten-
pas, indoor, walking] . . . . . ... oL Lo
.0 OUn-boay channel power transter runctions: [x on chest, 1LV antennas|
pnechoic, standing stull) . . . . . . ..o oo oL oL
.8 Comparison or (;; values tor the two antennas types: 1LV and FM|
[Ix on lett hip, anechoic chamber, standing stull) . . . . . . . . . . ..
£.9  Shacowing trends 1or two subjects pertorming two types of movements
walking (a) and bending (b). I'x chest, Rx lett hand) . . . . . . . ..
R.10 Comparison of slow varying component of F; ;(¢) for two links and the
fwo antenna TVPeS] - - . . . . . . e e e
E.11 Cumulative Distribution Function ot short-term joaing amphtude: 1¥
pn chest, indoor, LM, walking| . . . . . . . .. ... ...
p.1 Measurements test-bed for on- to ojf-body channel investigations,
b.2  Node emplacement 1or ofj-body measurements) . . . . . . . . . . . . .
b.o Measurement scenarios tor ojf-boay channel investigations) . . . . . .
B.4 Nodes emplacement for B2B channel measurements: front (a) and top
(b) view| . . . . . e
b.o Measurement scenarios tor Hgb channels ivestigations) . . . . . . . .
B.6 Polynomial fitting of G(d, o) to the experimental data. Anechoic cham-
per, LOS, TLMs] . . . . . . . . . . .
B.7 Polynomial fitting of GG(d, o) to the experimental data. Indoor, LOS]
p) PMs, b) TLMd . . . ... ...
B.8  Polynomial fitting of GG(d, o) to the experimental data. Indoor, NLOS)

xvi

64

64

67

68

71

71

84
86
87

88
89

94

96

97



List of Figures

B.9 Comparison between the fit for G(d, ) and dynamic acquisitions)

hx Right Ear, Anechoic Chamber, LOS, Wideband lop Loaded

[Monopoles (I'LMs)|. . . . . . ... . .. .. ... .... 100

B.10 Cumulative Distribution Function ot F'(d, ) linear envelope. Indoor)

INLOS, TLMS] . o 0o oo oo 102

b.11 Bbody shadowing evolution over « for different on-body node positiong

in anechoic chamber: a) PM, b) TLM) . . . ... .. ... ... ... 103

b.12 Dynamic vs. static acquisitions: 0ody shadowing emiect evolution ovel

[v. Rx on chest, anechoic chamber, TLM] . . . . . . . . . . . . . ... 104

b.1lo body shadowing evolution over alpha at difderent distances between 17X

bpnd Rx. Rx on Hip, anechoic chamber, TLM] . . . . . . . . . . . .. 105

B.14 p*; values for PMs (blue) and TLMs (red). Walking, anechoic cham-

ber. LOS] . . . . . . . 109

B.15 p\", values for PMs (blue) and TLMs (red). Walking, anechoic cham-|

b NLOS] . . . 109

B.16 Long-term fading correlation values for PMs (blue) and TLMs (red))

Rotation., anechoic chamber] . . . . . . . . . . . . . . ... ... ... 110

B.17 |R(At)] in LOS (a) and NLOS (b) conditions. Walking, indoor, TLMs|112

B.18 1.5 values for PM (blue) and TLM (red) antennas, in LOS and NLOY

onditions. Rx on chest, walking, anechoic chamber and indoor] . . . 113

B.19 Mean channel gain extraction for the thigh/hip link in LOS conditions)

B.20 Mean channel gain extraction tor the thigh/hip link in NLOS condiq

fions, PM anfennas]. . . . . . . . . . . . . ... 115

xvii



List of Figures

pb.21 Propagation zone in Upposite Walking scenario: LOS, NLOS and 1ran-
Bifion Zonel . . . . . L L 119
B.22 Mean channel gain extraction for the hip/chest link, opposite walking)
LOS, NLOS and fransition zone, TTLLM anfennas]. . . . . . . . . . .. 121
B.23 P(t) evolution over time for the hip/hip link: PMs (blue curves) and
[I'LMs (red curves), walking side by sidef . . . . . . ... ... .... 125
b.24 Cumulative Distribution Function ot short-term jading amphtude. 1X
pn right hand, PM, walking side by side] . . . . . . . . .. ... ... 131
B.25 Body shadowing trends for the chest/chest link at different d, PMs)
fofafion] . . . . . . L 132
B.26 Mixture Probability Density Function of s for the chest/chest link, PMs]134
B.27 Mixture Probability Density Function of s for the chest/chest link)
MTNTST . . 135
AT WiserBAN reference SE structurd . . . . . . . . . . . . .. 148
.2 WiserBAN simulated sub-scenarios and related nodes position] . . . . 151
B.5  Example of packets parfial overlap] . . . . . . . .. .. .. ... ... 153
g.4  Comparison ot the PLK Tor standing and walking scenarios using|
ICSMA /CA algorithms, PHYS3) . . . .. .. ... ... .. ... ... . 158
g.o  Comparison or PLRKR values tor difterent channel access protocols)
PHY3. TLM antennas, walking] . . . . . . . . . . ... ... .. ... 159
g.0  Comparison orf PLRKR values Tor difterent channel access protocols)
PHY3, PM antennas, walking] . . . . . . . .. ... ... ... .... 160
U.7 PLR causes for IEEE 802.15.6 CSMA /CA algorithm, PM (above) and

[LLM (below), PHYJ3, sub-scenario A, walking) . . . . . ... ... .. 161

xviii



List of Figures

k.5 Comparison of FLR values for different channel access protocols, FHY 1]

(a) and PHY2 (b), TLM antennas, walking| . . . .. ... ... ...

g9 PLR causes for IEEE 802.15.6 and [EEE 802.15.4 CSMA/CA algo

rithms, with PHYT and PHYZ. TLM antennas, sub-scenario A, walking]163

1.10 PLR per node position for ILEE 802.15.4 CSMA /CA algorithm, PHY)|

B. TLM antennas, with and without additional in-body heart attenuation]164

d.11 PLR tor lEEE 802.15.06 CSMA/CA algorithm, PHYs, TLM antennag

with varving end-device efficiency, ngpd . . . . . . . . .. ...

k.12 Comparison ot average delay tor the different channel access protocols)

PHYIL, T'LM antennas, walking . . . . . . . . .. .. ... ... ...

i.1o Comparison ol average energy consumption rfor the different channelj

hccess protocols, PHYZ, 1 LM antennas, walking) . . . . . . . . . ..

d.14 Comparison ot simulated and experimental values of PLIR 1or 802.15.4

CSMA/CA, PHY1, PM antennas, sub-scenario B, walking) . . . . . .

A.1o Comparison or simulated and experimental values ol average delay 1o1]

802.15.4 CSMA/CA, PHY1, PM antennas, sub-scenario B, walking| .

b.l Indoor oiice reference scenario 1or system level pertorm evaluation 1in|f

complex environment) . . . . . . . . . .. L. Lo

b.2 Simulation platiorm block-diagram for multi-bAN system performanceg

Xix

166

167

169

169

176

178






List of Tables

L.T

bit-rates and (Vo> requirements or some bAN applications] . . . . .

L.2

1EEE 802.10.0 modulation parameters for the 2.40 GHz band)

2.1

Physical characteristics ol human subjects mvolved 1n on-body channel

22

G, 5 values - 'I'x on hight Bar - Anechoic Chambey . . . . . . . . . ..

2.5

G, 5 values - 'I'x on haght Bar - Indooy| . . . . . . . .. . ...

.4

og values In dB - Ixon Chestl . . . . . . . . . . . . ... ...

2.0

Fast Fading Statistics - 1x on Chest - Indooyy . . . . . . . . . . . ..

p.l

Mean Channel Gain Characterisation ror FPlanar Monopoley . . . . .

p.2

Mean Channel Gain Characterisation ror lop Loaded Monopoleg

B.o

Fading Statistics for off-boay channeld . . . . . . . . . . . . . . . ...

pb.4

body Shadowing bEtect Characterisation 1n db - kx Chest - Indooi]

Space Correlation - p% - Walking scenarid ...............

B.6

Walking - GG(d, o) - Planar Monopoles - Indooy . . . . . . . .. .. ..

B.7

Walking - GG(d, o) - 1Top Loaded Monopoles - Indoorf . . . . . . . . ..

xx1

19
30

o8
65
66
70

72



List of Tables

B.8  Mean Channel Gain Characterisation - Opposite Walk LOS/NLOS -

IIx Lett Thigh . . . . . . o o000 122
B.9 Mean Channel Gain Characterisation - Transition LOS/ Transition NLOS124
B.10 Walking side by side - Mean Channel Gain Characterisation: G |dB]

and S(¢) [dB] . . . . . . 127
pb.l1l Fast Fading Statistics - Walking - 'Ix on Lert lhigh . . . . . . . . .. 127
B.1Z2 Fast Fading Stalistics - Parallel Walking - Tx on Right Hig . . . . . . 130
B.13 AS(d) |dB]| for different distances d - Rotation - Tx Chest] . . . . . . 133
B2 _Mixfture Distribution Parameters - Rotation - ITx Chesfl . . . . . . . . 136
E.T  Simulation parameters for WiserBAN scenario] . . . . . . . . . . . .. 154
AT G, ,; values - Tx on Chest - Indoot] . . . . . . .. ... ... ... ... 197
A2 G, values - Tx on Left Hip-Indooy . . . . .. ... ... ... ... 197
[A.3 G;; values - Tx on Chest - Anechoic Chambey . . . . . . . . .. ... 198
A4 G, ; values - Tx on Left Hip - Anechoic Chambey . . . . . . ... .. 198
A5 ogvaluesin dB-Txon Left Hig . ... ................ 199
A6 ogvaluesin dB-"Txon Right Fajj . ... ... .. ... ....... 199
B.T Body Shadowing Characterisation in dB - Rx Hip - Indood . . . . . . 201
B.2 Body Shadowing Characterisation in dB - Rx FEar - Indoog . . . . . . 201
B3 Body Shadowing Characterisation in dB - Rx Chest - Anechoid . . . . 202
B.4  Body Shadowing Characterisation in dB - Rx Hip - Anechoid . . . . . 202
B.5  BLody Shadowing Characterisation in dB - Rx FEar - Anechoid . . . . . 202
[C.1 Mean Channel Gain - Opposite Walk LOS/NLOS - Tx Right Hip . . 203
C.2 Mean Channel Gain - Opposite Walk LOS/NLOS - T'x Right Hand . 203

xxii



List of Tables

[C.3" Fast Fading Stalistics - Walking - Tx on Right Hig . . . ... . . .. 204
[C.4 TFast Fading Stafistics - Walking - Tx on Right Hand . . . . . . . .. 205
[C.5 Fast Fading Statistics - Walking - Tx on Left Thigh . . . . . . . . .. 206
[C.6 Fast Fading Statistics - Walking - Tx on Right Hand . . . . . . . .. 206

xxiii






Introduction

This introduction presents the framework of the thesis that focuses on the paradigm
of body-centric communications, whose concept is proposed in next sections, along
with the motivations supporting the study performed and the research approach fol-
lowed. Since a significant part of the thesis results were obtained contextually to the
European FP7 Integrating Project (IP) “WiserBAN”, its structure and main goals
are presented hereafter. Finally, the description of the thesis outline and of its main

contributions concludes this introduction.

The Ph.D. was performed in the framework of a collaboration between the De-
partment of Electrical, Electronic and Information Engineering “Guglielmo Marconi”
(DEI) at the University of Bologna (Italy) and the Department of Systems and Solu-
tions Integration (DSIS) at the “Commissariat 4 I'Energie Atomique et aux Energies
Alternatives”, laboratoire d’électronique et de technologies de I'Information (CEA-
Leti) in Grenoble (France). The activity was conducted in time sharing between the

two host institutions, alternating periods of stay over the three-year Ph.D. term.



Introduction

Body-Centric Communications: Concept

The general definition of body-centric communications applies to all scenarios where at
least one of the transmitting/receiving devices is placed in, on, or around the human
body, and where the body itself is one of the main actors defining the communication
characteristics under different aspects. Being concerned with human behavior, these
systems offer an extremely wide range of application possibilities spanning over diffe-
rent aspects of daily life, from medical to entertainment, as well as home automation
and localization [], as it will be presented in Sec. 1. These few examples show
the potentialities of body-centric communications, and explain the growing interest in
their study, coming from both academia and industry. Moreover, the simultaneous
advancement in electronics concerning the design of tiny, long lasting, and portable
appliances, along with the increasing need of people to communicate and share infor-
mation any time and everywhere, foster their widespread diffusion, increasing their

socio-economical impact [2].

From a system architecture viewpoint, body-centric communications are built
around the paradigm of Body Area Networks (BANSs) (see Sec. [2). These are a
particular type of Wireless Sensor Network (WSN) that call for specific technical re-
quirements as detailed in Sec. T4, where one or more devices are generally located
on or around the human body, or optionally implanted in it. These networks are
able to collect data coming from the body or from the environment, and send them

to a central coordinator node (whether on or outside the body).

According to the nodes position, it is possible to classify body-centric communi-

cations in three macro categories [B], as shown in Fig. @:



Body-Centric Communications: Concept

In-body communications: at least one of the transmission ends is placed
inside the human body. A further subdivision can be made between in-in, in-
on, and in-off communications, considering both devices located in the body,
or just one of them implanted while the other is on the body surface or in close

proximity to it.

On-body communications: all communicating devices are located in diffe-

rent positions on the surface of the same human body.

On- to off-body communications: transmissions take place between at least
one node located on a human body and another one placed outside it. The latter
being worn by another human subject (body-to-body (B2B) case) or placed on an
external support acting as a gateway or a router for the transmission (off-body

case).

External
Gateway

™ /A
. \ /. Body-to-body !\ > ’\ \
\ _ communications

In-Body
communication

l;' Off-Body
/communicatioqs

V| |
"/'/ A .II /‘
‘ - J
x : On-Body ~ | "‘\‘/
| ‘/ | communications \ y
\
\ ¥ / BAN

Figure 1: The paradigm of body-centric communications.
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Among these scenarios, this thesis focuses on the on-body and on- to off-body ones,
where in the latter case off-body and B2B communications are separately investigated.
In particular, the on- and off-body scenarios described above fall within the BAN
paradigm, and their system architecture, requirements, and channel characterisation
are proposed in the IEEE 802.15.6 standard [4, 5] (see Sec. IZ3). B2B communi-
cations are a relatively new concept, instead, which exploit the presence of multiple
BANSs in the same environment, opening a novel area of research suitable for a wide
range of application possibilities. No specific communication standard is available
at present for these kinds of systems, and very few contributions are available in
literature investigating related issues (see Sec. B).

Even if in-body communications are specifically addressed in the IEEE 802.15.6
standard, they are out of the scope of this work for their peculiarities both at the
propagation and requirements levels, since they usually target very specific healthcare

applications. Interested readers can find some useful information on the topic in [B,(].

Problem Statement and Approach

As introduced before, the human body factor is of outmost importance in defining
body-centric communications characteristics under several aspects. Firstly, tissues
dielectric properties, body shape, and movements performed by users determine a
unique propagation environment affecting radio channel features and antenna de-
sign [R]. Moreover, people mobility and social attitude have to be considered when
dealing with upper layer protocols, optimised for body-centric communications [9].
The whole protocol stack is hence concerned with the design of reliable systems

optimised for these scenarios. Physical layer (PHY) and Medium Access Control
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layer (MAC) solutions should be conceived as flexible as possible, to adapt to the
specificities of propagation aspects and to the different technical requirements of en-
visaged applications. Besides, at Network layer (NET), the design of proper routing
schemes should present features able to benefit from people movement and from social

relationships binding them [I0].

To that purpose, this thesis proposes to investigate and characterise the impact
of the human presence on body-centric systems, accounting for its distinctive aspects,
through a multi-layer approach: from radio channel modeling to a system level per-

spective.

In order to realise efficient protocol solutions optimised for body-centric communi-
cations, a deep knowledge of the transmission medium and of the related propagation
phenomena is needed. This thesis approaches this problem through an experimen-
tal modeling of the radio channel based on real-time dynamic acquisitions, focusing
on on- and on- to off-body scenarios in the Industrial, Scientific, and Medical (ISM)
band at 2.45 GHz. This band is particularly interesting for body-centric applications
since it is worldwide available and licence-free, and a multiplicity of hand-user de-
vices already operate in this band, employing one or more of the most widespread

communication standards like Bluetooth or Zigbee.

Among the models available in literature, most of them addressing on-body chan-
nels more than on- to off-body ones, very few are able to properly characterise the
time-variant properties arising from the joint effect of body presence and motion.
Moreover, antenna impact remains little investigated, with a limited number of contri-
butions [I1]. To overcome these limitations, the models proposed in this thesis follow

a scenario-dependent approach, which simultaneously accounts for several sources
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of channel variability: human body impact in terms of size and tissue properties,

antennas and environment effect, users movement, and node on-body position.

The choice of performing a channel modeling based on an experimental approach
gives the opportunity for a realistic and detailed characterisation of the main propa-
gation phenomena. The burden due to the heavy cost in terms of time and resources
needed to perform measurements is highly rewarded by the degree of precision and
accuracy achievable. Even if one can object that experimental results are too tied
to the specific investigated scenario, if the data base acquired accounts for different
sources of channel variability and it is large enough to perform some consistent sta-
tistical analysis (as for the case of the present work), then the model can have a more

general applicability.

Implementing channel statistics in a simulation tool gives the opportunity to eva-
luate and compare the performance of different routing or medium access schemes,
in order to choose the optimal solution for the target application. This aspect is
of outmost importance also in body-centric scenarios, where dedicated protocols are
needed to meet different technical requirements in a unique propagation context. A
first step in this direction is proposed in this thesis presenting the results obtained
from the integration of the previous on-body channel modeling in a PHY/MAC simu-
lator. Doing so, system performance is assessed in a more realistic way; environment,
human presence and movement, as well as antenna effect, are inherently included in

the definition of channel characteristics specific for on-body communications.

In the perspective of moving from a radio channel modeling to a more comprehen-
sive system level viewpoint, all distinctive aspects characterising body-centric commu-

nications should be merged in one single framework, where on- and on- to off-body
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transmissions coexist in a specific environment for a target application. To that aim,
starting from the work performed on radio channel modeling and PHY /MAC simu-
lation, this thesis presents this framework, in the perspective of realising a modular
simulation tool to be used for system performance evaluation. First of all, radio
channel features should be considered to account for the effect of the presence of one
or more human bodies, moving in close proximity to each other. Related to that,
human movement should be properly described, and a model able to reproduce its
dynamics and the forces driving it is then needed. Moreover, social aspects of human
behavior, defining relationships and corresponding actions, have to be included, lead-
ing to a more general socio-mobility model that can be exploited to coordinate users

transmissions.

Context of the Thesis: the WiserBAN Project

Most of the results presented in this thesis have been obtained in the framework of
the large-scale IP project “Smart miniature low-power microsystem for Body Area
Network (WiserBAN)” [12], funded by the European Commission under the Seventh
Framework Programme [[3]. The aim of the project is to create an ultra-miniature
and ultra low-power Radio Frequency (RF) micro-system for unobtrusive body-worn
and implanted BANs, targeting primarily lifestyle and biomedical applications.

The proposed research concerns BAN communications at 2.45 GHz, with major
focus on size and power issues. The final WiserBAN microsystem will be fifty times
smaller than today’s radio modules, with an improvement in the power consumption
level by a factor of 20x. This will be achieved thanks to a novel ad-hoc radio archi-

tecture, where antenna miniaturization is a key factor in the definition of device size.
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Figure 2: The WiserBAN project: (a) dedicated protocol stack solution (b) target
use- cases.

The development of a dedicated communication protocol stack based on a precise
characterisation of the propagation aspects, as the one shown in Fig. Ba, is also one of
the major project goals. Flexible and reconfigurable proprietary MAC/PHY solutions
have to be designed and optimised for ultra low-power consumption, in compliance
with already available standardised architectures used in BAN communications, as
described in Sec. 3.

At the application level, four industrial-driven wearable and implantable use cases
are specifically addressed, representative of the huge potential of BAN for healthcare,

bio-medical, and lifestyle applications (see Fig. Bb):

e Hearing Instruments and Cochlear Implants use-case: wireless connectivity is

fundamental to improve performance and comfort of modern hearing systems.
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Device miniaturisation and low-power consumption are then important issues to
be addressed, while enabling the transmission of different types of traffic, both
streaming and non-streaming. Communication between hearing appliances and
an external remote unit (e.g., a Remote Controller (RC) or a mobile phone)

should be allowed, as well as bidirectional ear-to-ear transmissions.

e Cardiac Implants use-case: it concerns people carrying cardiac implants in the
context of remote monitoring of patients. Decreasing device power consumption
leads to the reduction of battery size and hence of implant dimension, resulting
in more comfort for the user. Wireless communication with an external RC

should be considered.

o [Insulin Pumps use-case: a patch insulin pump for medication delivery is applied
on the patient’s skin, concealed under his clothes. Users interact with the pump
using a RC, through a wireless link that should be easily established. Long-
lasting batteries, as well as light and comfortable devices, are hence critical

aspects to be accounted for.

Beyond these primary reference use-cases, the WiserBAN technology, with its ultra
low-power and miniature radio microsystem, may be leveraged in other complemen-
tary applicative areas such as ambient intelligence, home automation, entertainment,
sport and fitness, motion capture, localization, and other related applications con-

cerning BANs and WSNs in general (see Sec. [CTT).
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Structure and Contribution of the Thesis

The description of the goals of this thesis and of the approach followed, given in pre-
vious sections, highlights the complexity of the investigated topic and the challenges
behind it. Very few contributions in literature study body-centric communications
through such a multi-layer approach, trying to realistically describe the most impor-

tant features characterising them at different levels.

First of all, Chapter 1 describes more in details the architecture of BANs, which
are considered as the central element in any body-centric system. Envisaged applica-
tion fields and related system requirements are presented. Wireless technologies and
communication standards suited for these kind of systems, with particular attention

to the dedicated IEEE 802.15.6 standard [d], are also discussed in this chapter.

The first step of this multi-layer framework is realised through the characterisation
and modeling of the radio channel, based on experimental data sets. After describing
the measurements stage, Chapter 2 presents the model for on-body channels. Follow-
ing a scenario-based approach, their time-variant properties are described through
the composition of three contributions, namely a mean channel gain, a long- and
a short-term fading, each of them accounting for different physical propagation phe-
nomena. With respect to other similar models, different sources of channel variability
are here accounted for at the same time. Antenna effect is also investigated for each
model component, to show how radiation and polarization characteristics affect radio
channel behavior. The outcomes of this work have been presented in a conference
paper [[1], which was awarded as “Best Student Paper” at Loughborough Antenna
and Propagation Conferece (LAPC) 2012.

10
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Similarly, Chapter 3 provides two separate characterisations for off-body and B2B
scenarios, respectively. Each channel power transfer function is described through
a distance-dependent model, where a mean channel gain and a short-term fading
component are extracted from experimental channel data. The effect of the body on
channel characteristics is also accounted for though an additional shadowing contri-
bution. The same scenario-based philosophy presented for the on-body case is here
considered, representing the main novelty of the proposed models that aim at filling a
gap in literature. In particular, the B2B contribution is among the few available that
proposes a detailed channel characterisation at 2.45 GHz. In the same chapter, the
off-body model is completed by the investigation of the space-time channel correlation
properties. These studies led to the following publications on a journal [T4] and in

several international conferences [0, T5-17].

Focusing on the on-body scenario, Chapter 4 presents the numerical results ob-
tained integrating the channel model described in Chapter 2 in a network simula-
tor. System performance is evaluated in terms of Packet Loss Rate (PLR), average
transmission delay, and node energy consumption, with the aim of providing general
guidelines for the design of systems optimised for specific application-dependent re-
quirements. Different combinations of PHY solutions and MAC protocols are tested
and compared, also highlighting the impact of different antenna types on the overall
system behavior. One of the most innovative aspect of this work is that it investigates
the effects of realistic channel conditions on the performance of IEEE 802.15.6-based
MAC and PHY solutions, operating in an applicative BANs scenario. In order to
validate simulation results, a set of on-the-field experiments have been performed us-

ing a commercially available IEEE 802.15.4-compliant platforms. The results of this

11



Introduction

study have been published in a journal [I8] and a conference paper [19].

Finally, Chapter 5 describes the principles behind the implementation of a com-
prehensive simulation framework for system performance evaluation, combining in
one single tool, radio channel models, mobility model, and social features of human
behavior. Merging these different aspects characterising body-centric communications
would be the first step in the design of optimised protocol solutions, tailored for this
kind of systems. Both on- and on- to off-body communications are considered in an
indoor office scenario, where several people coexist and move according to a socio-
mobility model. The latter accounting for the individual working day schedule and for
the relationships binding the users. Exploiting social aspects of human mobility could
be also useful to allow inter-users coordination in accessing the wireless medium. To
the best of author knowledge, there is no such a tool presently available in literature.
As originally considered among the goals of the Ph.D. work, the ideas presented in
this chapter are the results of the last few months of activity, and they have to be

seen as the basis for future reseacrh directions to be pursued.
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Chapter 1

Body Area Networks in Body
Centric Communications

As already pointed out in the introduction, the core architecture in body-centric com-
munications is designed around the concept of BANs, which are thoroughly described
in this chapter. After a general overview of the main features of these networks, and
of their specificities with respect to generic WSNs, Sec. II provides an insight on
BANs possible applications and on the related system requirements. Sec. 2 de-
scribes the system architecture, presenting PHY, MAC and NET layer aspects to be
considered when designing protocols optimised for body-centric communications. The
proposed wireless technologies for BANs are detailed in Sec. I3, with a particular
attention to the recently proposed IEEE 802.15.6 standard [d], which specifically tar-
gets short-range, low power, and highly reliable wireless communications for use in

close proximity to, or inside, the human body.
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Figure 1.1: Position of BAN in the context of wireless communication networks [22].

1.1 Applications and System Requirements

Advances in microelectronics, wireless communication technologies, and low-power
sensors have allowed the widespread diffusion of BANs, also known in literature as
Body Sensor Networks (BSNs) [20]. Aiming more at interconnecting one person’s
wearable devices, BANs complement Personal Area Networks (PANs), the latter re-
ferring to a network of wireless peripherals in the environment around the user, whose
transmission range can reach up to 10 m [21]. A BAN can be also connected to local
and wide area networks using different wired and /or wireless communication technolo-
gies, as shown in Fig. [C0. Some unique aspects distinguish BANs from conventional
WSNs, among them one of the most important is the presence of the human body.
On-body channels, as well as on- to off-body ones, undergo to specific propagation phe-
nomena, which differ from traditional channel (i.e., distance-dependent models) and

have to be properly characterised [23], as it will be shown in Chapters & and B. This
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also affects the design of PHY and upper layer communication protocols, where solu-
tions used in generic WSNs result not optimised for body-centric communications [24]
(see Chapter @). Furthermore, the intrinsic sociality and mobility of nodes in a BAN,
since they are carried by humans, opens other interesting challenges and perspectives.
For instance, some interference management schemes should be conceived to operate
in densely populated environments [25], or even exploiting the presence of multiple
users to create an ad-hoc coordinated “network of people” [Z6], as in the scenario

described in Chapter B.

1.1.1 Applications

The ability of deploying several wireless nodes on the human body suggests the possi-
bility to use BANs in a wide variety of applications, from healthcare to entertainment

up to military and localization ones, just to cite few examples (see Fig. [2) [1]. A
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Figure 1.2: Applications for body-centric communications.
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possible taxonomy of BAN applications is given as follows [27]:

1)

Healthcare: at a first glance, this could be the most promising field of appli-
cation for BANs. Several non-intrusive sensors deployed in or on the human
body allow the continuous monitoring of vital parameters [24]. Emergency sit-
uations that need prompt intervention, such as an heart attack, can be early
detected and even foreseen. BANs can be also used to improve the quality of
life of hearing and visually impaired people, by means of earing aids or cochlear
implants and artificial retina, respectively [28,29]. A non-exhaustive list of med-
ical applications that can benefit from BAN usage is: Electrocardiogram (ECG),
Electroencephalogram (EEG), Electromyogram (EMG), drugs delivery, post ope-
rative monitoring, monitoring of vital parameters or body functions, such as tem-
perature, respiration rate, glucose level, oxygen saturation, toxins, blood pressure,

ete. [30,81).

Sport and fitness: a real-time log of vital parameters like blood pressure, heart
beat, blood oximetry, and posture can improve fitness and sport experience [32,33].
In this way users can gather information concerning its sport activity, using them

to prevent injuries and to plan future training to improve their performance [34].

Entertainment and gaming: BANs can bring more realism in the user experience
in the field of entertainment. Motion capturing techniques allow the tracking of
the position of different body parts by means of a set of gyroscopes and accelero-
meters wirelessly connected to a central node and worn by the user. The real-time
information about motion makes possible for the user the direct employment of

his body as a controller in videogames. The film industry takes also advantage of
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motion capture techniques in order to realise highly realistic digital movies where

actors play the role of non-human subjects [34].

Emergency services: in the domain of public safety, BANs can be used by fire-
fighters, policemen, or rescue teams [22]. For example, policemen uniforms and
firefighters’ suits can be equipped with audiovisual, positioning or navigation de-
vices, as well as environmental sensors (e.g., external temperature, carbon monox-
ide, and carbon dioxide levels), in order to improve their working conditions and
safety, and to warn if a life threatening situation is detected [36-388]. Remote view-
ing techniques and ambient sensing can be extremely beneficial also for guiding

rescue operations in post-disaster environments [39].

Military and defence: new capabilities added by BANs will improve the perfor-
mance of soldiers engaged in military operations, at both individual and squad
levels. At the individual level, a set of sensors can monitor vital parameters and
provide information about the surrounding environment in order to avoid threats,
whereas information taken at the squad level will make the commander able to
better coordinate the squad actions [40]. Spatial localisation techniques and com-
munications between different BANs play an important role in this field, as well
as security, in order to prevent sensitive information from being caught by ene-

mies [AT].

Industrial: in the industrial framework, BANs can improve the safety conditions
of workers [47], for example monitoring their movements and the surrounding envi-
ronment in order to prevent the exposure to toxic gasses and radiations, or checking

the shocks and vibrations operators are subject to when working with industrial
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equipment [43]. Interaction between machines and workers can be improved as
well by the information exchange between bodyworn nodes and communication

devices embedded in the machines.

7) Lifestyle applications: in this last domain several applications can be envisioned,
such as emotion detection, ambient intelligence, objects and location tracking,
smart keys, identification and authentication [44,45]. For instance, BANs can be
used to monitor people vital signs as a basis to develop systems that adapt the
surrounding environment (music type, light level, room temperature) according to

the user emotional status [A6-48].

1.1.2 System Requirements

The wide variety of possible applications presented in Sec. I lead to an equivalent
broad range of different system requirements that has to be met [I8]. The most
important ones are detailed hereafter according to the classification provided in [49].
Several of these aspects also represent the real challenges that the BAN design has
to face, which lead to the conception of specific protocols and system solutions. In
particular, energy consumption and coexistence issues are the most critical aspects to
deal with [23], considering the reduced size of devices (and of batteries) allowed for
bodyworn nodes, and the fact that BANs need to reliably operate also in a crowded
environment, where other systems are possibly working using the same frequency
band.

More details on some of the following requirements will be given in Sec. I3,

referring to the specific wireless technology applicable to the BAN paradigm.

1) Bit rate and Quality of Service (QoS): the bit rate requirement varies on a very
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broad range, depending on the application and on the type of data to be trans-
mitted. It goes from less than 1 kbps (e.g., temperature monitoring) to 10 Mbps
(e.g., video streaming). A list of possible applications with their target bit rates

is proposed in [1].

High level of QoS should be guaranteed in medical and military applications, with
appropriate error correction and interference-avoidance methods implemented at
the PHY and MAC layers to reduce the Bit Error Rate (BER). Other important
QoS metrics are: the end-to-end delay, the delay variation, and the capability of
providing fast and reliable reaction to emergency situations. Table I reports
a list of QoS requirements and envisaged bit-rates for some example of BAN
applications. Furthermore, for this kind of networks, the capability to handle

traffic with different priority levels is important [49].

Table 1.1: Bit-rate and QoS requirements for some BAN applications [I8].

Application Bit-rate Delay BER

Drug delivery < 16 kbps < 250 ms | < 10710
Capsule endoscope 1 Mbps < 250 ms | < 10710
ECG 192 kbps < 250 ms | < 10710
EEG 86.4 kbps <250 ms | < 10710
EMG 1.536 Mbps | < 250 ms | < 10710
Glucose level monitor | < 1 kbps < 250 ms | < 10710
Audio streaming 1 Mbps <20ms | <107°
Video streaming < 10 Mbps < 100 ms | < 1073
Voice 50 - 100 kbps | < 100 ms | < 1073

2) Range and Topology: the communication range should not be larger than few

meters (3 +5 m) for most of the applications [I]; thus, a simple star topology can
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be employed. However, the human body can represent an obstacle itself for the
radio propagation, especially for the implanted nodes. In this case, a multi-hop
communication must be established, and a relaying technique should be accounted
for in order to exploit node spatial diversity, as proposed for example in [50, b1].
The number of nodes forming the BAN ranges from two (e.g., glucose meter)
to few hundreds (i.e., motion capture, rehabilitation) and can vary at run time.
Therefore, reliable association and disassociation procedures should be considered

to allow nodes to join and leave the network as needed by the application [IR].

Security: data security is of primary importance, especially in medical and mili-
tary applications, and it should be addressed in terms of privacy, confidentiality,
authorisation, and integrity [l]. As it will be presented in Sec. 23, each standard
provides some techniques to deal with security issues. Generally, conventional data
encryption mechanisms or authentication process result to be not perfectly suit-
able for BANs, due to limited processing power, memory, and energy constraints
of BAN nodes. Hence, novel lightweight and resource-efficient methods are being
developed [62,53]. A promising solution in this context is the use of biometric

identification based mechanisms [64,b5].

Antenna and radio channel: antenna design can be a very critical issue and re-
search on miniaturisation should lead to quite efficient solutions [66], always con-
sidering the proper trade-off between antenna size and its efficiency [67]. Moreover,
the presence of the human body could not be neglected since it affects antenna’s
radiation and polarization characteristics, according to the specific on-body po-
sition [T, 58]. Therefore, a good radio channel characterisation is mandatory in

order to design antennas able to provide the proper radiation properties. PHY
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and MAC protocol design is also affected by radio channel characteristics, whose
impact on network performance is described in Chapter B. A detailed description
of channel related issues and two model proposals are given in Chapter B and B

for the on- and on- to off-body scenarios, respectively.

Power Consumption: the power consumption requirement is very dependent on the
nature of the application. However, BAN devices are generally battery-powered
and the battery lifetime is required to last up to several years for implants (e.g., at
least five years for pacemakers) [89]. Ultra-low power design for radio transceivers
is essential, as well as energy-efficient MAC protocols. The latter are commonly
achieved decreasing the device duty-cycle, at the expense of end-to-end delay. This
allows devices to be in sleep mode (transceiver and CPU shut down) for most of
the time, which is an effective solution for applications that require infrequent
transmissions. However, a proper trade-off between transmission delay and power
consumption should be found. Energy scavenging from body heat [60] or from

human movements [61] can be also an option to prolong battery life [62,53].

Coezxistence: most of the current BAN systems are designed to operate in the
license-free ISM band, centered at 2.45 GHz. This is an overcrowded radio band;
indeed, Wi-Fi (IEEE 802.11), Bluetooth (IEEE 802.15.1), IEEE 802.15.4/ZigBee,
and other communication standards operate in the same spectrum. Consider-
ing the need for reliable transmissions, especially in medical applications when
an emergency or alarm traffic has to be established, some techniques should be
studied and implemented to avoid or reduce interference. A proper evaluation
of the real impact of interfering systems on BAN performance, in terms of PLR

or transmission delay, is then of outmost importance. Some works that address
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this topic are reported in [64-66), which study coexistence aspects between sev-
eral sources of interference (i.e., systems working according to Wi-Fi standard or
IEEE 802.15.4a one) and different PHY solutions for the BANs (i.e., narrowband
PHY at 2.45 GHz and IEEE 802.15.6 Ultra Wide Band (UWB)).

Moreover, as specified in [49], in order to reduce or even eliminate possible damag-
ing effect of multiple BANs simultaneous activity, proper techniques of interference
rejection should be considered, as proposed in [26, 67-6Y], just to give some ex-
amples. Anyway, the presence of other nearby networks should not be seen just
as a potential source of interference, but also as possible relay networks used to
forward the information in a non fully connected scenario for delay-tolerant appli-

cations [0, [71].

Form Factor: device size constraints can be stringent; the most critical aspect
is to fit the antenna front-end and the battery into a very small case, while pro-
viding good radiation property and lifetime. This is true mainly for implantable
devices; anyway, for bodyworn nodes, flexibility and stretchability may be even
more relevant aspects to consider for the user comfort, especially in sport, fitness,
and military applications. For recent advances in stretchable electronics, the in-
terested reader should refer to [72], while [Z3-75] focus on stretchable antennas

and RF circuits.

Signal processing: as already said, BAN applications are power consumption li-
mited and the radio circuits are often the power-greedy part of the system [76].

However, power efficient signal processing techniques, such as Compressed Sensing
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(CS), can help the designer to keep under control the overall system energy con-
sumption. The latter is a technique that allows to sample a sparse analogue signal
at a sub-Nyquist rate, saving energy without loosing the information contained
in it [74,78]. CS has been widely used in BAN scenarios; an overview with some

application examples can be found in [I/9].

9) Safety for the human body: at the frequencies of interest for BANs, the known
health-related effect on human tissues include only heating. The International
Commission on Non-Ionizing Radiation Protection (ICNIRP) specifies general re-
strictions and limits that have to be met to guarantee health safety when the body
is exposed to time-varying electromagnetic fields [80]. For the frequency range from
100 kHz to 10 GHz such restrictions are established in terms of Specific Absorp-
tion Rate (SAR), which is defined as the mass normalised rate at which RF power
is coupled to biological tissues, and it is typically expressed in units of watts per
kilogram [W/Kg]. Low-power devices (such as BAN ones), do not radiate enough
power for the whole-body SAR to be a concern, while attention has to be paid
to the localised SAR, which is measured in specific parts of the body. Therefore,
BANSs should minimise the localised SAR and comply with international [80] or
regional regulations (such as those defined by the European Union for Europe [&1]

and by the Federal Communications Commission for the USA [82]).

1.2 System Architecture

The requirements presented above highlight the multiplicity and diversity of the as-

pects to be considered when dealing with the BAN architecture. Some of them have
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a stronger impact on the PHY layer, while other affect more the upper layers protocol
design. Anyway, flexibility and adaptability are the most challenging goals for any

system designer when dealing with these types of networks.

As for the PHY layer, channel modeling is important for the design and the
evaluation of the most suitable signalling technique to be adopted. A reliable chan-
nel characterisation is needed to support a more effective antenna design and the
evaluation and comparison of different PHY and MAC solutions (see Chapter @).
As it will be presented in details in Secs. 21 and B, several studies have been per-
formed to characterise the transmission channel, focusing on different radio frequency
bands both at narrowband (Medical Implant Communication Sevice (MICS), Wireless
Medical Telemetry System (WMTS), ISM) and UWB. More recently, other wireless
communication technologies have been studied as possible alternatives to more con-
ventional operating bands, among them: molecular communications [83] or ultrasonic
waves [84] for in-body transmissions, and Human Body Communication (HBC) work-
ing in the frequency interval between 5 and 50 MHz, which exploits the human body
as a communication medium [85,86]. Results for the channel characterisation show
a high variability, also among those referring to the same frequency interval. This
underlines the importance of the environment, the movement performed by the user
and the specific node position on the definition of channel characteristics [87]. More-
over, antenna design is also affected by the operating environment and the proximity
of the user’s body, both having a significant impact on device radiation properties.
The most suitable antenna design has to be carefully chosen in relation to the target
application and considering the limits in terms of device size and radiated power.

From the PHY perspective, support for upper layers BAN protocol design gives rise
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to a trade-off between transmission distance, data rate and power consumption. Mod-
ulation schemes should guarantee the desired data rates while maintaining seamless

connectivity in dynamic and interfered environments [24].

At the MAC layer, energy efficiency is one of the most important attributes to
be targeted, along with safety, security, QoS provisioning, and reliability. A robust
MAC protocol shall consider efficient duty cycling methods to minimise power con-
sumption without compromising QoS in terms of latency and jitter, by controlling
the main sources of energy waste (i.e., packet collisions, idle listening, etc.). It shall
also be able to cope with topology and density changes induced by nodes moving
in and out of the transmission range, due to body movements [1]. Generally, MAC
protocols are grouped into contention-based and scheduled-based schemes. In the for-
mer case nodes contend for the channel to transmit data. If the channel is busy, the
node defers its transmission until it becomes idle. These protocols, such as Carrier
Sense Multiple Access with Collision Avoidance (CSMA/CA) or Slotted ALOHA,
are scalable, adaptable to traffic fluctuation, and with no strict time synchronization
constraints. However, they incur in significant protocol overhead. In scheduled-based
approaches, such as the Time Division Multiple Access (TDMA) one, the channel
is divided into time slots of fixed or variable duration. These slots are assigned to
nodes and each node transmits during its own slot period. Even if these protocols
are extremely energy efficient, with low duty cycle and no possibilities for packet col-
lision, or idle listening and overhearing problems, their most significant drawback is
the need for frequent synchronization [88]. Other aspects that should be considered
at the MAC layer are message prioritization and alarm management capabilities, as

well as simple and self-organising network setup [62]. Having said that, accounting
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for all these different features calls for a trade-off in system performance, which is the
real challenge in MAC protocol design.

Finally, for the sake of completeness, some hints on the NET layer characteristics
are given. Being responsible for effective packet delivery from a source to a desti-
nation node through a number of relaying nodes, its main tasks is routes discovery,
establishment and maintenance [87]. Developing efficient routing protocols for BANs
is a non trivial task because of the specific characteristics of the wireless environ-
ment on the human body. This makes the solutions adopted in traditional WSNs
not suitable ones, due to the stringent constraints in terms of transmitted power,
node energy consumption and to frequent node topology reconfiguration due to body
movement [88]. To that purpose, the proper network topology is also an important
aspect to be studied, since it influences the overall system performance and protocol
design. Even if traditionally the star topology is widely proposed for several BAN
applications, more recently some studies focus on the assessment of the improvement
brought by the introduction of some forms of relaying and node cooperation [50, 51].

Considering this general overview on BAN architecture, next section will describe
the choices operated by some standardisation bodies to comply with the technical

requirements and system characteristics at the different levels of the protocol stack.

1.3 Wireless Technologies for BANs

This section presents the proposed wireless technologies to be used for BANs. Existing
standards, such as IEEE 802.15.4 [89] and Bluetooth Low-Energy (BT-LE) [90], which
were originally conceived to operate in more classical WSN scenarios, result not to

be able to fulfill all the technical requirements presented in Sec. I2. Anyway, since
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their widespread acceptance and diffusion, being implemented in several personal
portable devices, such as smart-phones, PDAs, and laptops, they are still considered
practical de-facto solutions also for BANs.

Recognising the lack of a proper standard specifically tailored for wireless com-
munications in the vicinity of the human body, in November 2007 the IEEE 802.15
Task Group (TG) 6 was formed to define the PHY and MAC layers characteristic of
a communication standard where flexibility is the key word. It aims at supporting
the combination of reliability, low power, bit-rate, and non-interference required to
broadly address BAN applications [I&]. The first draft of the document was released
in 2010, while the final version is now available and dates back to February 2012 [4].
Standardisation is an important process since it is the first step in the large-scale
diffusion of a communication technology, which become a reference for both vendors
and users, and fosters interoperabilty with other operating standards.

Finally, other proprietary or open technologies are briefly reviewed at the end of
the section, just to provide a complete picture of the different architectures considered

for BANS, even if they target a narrower scope (i.e., some more specific applications).

1.3.1 IEEE 802.15.6 Standard

The first degree of flexibility introduced by this standard is related to the choice of
the PHY layer. To meet the wide variety of system requirements coming from the
different applications, a unique PHY solution does not seem to be a feasible option,

and hence the proposal defines three possible alternatives (see Fig. [3):

a) Narrowband PHY (optional): a compliant device shall be able to support trans-

mission and reception in at least one of the following frequency bands:
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Figure 1.3: Spectrum allocation chart for BAN application in IEEE 802.15.6 standard.

e 402-405 MHz: MICS band; it is widely accepted although the possible band-
width is limited;

e 4/20-450 MHz: WMTS band; available in Japan;

e 863-870 MHz: WMTS band; available in Europe;

e 902-928 MHz: ISM band; it is available to be used without license in North

America, Australia and New Zealand;
e 950-956 MHz: available in Japan;

e 2360-2400 MHz: this is a newly proposed frequency band to be adopted for
BAN applications;

e 2400-2483.5 MHz: ISM band; it is available worldwide, but there could be

issues of coexistence with other standards using the same band.

b) UWB PHY: it is divided into a low (3.25-4.75 GHz) and a high (6.6-10.25 GHz)
band, both consisting of operating channels of 500 MHz bandwidth each. UWB
PHY is specifically designed to offer robust performance for high quality, low
complexity and ultra low power operations, all primary aspects when dealing with

BANSs, where human safety and coexistence issues are of outmost importance.
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Two types of UWB technologies are considered: impulse radio (IR-UWB) and
frequency modulation (FM-UWB). Two operational modes are also defined: default
for medical and non-medical applications, and high quality of service for high-
priority medical applications. Both modes shall support IR-UWB as mandatory

PHY, whereas the default one also supports FM-UWB as optional.

c) HBC PHY: this PHY solution uses the human body as a communication
medium. The band of operation is centerd at 21 MHz with a bandwidth of

5.25 MHz.

Considering that this thesis will focus on systems operating at 2.45 GHz, some
more details are provided referring to this PHY solution. For this band, the standard
defines seventy-nine channels of 1 MHz bandwidth each, whose center frequency, f.,
is computed according to: f. [MHz] = 2402 + 1 - n., where n. = {0,...,78} is
the channel number. Four bit-rates are specified, arising from the combined used of
different modulation, coding, and spreading factors, according to what presented in
Tab. I2: As it can be seen, both Differential Binary Phase Shift Keying (DBPSK)
and Differential Quadrature Phase Shift Keying (DQPSK) are used to modulate the
Physical Service Data Unit (PSDU).

A compliant device shall be capable of transmitting at least -10 dBm EIRP, consid-
ering that it should radiate as less power as possible, in order to reduce interference
to other systems and limiting radiation exposure to the human body tissues. The
maximum transmit power is limited by local regulatory bodies.

The minimum receiver sensitivity in AWGN channels is given referring to a Packet
Error Rate (PER) of less than 10% and accounting for a PSDU of 255 bytes; values

vary in the interval from -92 dBm to -83 dBm, according to the bit-rate considered
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Table 1.2: IEEE 802.15.6 modulation parameters for the 2.45 GHz band [4].

Packet Modulation | Symbol | Code | Spreading | Bit rate

component rate rate | factor

PSDU 7/2-DBPSK | 600 51/63 | 4 121.4 kbit /s
ksymb/s

PSDU 7/2-DBPSK | 600 51/63 | 2 242.9 kbit /s
ksymb /s

PSDU 7/2-DBPSK | 600 51/63 | 1 485.7 kbit /s
ksymb/s

PSDU 7/4-DQPSK | 600 51/63 | 1 971.4 kbit /s
ksymb/s

in Tab. 2 (i.e., from 121.4 kbit/s to 971.4 kbit/s).

Interested reader is referred to [d] for the complete set of specifications applying

to the other narrowband frequencies and PHY solutions.

The transmission range considered in the standard is limited to 3 m for in- and
on-body applications and has to be at least 3 m for on- to off-body communications.
The proposed network topology is a star one, with possibility for relaying (2-hop tree

structure).

Even if different PHY solutions are presented, just a single MAC protocol is
proposed. In order to support different applications and data flow types (i.e., con-
tinuous, periodic, non-periodic and burst), each one characterised by specific perfor-
mance requirements, the MAC protocol should be as flexible as possible, combining
both contention-based and contention-free access techniques [91]. The standard also
provides several User Priority (UP) values in order to diversify and prioritise node

channel access, according to the information they have to transmit (e.g., background
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data, video traffic, medical data, or emergency traffic) [27]. A BAN coordinator could

decide whether to operate in one of the following three access modes:

a) Beacon mode with beacon periods (superframes): the coordinator establishes a
common time base by sending beacon packets that define the beginning of an ac-
tive beacon period or Superframe (SF). It shall also divide each active SF into
applicable access phases ordering them as shown in Fig. 4, and defining their
duration. The length of any phase may be set to zero, except for the Random
Access Phase (RAP) 1, which must have a minimum guaranteed duration. The
coordinator may also maintain inactive SF, where it transmits no beacons and

provides no access phases [27]. In the Managed Access Period (MAP), the co-

[ \ F

e | ] MAP | EAR2 | RAPD | MAP e
Beacon period (superframe)

Figure 1.4: IEEE 802.15.6 SF structure for beacon mode access [4].

ordinator may schedule intervals, or send poll or post packets to nodes. A poll
is defined as a control frame used to grant nodes an immediate polled allocation
(i.e., non-recurring time interval for uplink traffic) or to inform a node of a future
poll or post. Whereas a post is a management or data type frame sent by the
coordinator to a node to inform of a posted allocation, which is a non recurring
time interval that the coordinator grant to itself for downlink traffic exchange.

Further details on polled and posted allocation techniques can be found in [4].
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In the Exclusive Access Phases (EAPs), used only for the transmission of emer-
gency data, RAP and Contention Access Period (CAP), nodes compete for the
medium access using CSMA /CA or Slotted ALOHA techniques. More details on
IEEE 802.15.6 version of CSMA/CA and Slotted ALOHA are given in Sec. B=ZT,
where the protocol stack solutions considered in the framework of the WiserBAN

project are introduced.

Non-beacon mode with superframes: in this mode, a coordinator may have only a
MAP in any SF, and it may organise the access to the medium as explained above

for the MAP phase in the beacon enabled access mode.

Non-beacon mode without superframes: a coordinator may provide unscheduled
allocation intervals. After determining that the next frame exchange will take
place in non-beacon mode without SF, a node shall treat any time interval as a
portion of EAP or RAP and employ CSMA /CA-based random access to obtain a

contended allocation [4].

As it could be seen, the huge variety of channel access techniques proposed in the

standard gives a great flexibility to the protocol, but at the same time it is not so

immediate for designers to choose the best options for the intended application, and

to find the optimal solution.

Security aspects are also accounted for in the standard and they are addressed

with nodes choosing among three different security levels. Level 0: unsecured commu-

nications; it provides no measures for message authenticity and integrity validation,

confidentiality and privacy protection. Level 1: authentication but not encryption;

32



1.3 Wireless Technologies for BANs

messages are transmitted in secured authenticated but not encrypted frames, pro-
viding measures for authentication and integrity validation but not confidentiality
and privacy protection. Level 2: authentication and encryption; it results in the
most secure transmission conditions provided by the standard. The security selec-
tion sets off a security association between devices for activating a pre-shared master
key, or generating a new one. As part of message security, replay protection is also

provided [I8].

1.3.2 IEEE 802.15.4 Standard

IEEE 802.15.4 wireless technology is a short-range communication system originally
intended to provide applications with relaxed throughput and latency requirements
in PANs. The key features concern low complexity, low cost, low power consumption,
and low data rate transmissions, to be supported by either fixed or moving cheap
devices. The IEEE 802.15 TG 4 [92] released a standard focused on the definition of
the PHY and MAC layers for the implementation of WSNs [8Y]. At the upper layers,
which are out of the scope of the standard, one of the most used solutions is the
ZigBee protocol stack, specified by the industrial consortium ZigBee Alliance [93].
The standard specifies a total of twenty-seven half-duplex channels across three

unlicensed frequency bands, whose allocation is detailed hereafter:

e 868 MHz band: it consists of a single channel covering the band between 868.0
to 868.6 MHz, and it is used just in the European area. A data rate of 20 kbit/s
is available, achieved with a Direct Sequence Spread Spectrum (DSSS) Binary
Phase Shift Keying (BPSK) modulation scheme.

e 915 MHz band: it ranges between 902 and 928 MHz, where ten channels with a
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data rate of 40 kbit /s are available, implementing again a DSSS BPSK modula-
tion, but with different chip rate. It is used in the North American and Pacific

area.

e 2.45 GHz ISM band: it covers the frequency range from 2400 to 2483.5 MHz,
divided into sixteen channels with data rate equal to 250 kbit/s, whose center
frequencies, f., are defined by f. [MHz] = 2405+ 5 - (n. — 11), where n, =
{11,...,26} is the channel number [8Y9]. A DSSS Offset Quadrature Phase

Shift Keying (O-QPSK) modulation format is employed.

It is possible to notice that very limited bit-rates are allowed with this standard, and
this can be an issue for its application in some BAN scenarios where higher data rates
are required, such as audio and video streaming.

The lowest value of transmitted power should be as less than or equal to -32 dBm,
whereas the maximum limit shall conform to local regulations. Referring to a PER
less than 1% for a PSDU of 20 bytes, the minimum receiver sensitivity in the 2.45 GHz
band shall be -85 dBm.

At the MAC layer, IEEE 802.15.4 standard defines a protocol based just on a
CSMA /CA scheme, which is described in more details in Sec. B=Z1. The main func-
tions performed by the MAC layer are: association and disassociation, security con-
trol, beacon generation and scheduling management, generation of acknowledgment
(ACK) frames (if used), and finally, application support for the two network topology
possibilities described in the standard, i.e., the star and the peer-to-peer one [27].

The network coordinator can operate in one of two different modes, namely
beacon-enabled and non beacon-enabled, which correspond to two different chan-

nel access mechanisms. In the former case, a SF is established by the coordinator
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by sending a beacon packet. The SF is organized into three parts: a CAP, during
which nodes use a slotted CSMA/CA, a Contention Free Period (CFP), containing
a number of Granted Time Slots (GTSs) that can be assigned to specific nodes with
stringent requirements, and an inactive part. The coordinator may allocate up to
seven GTSs, but a sufficient portion of the CAP must remain for contention-based
access, which must assume a minimum duration. An example of the SF structure is
shown in Fig. 3. Interested reader can find more details on SF architecture and the

parameter set definition in [89].

Beacon . Beacon
' Active portion ! Inactive portion —le—
—— '
! CAP . CFP "
| >4 » i
I GTS GTS I
o] 1]2]3]4]5]6]7]s8]of10[11]12]13[14]15
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! beacon interval (BI)
<
<
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Figure 8—An example of the superframe structure

Figure 1.5: Example of IEEE 802.15.4 SF structure [8Y].

In the non beacon-enabled mode, nodes use an unslotted CSMA /CA protocol to
access the channel and transmit their packets and no SF structure is defined.

The description given above refers to IEEE 802.15.4 standard as defined in its
2006 version [8Y]. During these last years, several amendments have been issued to
complement and enhance its applicability. Among these amendments, it is worth
mentioning the IEEE802.15.4a [94] and the IEEE 802.15.4¢ [95]. The former con-
siders two alternative PHYs (UWB and Chirp Spread Spectrum) to support high
throughput, ultra low power consumption and high precision ranging and localiza-

tion, whereas the latter presents new MAC layer features to better support industrial
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markets.

The standard also defines an encryption algorithm to be used when cyphering the
data to transmit. However, no indication is provided about how the keys have to
be managed or what kind of authentication policies have to be applied, which are
left to the upper layers. The encryption algorithm used is the Advanced Encryption
Standard (AES) with a 128-bit key length, which is not only used to encrypt the
information but also to validate the transmitted data. This concept is called data
integrity, and it is achieved using a Message Integrity Code (MIC) that is appended

to the message [[8].

1.3.3 Bluetooth Low Energy and Other Candidate Solutions

Bluetooth wireless technology is a short-range communication system (up to 30 m)
intended to replace wires connecting portable and/or fixed electronic devices. The
key features of Bluetooth wireless technology are robustness, low power consumption,

and low cost [90].

There are two main core configurations of Bluetooth technology systems: Basic
Rate (BR), with optional Enhanced Data Rate (EDR), and Low Energy (LE). BR
is the “classic” Bluetooth, which allows a bit rate up to 3 Mbps when EDR is used.
The LE system includes features aimed at lowering device current consumption, and
reducing system cost and complexity as compared to BR/EDR. The BT-LE system
is also designed for use cases and applications with lower bit rates and duty cycles.
It targets small and cheap devices powered by button-cell batteries, such as wire-

less sensor devices, for several applications: sports and fitness (sport equipment and
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monitoring devices, speedometer, heart rate meter, pedometer), healthcare and ill-
ness treatment (weight scale, blood pressure monitor, glucose meter, pulse oximeter),
home automation and entertainment (remote controls, home sensors and switches),
automotive (tyre pressure monitoring, parking assistant, keyless entry), watch/wrist
wearable devices (music players and mobile phones remote controls, proximity detec-

tion) [27].

BT-LE specifications regard the whole protocol stack, where only star topolo-
gies are considered. Two implementation possibilities are defined: a single-mode
(stand-alone), designed for applications requiring low power consumption and small-
size devices, and a dual-mode implementation, which is an extension of the classic

Bluetooth radio more targeted at mobile phones and PCs.

The frequency band of operation is the 2.45 GHz ISM band, where forty channels of
2 MHz bandwidth each are defined, with center frequency, f., defined as: f. [M Hz] =
2402+n.-2 where n. = {0, ..., 39} is the channel number. The modulation is Gaussian
Frequency Shift Keying (GFSK) with a supported bit rate equal to 1 Mbps. For a
transmitter (Tx), the output power level shall be included in the interval between -
20 dBm and + 10 dBm. For a receiver (Rx), the reference sensitivity level is - 70 dBm,

defined as the receiver input level for which a BER of 0.1% is achieved.

At the Link Layer (LL), on top of the radio PHY, the channels are allocated into
two different types: advertising physical channels and data physical channels. The
three advertising channels are used for discovering devices, initiating a connection,
and broadcasting data. The remaining data channels are used for communications
between connected devices during normal operations. In both cases, channels are sub-

divided into time units known as events: advertising events and connection events,
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respectively [27]. On data channels, the communication is managed by a master
node, which defines the timings of transmissions and channel hopping procedures.

The functioning of the LL can be described in terms of a state machine with five

Initiating

Connection

Figure 1.6: Diagram of BT-LE Link Layer State Machine [90].

states, as shown in Fig. [@. The Standby State is the default one, where no packet
transmission or reception is allowed. From the Standby State is possible to move
to the Advertising, Scanning, or Initiating State, while it can be entered from any
other state. A device in the Advertising State is known as an advertiser, which
transmits advertising packets in advertising events and possibly listens and answers
to responses triggered by these packets. In the Scanning State, a scanner node listens
for advertising packets from advertisers. There are two types of scanning: passive
and active. When in passive scanning, just reception and not transmission of packets
is allowed. In active scanning, a node should listen for advertising packets and,
depending on the advertising type, it may request an advertiser to send additional

information. A device in the Initiating State is known as an initiator, which listens for
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advertising packets from specific devices and responds to these packets to initiate a
connection with the other device. Finally, the Connection State can be entered either
from the Initiating or the Advertising State. When in Connection State nodes can
send and/or receive data packets in connection events and they can assume the roles
of both master and slave. When entered from the Initiating State (i.e., after sending
a connection request), the Connection State will be in the master role, whereas when
entered from the Advertising State (i.e., after receiving a connection request), it will

be in the slave role.

BT-LE offers various security services for protecting the information exchange
between two devices. Most of the supported security services can be expressed in
terms of two mutually-exclusive security modes known as LE security mode 1 and 2.
Encryption and authentication techniques are also implemented using Counter with
Cipher Block Chaining-Message Authentication Code Mode and a 128-bit AES block
cipher. Some privacy features are also considered: devices hide their real address using
randomly generated addresses that change during time. Privacy is then guaranteed

since these random addresses can be resolved only knowing the proper key [96].

Since Bluetooth is a well-known and widespread technology, it could be a good op-
tion also for BANs. The most recent mobile phones and tablets come with dual-mode
Bluetooth radio, and some monitoring devices equipped with BT-LE can already be
found on the market (e.g., heart rate belts) [97]. The main drawbacks of BT-LE
are the lack of multi-hop communication capabilities and the limited scalability (only
star topologies are possible). It operates just at 2.45 GHz, which is actually an
overcrowded band already employed by many other communication standards (e.g.,

Wi-Fi or IEEE802.15.4). Furthermore, both Bluetooth and its low-energy version
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often need some user inputs to set up the communication link (e.g; devices pairing
phase). This can be very inconvenient in some applications where BAN are employed,
such as health monitoring in emergency conditions or rescue operations, where the
user is not able to interact with the devices or he/she should be focused on more

impelling tasks.

Even if the three standard solutions presented above are the major candidates
to be used in BAN scenarios, other proprietary technologies have been proposed
to address some more specific applications. Among them ANT [98] is a protocol
stack working at 2.45 GHz and designed for sensor networks that require ultra low-
power consumption [24]. It features simple design, low latency and a data rate of
1 Mbit/s, employing a TDMA-like adaptive channel access scheme [ll]. ANT+ is an
open alliance of over 200 member companies that defines health and fitness device
profiles and manages network keys, with the aim of bringing a full interoperability
among different manufacturer solutions. ANT devices have already been embedded

in some products, such as watches, heart rate monitors or pedometers.

Similar to ANT, Sensium [99] also provides a proprietary ultra low-power platform
for on-body health and monitoring applications. The network adopts a master-slave
architecture, where a bodyworn slave node periodically sends data to a central master
node, enabling remote monitoring of patients status. To reduce energy consumption,
only single-hop communications are allowed and nodes are in standby state except

when they transmit some data, which happens just in scheduled time slots [87].

Zarlink, now Microsemi [I00], developed an ultra low-power RF transceiver
(ZL70101) to be used in medical and implantable applications for reliable wireless

communications. It is extremely low-power consuming, supporting also a deep-sleep
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operational mode that can be interrupted by a specially coded message. Zarlink de-
vices have already been used in the implementation of a camera capsule that can be
swallowed by patients in order to transmit images from inside the human body [87].

Some other suitable proprietary technologies are for instance: Z-Wave [I01] and
Insteon [I0Z] for home automation application, or RuBee [I03] for operations in the

Low Frequency band. Interested reader is referred to the cited websites.

1.4 Conclusions

This chapter proposes a detailed description of different aspects related to BANs,
which are presented as the basic element in body-centric communications. Starting
from a taxonomy of possible application areas, the requirements that BAN system
design have to meet are commented in details. The wide variety of applications,
which lead to a heterogeneous set of technical aspects to be accounted for, demand
for robust and flexible protocols at both PHY and MAC layers. Finally, the wire-
less technologies considered for BAN communications are described, highlighting the
importance of the definition of a specific standard to foster the widespread diffusion
of these networks. Anyway, above all the regulations, standardisation processes and
market laws, a careful attention should be paid to the final user (i.e., a patient, an
impaired person or a general consumer), who has to perceive the real benefits and
lifestyle improvements of using such a technology, and hence promoting its develop-

ment.
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Chapter 2

Radio Channel Modeling for
On-Body Communications

This chapter proposes an experimental on-body channel model at 2.45 GHz. Some of
the most relevant contributions available in literature, dealing with the same topic,

are detailed in Sec. 2, highlighting the most interesting outcomes they present.

For the acquisition of the experimental channel data, a dedicated test-bed is set
up, which is detailed in Sec. 2, along with the measurements scenarios considered.
A specific section (Sec. EZZ3) is devoted to the description of the radiation and pro-

pagation characteristics of the two antenna types employed for the acquisitions.

The proposed model characterises the on-body channel power transfer function as
composed by a mean channel gain and fading contributions, which are described in
Secs. 2231 and 2232, respectively. An additional subdivision between long- and short-
term fading is considered, to account for different propagation phenomena occurring

in the BAN context.
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2.1 Related Works

Studying the influence of the body proximity on antennas radiation characteris-
tics [[04,[05], or investigating the physical principles behind the propagation of radio
waves on the human body [I06], has attracted researchers interest since late 90s. The
propagation mechanisms on and around the human body are very specific, mainly
combining free space propagation, diffractions (creeping waves), and reflections from
the environment, resulting in peculiar channels as compared to more classical ones,
such as indoor or urban [107]. These preliminary works served as a basis for the first

investigations on on-body channels characterisation, which date back to 2002 and

Since then, several studies have been performed and contributions come from dif-
ferent European and non-European institutions. Among them, some works of notable

importance are provided by ETH Zurich (Switzerland) [I10], IMEC (Netherlands),

University of London (United Kingdom) [3,114] and the Queen’s University of Belfast
(United Kingdom) [IT5,116]. Worldwide, other works come from NICTA (Australia)

or NICT (Japan) [IIT7-119], just to mention few examples.

The approaches to channel modeling can be classified into analytical and
experimental-based. In the former case, theoretical description of electromagnetic
phenomena is used to describe specific aspects of the propagation on the human
body, such as the effect of tissue properties on antenna patterns. Examples of such

sidering waves propagating on the human body, the latter modeled as as an infinite
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lossy cylinder. The models derived are validated through the comparison with some
experimental data. Another interesting study is presented in [I22], where creeping
waves theory is used in the prediction of surface waves attenuation on curved sur-
faces (i.e., human head and waist) [I23]. The mathematical soundness of this kind of
models is unquestionable, anyway they are extremely demanding in terms of compu-
tational cost, especially if the effect of the body movement or the environment has to
be considered. To that purpose, experimental model can naturally include these as-
pects while performing measurements, leading to more realistic models that account
at the same time for different sources of channel variability. The price to pay is a
cost in terms of time taken to perform measurements and the technical equipment
needed. Since the model presented in this chapter belongs to the latter class, the rest
of this section will focus just on this kind of modeling approach, surveying some of

the most notable contributions proposed in literature based on experimental data.

Considering the wide range of channel characterisations available, a detailed de-
scription of each of them would not be useful, resulting in a confused list of modeling
approaches and statistical parameters. Similarly to what is proposed in [[24], a more
functional description comes from the discussion of the proposed models sorting them
according to the propagation aspect they mainly focus on, with a further classification
according to the investigated frequency band, whether narrowband or UWB. Even
if IEEE 802.15.6 standard consider HBC communications as one of the envisaged
PHY layer for BAN, channel models referring to that band are not considered in this

overview, due to the specific propagation mechanisms characterising it. Interested
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As a general comment, it will be shown how results coming from different institu-
tion and different measurements are widely dispersed, even when referring to similar
controlled environment, as an anechoic chamber. Reasons to that are manifold; first
of all, it points out a lack of standardised measurements procedures and data analy-
sis. Secondly, it underlines the strong dependency of the on-body channel on multiple
sources of variability, such as population, body posture, and movements. Finally, the
statistical approach used seems to be not wide enough to offer a model of general
applicability, not just related to the specific investigated scenario [T27]. Moreover,
the homogenisation and the comparison of the different models is made difficult by
the fact that antenna effect can be hardly de-embedded from the measured channel
data [I28]. Indeed, antenna/body interaction strictly depends on the specific on-
body node position. The same applies to the energy absorbed by the body, which
is also related to antenna’s total efficiency. For some antenna types the effect of
the body proximity can be minimised by shielding them from the body with ground
planes. However, the orientation of the on-body device, which has an effect on the
antenna gain and on its polarization, is difficult to measure with accuracy. Therefore,
antennas are considered to be an integral part of the channel model [129]. One of
the first contribution aiming at studying antenna decoupling possibilities in on-body

channels is presented in [I30].

Distance or Link Dependent Phenomena

A large part of the works focusing on the characterisation of on-body channels at-
tempts to model the expected path-loss as a function of the distance separating Tx

and Rx, and hence to determine the path-loss exponent through a best-fitting of the
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experimental data [124].

In this direction, the first model that has to be mentioned is the one proposed
in the IEEE 802.15.6 channel model document [5], under the name of CM3. It is
actually a collection of three models characterising the radio channel at different
frequencies (i.e., 400, 600, 900 MHz, and 2.45 GHz), plus a dedicated one for the
UWB. While the first two narrowband sub-models are certainly distance-dependent,
accounting just for static measurements, the last one goes more in the direction of a

scenario-based approach, as it will be better described further in this section.

Other contributions proposing a distance-dependent path loss model can be found
in [29,31-133] for the narrowband channel in static conditions, and in [0, 32-137]
for the UWB in both static and dynamic scenarios. Results show a very wide variation
of the extracted path-loss exponents for both narrowband and UWB, even within
similar environment and measurements conditions. This suggests the idea that this
modeling approach is poor, and that node location and environment play a more
important role in channel characterisation, than Tx/Rx distance [T24]. Moreover,
according to the specific node relative position, path-loss values can be significantly

affected by the body posture and by the movement performed.

To account for all these sources of channel variability, a scenario-based approach
seems more appropriate, as previously introduced in the 802.15.6 model, but very
few works in literature provide contributions in this direction. Some examples are
proposed in [[38-0147]. In these cases, for a given operating frequency, a scenario
is defined not just by the node position, but also by the environment and by the
movement performed. This latter aspect allows to account for the time-varying chan-

nel characteristics, improving static approaches that tend to generate less realistic
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and possibly misleading models. Since this thesis proposes a scenario-based on-body
channel characterisation, some more details on the contributions following a similar

approach are reported hereafter.

In particular, in [I49] narrowband quasi-static measurements (i.e., a sequence of
static acquisition emulating the evolution of body posture while moving) at 2.45 GHz
are performed in anechoic chamber, to highlight the effect of body posture. A log-
normal distribution of the variation of the path-gain around its mean value is proved,
without any separation between short- and long-term statistics. A similar pseudo-
dynamic measurements method is used for UWB investigations in [I12, 143, 144],
to reproduce human walking and arm movement. Improvements to these models
are proposed in [[40], where measurements are performed at 2.45 GHz for different
types of movements in an indoor environment, considering several node positions and
antennas types. Short- and long-term fading are separated by averaging channel data
over a sliding temporal window. Their values results to be well modeled by a Rice
and a log-normal distribution, respectively. More details on works focusing on the
characterisation of short-term propagation phenomena will be given further in this

section.

Authors in [T41,I45] propose a statistical characterisation of the short-term fad-
ing for indoor and outdoor environment at 2.45 GHz using a Nakagami distribution.
Nodes are placed in different on-body positions. When the user is stationary, very
little fading is observed and Nakagami-m parameters are always > 1. Compared to
this, the m parameter is found to significantly decrease in mobile conditions, showing
that motion acts to increase the diffuse on-body component experienced by body-

worn devices. On-body fading is also found to increase when the user moves from
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anechoic to multipath conditions [I41]. The same group of authors performed similar

investigations in the frequency band at 868 MHz [[[1H].

Measurements by NICT investigate the channel at 4.5 GHz [148,147] for different
node positions. The scenarios measured in anechoic chamber are: standing position,
walking on the spot, and up-down movement. The authors propose three different
distributions of the relative path-gain: normal or log-normal ones seem the best
solutions for static or quasi-static scenarios, while the Weibull distribution can be

employed for larger movements.

Another notable work has been carried out by NICTA in [I38] focusing on two
frequencies relevant for BAN applications: 820 MHz and 2.36 GHz. The human
subject was asked to perform three different actions: standing still, walking and
running on the spot. The analysis carried out for several antenna positions shows
that a unique statistic is not suitable for describing all the scenarios for the three
movements, also highlighting the dependency on the specific frequency. Despite the
fact that different statistical behaviors are considered according to the scenario, these
results were integrated in the final IEEE 802.15.6 channel model [G6] merging all the

scenarios [[07)].

Finally, one of the latest scenario-based on-body channel models is the one pro-
posed in [I39]. Results refer to several on-body node positions, and measurements
where performed both UWB and narrowband al 2.45 GHz, in indoor and anechoic
environment for dynamic scenarios. An analysis of mean channel gain, long- and
short-term fading, and shadowing correlation is presented with emphasis on the dif-
ferences given by the human body variability and the movement conditions. Starting

from this work, the characterisation proposed in this thesis describes the channel
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model as composed by three contributions, each one accounting for specific propaga-
tion phenomena such as body movements and Multipath component (MPC) fading
environment. With respect to similar model available in literature, the proposed one
comprehensively accounts for several sources of channel variability as the node posi-
tion, the human subject, the environment considered and the time-variability brought
by users movement. Moreover, antenna effect on channel characteristics in also inves-
tigated, repeating measurements with two different types of devices. The aim is not
to define the overall best performing antenna for on-body applications, as proposed by
other works [[14,T40], but to assess how different radiation and polarization features
affect channel characteristics, with a particular focus on the impact on each channel
model component. First- and second-order statistic are also provided; results similar
to those proposed in [I41] are found to describe the short-term fading. Nakagami
distribution is here replaced by a Rice one, which was found to provide an extremely
good fit to the experimental data (comparable to the former), while assuring easiness

of use and implementation.

Small-scale Phenomena

As briefly introduced above for the scenario-based approaches, literature proposes a
wide range of first-order small-scale statistical descriptions both at narrowband and
UWRB, particularly focusing on indoor environment, where the MPC contribution is
more important. Authors of [124] present an useful summary of the most considered
fitting distributions, among them the most commonly used are the lognormal, followed
by the Nakagami and the Ricean one. Each of these statistical descriptions is related

to a physical propagation scenario leading to a specific fading environment, which

50



2.1 Related Works

can be more or less adapted to the BAN case. For example, the Rice distribution
describes a fading signal where a main dominant propagation path predominates over
the scattered MPC within one single cluster of multipath waves. On the opposite, the
Rayleigh statistic considers the case where there is no such dominant component, and
the propagation takes place mainly due to the combination of the secondary paths
arising from reflections and diffractions on the surroundings. Generally, Rayleigh dis-
tribution results to be a good fit in classical mobile radio channels, when the different
multipaths are additive in the linear domain according to the central limit theorem.
This is not the case for the BAN context, where fading is not well modeled by this
distribution and the best fitting is often provided by the lognormal one, especially in
the UWB [, 11, 14R]. This is reasonable considering that BAN channels, particu-
larly those with large bandwidths, contain a large number of factors that contribute
to the attenuation of the transmitted signal (i.e., body presence, environment, user

movement), which are additive in the log-domain, indeed [I24].

Apart from the lognormal distribution, other statistics properly modeling nar-
rowband fading channels are the gamma one, followed by the Weibull [I1T7,T38]. In
particular, the use of a gamma distribution shows how BAN fading channels are often
dominated by a shadowing effect [T49]. For its ease of use and manipulation, Nak-
agami statistic is also considered to describe the on-body small-scale fading, and it
often results in a good fitting [I15,141]. Even if it was extracted from on-the-field
measurements and no theoretical derivation was originally provided, authors in [I50]
propose a physical model for these type of fading channels, where the signal can
be seen as composed of a cluster of multipath waves with no dominant components

within any cluster, which can be the case in a general BAN scenario.
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Given this general overview, it is worth mentioning that each of the proposed
statistical description provides its own parametrisation to describe on-body small-
scale phenomena. This lead to a great dispersion of the results and the choice of the

most appropriate solution is extremely hard for any designer.

To complete the channel characterisation, several of the discussed models also
investigate important second-order statistics, such as the Average Fade Duration
(AFD) and Level Crossing Rate (LCR) [R, 38,140,145, 151]. Results show again a
high degree of variability since these parameters are highly dependent on channel
dynamics, as defined by rate and amount of body movement according to the node

position.

Finally, even if not specifically addressed in this thesis, time and space correlation
aspects for on-body channels should be at least mentioned. Both these parameters
give important information for system design, and some works in literature focus on

their investigation.

Time correlation can be evaluated through the channel autocorrelation and it is
used to determine its coherence time, helping in the definition of the proper packet
length or in the estimation of the time interval during which a successful transmission

is possible according to channel conditions [I52-154].

As for the space correlation, it is defined as the cross-correlation level between
different on-body links [8, (55, [56]. Its evaluation can be helpful in defining the
cooperation possibilities among nodes of the same BAN, as suggested in [60, 511,
highlighting whether they are experiencing similar channel conditions and if they
are suitable to be used as communication relays in the case where the direct link is

temporarily unavailable.
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2.2 On-Body Channel Measurement Campaign

To study the time-variant characteristics of the on-body radio channel, a specific mea-
surement test-bed is set up to operate in the time-domain. Several node positions on
the human body are accounted for and acquisitions are repeated in various measure-
ment conditions, combining different environments and movements performed by the
user. Two sets of antennas are used, to highlight the impact of their polarization and

radiation characteristics on the time-variant components of the radio channel.

2.2.1 Channel Measurement Test-bed

As already pointed out in Sec.El, radio links performance are strongly affected by the
body presence and by its movement; hence, catching the time-variant features of the
BAN channel is of primal importance for a realistic characterisation. The dedicated
test-bed set up to allow the dynamic acquisition of channel data is shown in Fig. 271

The transmitting side is mainly composed of a Picosecond Pulse Lab [I57] pulse
step generator, connected to a Power Amplifier (PA) through two impulse forming
filters, the latter allowing to fit the desired pulse shape into the bandwidth from 2 up
to 9 GHz. The PA delivers +37 dB gain (£ 3 dB) in the frequency band of interest,
and it is connected to the Tx antenna. More details on the radiation characteristics
of the antennas employed in the measurements are given in Sec. ZZ23.

At the receiving side, four antennas are connected to as many Low-Noise
Amplifiers (LNAs), each one delivering +42 dB gain (£ 2 dB) in the frequency band
of interest. It is worth noting that LNAs should be placed just after the Rx an-

tennas front-end, in order to reduce the global noise figure as much as possible. To
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Figure 2.1: Measurements test-bed for on-body channel investigations.

complete the receiving side, a wideband digital oscilloscope by Tektronix [I58] al-
lows to sound up to four channels at the same time, collecting four channel impulse
responses (CIRs), h;;(t,7). Each of them corresponds to a different on-body link
composed by the i-th Tx and the j-th Rx. Connectors and RF cables complete the
test-bed description. It is worth saying that cables can potentially affect the quality of
the measurements, considering their proximity with both the Tx and Rx devices and
the positioning on the subject’s body. No detailed characterisation of their possible
effects was performed, but some countermeasures were adopted to limit their impact
on the acquisitions. First of all, cables were connected as to be orthogonally oriented
with respect to antenna’s main polarization and ferrite beads were placed close to
the antenna/cable junction to prevent harmful interferences. Moreover, cables were
tightly placed on the human body using some velcro strips to hold them in the same

position, avoiding inconvenient displacements during dynamic acquisitions.

Given the complex set-up described above, a calibration procedure is needed in
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order to extract just the channel behavior. This was practically realised by decon-
voluting the effects of the different elements composing the test-bed chain out of the
acquired data, thanks to a preliminary end-to-end calibration measurements. Any-
way, the effect of the antenna, which can be hardly deembedded from the acquisitions,

is part of the model.

The oscilloscope works with a time window of 200 ns and a sampling rate of 12.5
Giga Sample per Second (corresponding to a time resolution of 80 ps), resulting in
a total number of 2500 recorded points per CIR. The duration of each acquisition,
Tops, is set to 3 s, which is considered to be enough for an user to perform an entire
movement cycle, whether walking or bending (as it will be described in more details
in Sec. ZZ2). The number of acquired CIRs per channel, N, is equal to 22500,
which is the maximum available at the oscilloscope. However, in order to deal with
high Signal-to-Noise Ratio (SNR) signals, some averaging procedures are needed in
the post-processing phase. To chose the most suitable averaging factor, Na,4, some
empirical tests were realised to quantify the test-bed noise floor reduction as the
averaging factor increases. Considering that some preliminary tests showed channel
attenuations up to -70 dB for the considered on-body scenario, the N4, values is set to
150. This results in a noise floor of approximately -95dB, which is considered enough
to achieve high SNR signals. Given the choice made for the averaging parameter,
the total number of CIRs to be used for the channel characterisation is then given
by: N = N,/N 4y = 22500/150 = 150. The corresponding time interval between two
consecutive CIRs is defined as: 6, crr = Tops/Navg = 35/150 = 20 ms, which is a
a good trade-off between signal dynamic and channel variability over time (i.e., the

channel can be considered stationary over d,crg, assuming an average human speed
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in common activities in the range between 0.5 and 2 m/s).

In the perspective of investigating the time-variant properties of the BAN channel,
the set-up described is extremely interesting since it allows gathering the signals
coming from different antenna positions while the subject in moving. This being
representative of realistic applications, where multiple on-body sensors co-exists in

the same BAN and send data to a central coordinator node.

2.2.2 Measurement Scenarios

To evaluate the impact of different on-body node positions on the definition of channel
characteristics, the four receiving antennas (Rx; with j = 1,2,3,4) are located at
the same time on the user’s right and left hand, right thigh and left ear. The Tx;
(1 = 1,2,3) is placed alternatively on the right ear, on the chest and on the left hip
of the same subject, as shown in Fig. 22 [I1]. It is worth noting that the distinction
between Tx and Rx is done in relation to the specific measurement set-up considered,
but given channel reciprocity these definitions can be inverted. All the acquisitions
are performed both in anechoic premises and in a (4.6 x 6.6) m? indoor office equipped
with some standard furniture. In the anechoic chamber a catwalk of 3 m, realised
by solid RF absorber, is placed to allow human movements. Anyway, the presence
of some portions of uncovered metallic floor makes the environment not perfectly
anechoic.

In order to account for the variability brought to the channel by differences in
human body shape and tissues properties, four human subjects are involved in the
measurements. Their main physical characteristics are summarized in Tab. 2.

To be able to reproduce the same antenna emplacement on the different subjects,
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3: Right

Figure 2.2: Node emplacement for on-body measurements.

some reference points are adopted for each node location.

For every Tx; position, each subject performs different actions:

e two acquisitions while walking over a distance of 3 m. Considering the duration
of each acquisition Tp,s = 3 s (see Sec. Z22), this results in an average walking

speed of approximately 1 m/s;

e two acquisitions while standing up and sitting down on a chair (i.e., bending).
Given some mechanical constraints on the antenna connector, this movement is

not performed for the Tx located on the left hip;

e two acquisitions while standing still. These measurements are performed just
in the anechoic chamber, therefore the only source of channel time-variability

is related to the human breathing and not to a specific movement.

Considering all the acquisitions performed, the total amount of CIRs available for

the post-processing is in the order of 5 x 10 per Tx position per environment, which
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Table 2.1: Physical characteristics of human subjects involved in on-body channel
measurements.

Weight [Kg] | Height [cm] | Sex
Sub A 63 169 M
Sub B 45 160 F
Sub C 74 175 M
Sub D 61 170 F

is considered a consistent data base to extract a statistical characterisation for the

radio channel.

2.2.3 Antennas

In order to study the antenna effect on radio channel, all the experiments described
above are repeated with two sets of antennas with different characteristics: Wideband
Planar Monopoles (PMs) and TLMs (see Fig. Z3). Antennas free-space properties are
reported hereafter for the sake of completeness, along with the realised gain elevation
patterns in Fig. P4, showing a more important cross-polarization component for
PMs than for TLMs (red curve in Fig. Z4a). As a matter of fact, antennas radiation
characteristics result to be influenced by the presence of the human body according
to their location and related tissue properties. However, the aim of this work is not to
de-embed the antenna from the radio channel, but to investigate how radio channel

model is differently affected by a specific antenna type in the BAN context [I1].

PM is a 25x35x0.8 mm?® wideband notch antenna with integrated balun, charac-

terised by 70% total efficiency at 2.45 GHz in free space. It is worth noting that
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(a) (b)

Figure 2.3: Antennas for on-body measurements: (a) PM and its orientation with
respect to the body surface; (b) TLM and its orientation with respect to the body
surface.

antenna efficiency is generally reduced by the proximity to the human body, in par-
ticular for devices not presenting a ground plane in their layout, as in the PM case.
To limit this effect, a 5 mm thick dielectric foam was used to space these antennas
from the body surface. It was verified that devices impedance properties were kept
almost unchanged even when mounted on the user’s body, except for an expected de-
formation of the radiation pattern. As shown in Fig. P3a, positioning these antennas
parallel to the body surface results in PMs main polarization tangentially oriented

with respect to it.

TLM is based on a wire-patch monopole design [T59] fed by a strip-line within the
antenna ground plane, whose dimensions are 50x50x11.5 mm?. It presents 70% total
efficiency from 2.36 up to 5 GHz even when placed on-body, thanks to the presence
of a ground plane reducing body influence. TLMs, which presents a good monopolar
behavior, were actually designed to result into a normal polarization with respect to

the body surface (Fig. Z3b).
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+180 plane

Figure 2.4: Antennas for on-body measurements: (a) realised gain pattern in the air
for PM (YoZ plane); (b) realised gain pattern in the air (XoZ plane) for TLM. In
gain pattern charts: co-polarization (blue line), cross-polarization (red line).

Even if a deep study of antenna/body interaction is out of the scope of the present
work, it was verified that antennas impedance matchings were maintained even when
on-body, as shown in Fig. ZZ3. It can be seen how the reflection coefficients for both
antennas (PMs on the left (a) and TLMs on the right (b)) lie below the threshold of
-7 dB in the frequency band of interest, in particular at 2.45 GHz. As expected, plac-
ing the antennas on the body (dashed curves) results just in a shift of the resonant
frequencies with respect to the free space case (continuous curves), but no impor-
tant mismatching effects have been observed. Each color in the figures refers to one
antenna sample, and on-body measurements were obtained placing the devices on a

standardised phantom [I60].

2.3 On-Body Channel Modeling

Realistic model for the on-body radio channel should properly account for the different

sources of variability affecting it. More than the physical distance separating the ends
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Figure 2.5: Antenna’s reflection coefficients: PMs (a) and TLMs (b). Free space
(continuous curves) and on-body (dashed curves) characterisation, each color (blue
and red) referring to one sample of the antenna type considered.

of the communication link, important factors having an impact on the definition of

channel characteristics are:

e Human factor: it accounts for the heterogeneity brought by human bodies in
terms of shape, tissue dielectric properties, and the way in which each human

subject moves.

o FEnvironment factor: it refers to the variability introduced by the specific envi-

ronment considered, whether indoor, outdoor, or anechoic.

e Antenna factor: antennas with different radiation and polarization characteris-
tics may have a different impact on the transmission channel; indeed, they can
result more or less adapted to the specific propagation environment realised by

the human body surface.

o Movement factor: time-variant characteristics of the on-body links are strongly

61



Chapter 2. Radio Channel Modeling for On-Body Communications

affected by the type of movement performed by the user. Dynamic acquisitions

are then required to account for this type of channel variability.

To consider the effect of all these variables, a scenario-based approach is used for
channel modeling, where a scenario S is defined by the Tx/Rx position on-the body,
the human subject, the environment, the antenna type, and the movement performed.

For every scenario S (i.e., for each link under investigation in every measurement
condition considered), the time-dependent channel power transfer function, P, (), is
evaluated by averaging the modulus of the channel transfer function, H; (¢, f), over

the band of interest B (in this case B = 10M H z):

Pi(t) = %/B \H;j(t, P)Pdf = Gy S j(t) % Fyj(t). (2.3.1)

G, ; represents the mean channel gain, S;;(t) is the long-term fading or shadowing,
mainly due to the masking effect of the human body and to its movement. Fj;(t) is
the short-term fading that accounts for the effect of the MPCs arising from reflections
and diffractions from the environment or from the body itself [8].

It has to be specified that, even if the acquisitions are performed wideband accord-
ing to the test-bed described in Sec. 2221, the channel model and the results that are
presented in this section refer just to the frequency range centered at f = 2.45 GHz
in the ISM band.

An example of the acquisition performed is shown in Fig. 2@, which presents the
evolution over time of P, ;(¢) in dB (dashed curves) while the subject is walking in
indoor environment. Each color refers to one of the on-body link, considering the Tx
placed on the user’s left hip.

The comparison between Fig. P8 and Fig. P70 (the latter is equivalent to the

former but referring to a static case, where the subject is standing still in the anechoic
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chamber), highlights how the node position and the movement performed affect the
dynamic evolution of P, ;(¢). This effect is particularly evident when focusing on the
slow-varying component of the power transfer function, S;;(¢) (continuous curves).
It represents the shadowing impact of the body that dynamically masks the direct
communication link according to the subject movement. For example, following the
trend of the continuous blue curve (hip/right hand link) in Fig. E8, it is possible
to retrace the swinging movement of the arm during the walk. The dips of the
curve refer to the moments where the arm is behind the subject’s torso, i.e., the body
completely shadows the communication, resulting in strong channel attenuations. On
the opposite, shadowing phenomena are quite moderate in static conditions (Fig. P77)
where no movement is performed, and the slight variations of channel P, ;(t) are due
to the breathing of the user [I].

More details on channel model components, and the effect of antenna radiation

characteristics on each of them are given in next sections.

2.3.1 Mean Channel Gain

For a given channel transfer function, H;, ;(¢, f), the total power, G, ;, also referred to

as mean channel gain, is evaluated as:

1 Tobs 9
Gij = Tobs—B/o /B|Hi7j(t,f)| dfdt; (2.3.2)

where T,,, = 3 s, i.e., the duration of each acquisition. The mean channel gain is a
key parameter to determine the SNR level (averaged over long- and short-term fad-
ing) that a wireless system can achieve. The averaging operation over B in Eq. P23
implies that the dielectric constants of the materials, and all propagation phenom-

ena related with them, do not depend on the frequency at least for the bandwidth
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Figure 2.6: On-body channel power transfer functions: Tx on left hip, TLM antennas,
indoor, walking.
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Figure 2.7: On-body channel power transfer functions: Tx on chest, TLM antennas,
anechoic, standing still.
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Table 2.2: G, ; values - Tx on Right Ear - Anechoic Chamber

Rxs Planar Monopole || Top Loaded Monopole
po [dB] | 0o [dB] || po [dB] oo [dB]

., | Right Thigh | -72.53 5.96 -55.13 3.29
= | Right Hand | -64.61 | 449 | -53.82 3.92
g Left Hand | -74.89 2.63 -66.59 4.98

Left BEar | -58.54 6.05 -35.81 0.82
o | Right Thigh | 7227 | 358 _56.77 2.99
= | Right Hand | -61.83 5.41 -54.20 2.97
g Left Hand | -73.82 |  3.26 -61.52 3.62

Left Ear | -57.41 8.28 -36.33 1.56
oo | Right Thigh | -76.22 3.05 -53.82 1.99
= | Right Hand | -67.77 |  2.47 -49.92 2.47
& | Left Hand | -78.83 2.05 -66.87 3.43
P Left Bar | 6802 | 412 | -33.69 0.81

considered.

Tabs. and 223 list the results for G;; in dB, given through its mean (uo)
and standard deviation (og), according to the specific measurement scenario S. The
analysis is performed gathering the mean channel gain values of all subjects, so that
oo accounts for the heterogeneity brought by the human bodies in terms of shape,

tissue dielectric properties and small variations of the nodes position.

Even if these results refer to the case for the Tx on the ear, they are useful in
drawing some general considerations on the differences in antenna behavior, which
also apply to the other investigated Tx positions. The complete set of results, which

are not reported here for the sake of briefness, can be found in Appendix Al First of
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Table 2.3: G;; values - Tx on Right Ear - Indoor

Rxs Planar Monopole || Top Loaded Monopole
1o [AB] | o0 [dB] || s [dB] o0 [dB]
., | Right Thigh | -67.01 2.77 _57.57 1.84
= | Right Hand | -59.18 | 227 | -53.31 3.19
g Left Hand | -65.67 |  4.63 _57.57 0.91
Left BEar | -54.67 |  4.73 -37.01 2.00
o | Right Thigh | 6593 441 _57.78 2.56
= | Right Hand | -61.22 2.50 -55.18 1.95
g Left Hand | -64.79 |  3.63 -58.00 1.52
Left Ear | -55.44 6.33 -36.43 2.08

all, PMs generally present smaller values of G; ; as compared to TLMs (see Fig. IR).
This can be explained considering that tangentially polarized antennas, as PMs are,
do not help creeping waves propagation on the body, resulting in larger channel
attenuations [I61]. As a consequence, this effect is even more evident for the links
with a strong on-body propagation component, such as chest/thigh, hip/thigh or
ear/ear (see Tabs. 2 and P3).

Moreover, the two antennas show a different behavior according to the environ-
ment considered. Indeed, PMs present larger mean channel gains in indoor than in
anechoic, while TLMs show similar G;; values in both environments, with anechoic
results just few dBs smaller than those in indoor. For the links considerably masked
by the human body (such as right ear/left hand), this effect is even more stressed,
with G} ; values up to 10 dB larger in indoor than in anechoic premises when PMs are
used. This is reasonable considering that in the anechoic chamber the propagation is

mainly due to creeping waves traveling on the body, whereas in indoor the presence of
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Figure 2.8: Comparison of G, ; values for the two antennas types: TLM and PM. Tx
on left hip, anechoic chamber, standing still.

a more significant MPC leads to an additional energy contribution (i.e., larger mean
channel gains). Antennas with normal polarization with respect to the body surface
enhance on-body creeping waves diffusion, and hence the difference between the G; ;
values in indoor and anechoic is less significant for TLM, as compared to PMs.
Finally, PMs present larger values of oy with respect to those found for TLMs,
probably indicating that the former are more influenced by the body presence, due
the lack of a ground plane in the antenna design that can help in the reduction of the

human body impact on channel variability.

2.3.2 Long- and short-term fading

The power transfer function, P ;(¢), can be also decomposed in a long-term fading,
also known as shadowing, S;;(t), and a short-term one, F;;(t), as highlighted in

Eq. 230
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Figure 2.9: Shadowing trends for two subjects performing two types of movements:
walking (a) and bending (b). Tx chest, Rx left hand.

In classical wireless systems, the long-term fading normally accounts for the sha-
dowing effect of some obstacles that obstruct the direct link between nodes. For the
specific case of BANs in on-body communications, the definition of shadowing de-
scribes the condition where the human body itself acts as an obstacle to the main
direct transmission path, which evolves according to the movement performed as pre-
sented in Fig. 8. This effect is particularly evident when one of the antennas is
placed on a limb (hand or leg). The specific type of action, and the way in which
each user performs it, affect the shadowing characteristics, as shown in Fig. 29 that
compares S; ;(t) trends for two subjects (subjects C and D in Tab. EO) and two
movements (walking in Fig. P9a and bending in Fig. 2Z9b).

Si j(t) is evaluated for each scenario S, gathering the data of the whole population
of human subjects. A low-pass filter, which is practically realised by averaging the
recorded channel data over a sliding temporal window of 320 ms, is used to extract

the shadowing contribution. The window size is empirically determined to allow the
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extraction of smooth shadowing curves, able to accurately follow the slow variations
of P, ;(t). It is kept unchanged for every subject, and it is chosen as to present the
best compromise between the accuracy in the shadowing extraction and the variances

in walking styles or average speeds of the test subjects.

Shadowing values in dB are statistically described by a normal distribution,
Sij(t) «~ N(0,0s), where the standard deviation og accounts for the slow varia-
tions of P, ;(t) due to the body shadowing effect. As an example, Tab. 24 lists the
og values considering the Tx placed on user’s chest. Results referring to the other Tx

positions are reported in Appendix [Al.

Generally, PMs present larger values of og as compared to those found for TLMs,
meaning that they are more affected by the shadowing effect of the body and by its
movement. Indeed, normally polarized antennas, helping creeping waves propaga-
tion around the body, present a dominant main path that overcomes the secondary
paths generated by reflections on the body, resulting in a smaller long-term fading

contribution.

Furthermore, the shadowing effect is generally less important in the indoor envi-
ronment, since the propagation occurs also by reflections on the surrounding environ-
ment. This somehow mitigates the masking effect of the human body, resulting in

smaller og values than in the anechoic chamber.

Fig. 210 presents the evolution over time of the slow-varying component of P, ;(¢)
for the chest/left hand (circle marker) and hip/left hand links (triangle marker) for

both the antenna types: in blue the PMs and in red the TLMs. Focusing on the
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Table 2.4: og values in dB - Tx on Chest

Anechoic Indoor
PM | TLM | PM | TLM
Right Thigh | 3.20 | 1.07 | 1.82 | 1.40
Right Hand | 4.34 | 3.46 | 2.99 | 2.57

Left Hand | 4.33 | 3.67 || 4.21 | 1.97

Left Ear 0.97 | 1.06 | 1.96 | 1.50

Right Thigh | 4.09 | 2.01 || 3.14 | 3.22
Right Hand | 3.13 | 2.15 || 4.42 | 3.85
Left Hand | 5.25 | 2.57 || 4.93 | 2.83

Left Ear | 1.15 | 1.12 | 2.39 | 0.90

Rxs

Walking

Bending

curves referring to the chest/left hand link, both antennas types present approxi-
mately the same trend, with some slight differences possibly due to movement repe-
tition mismatches. On the opposite, for the hip/left hand link, antennas behavior is
completely different, up to the condition where PMs present better performance than
TLMs. This comparison highlights the importance assumed by the node position on
the definition of channel characteristics, jointly with the specifities of the radiating
device.

As for the short-term fading, F; ;(t), it accounts for the effect of the MPC aris-
ing from reflections and diffractions on the human body and/or on the surrounding
environment. Fig. EZTT shows that F; ;(¢) linear envelope values is well modeled by
a Rice distribution, which is defined by its K-factor according to the expression:
K =1%/(2-0%), where vp and o are the non-centrality and scale parameters of Rice
distribution, and K represents the ratio between the power associated to the direct

path and the contribution coming from the MPC.
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Figure 2.10: Slow-varying component of P, () for chest/left hand (circle marker) and
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Tab. 23 lists the results obtained based upon the Akaike Information Criterion
(AIC) [162] applied to the experimental data for the case where the Tx is on user’s
chest when both antennas are used. LCR values in Hz, given with respect to a 0 dB
threshold, are also reported. TLMs present larger K-factors as compared to PMs,
meaning that the channel experiences smaller amplitude fading episodes. Higher K-
factors are due to the presence of a main propagation path with stronger energy
contribution, which confirms the hypothesis of an on-body creeping wave compo-
nent enhanced by the use of TLMs. This difference is particularly relevant for the
chest /thigh and chest /ear links, where the propagation happens mostly by diffraction
on the body surface, and dissimilarities in antenna behavior are even more stressed.
This trend is confirmed by the LCR, with larger values for PMs than for TLMs,
meaning a more important and more frequent short-term fading contribution in the

former case.

Table 2.5: Fast Fading Statistics - Tx on Chest - Indoor

Rxs Planar Monopole || Top Loaded Monopole
K | LCR[Hz] | K LCR [Hz]
., | Right Thigh | 3.03 9.06 69.75 5.56
= | Right Hand | 3.29 8.81 21.97 6.31
§ Left Hand | 5.87 8.06 54.67 5.81
Left Ear | 5.98 6.98 17.34 7.02
., | Right Thigh | 9.84 5.60 34.08 4.09
= | Right Hand | 1634 |  5.30 36.49 5.14
g Left Hand | 15.86 5.47 45.72 4.60
Left Ear | 9.19 5.93 78.28 6.06
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2.4 Conclusions

On-body radio channel characteristics are modelled starting from an experimental
data base. Dynamic channel measurements were performed at 2.45 GHz in indoor
and anechoic environments, employing two sets of antennas with different radiation

features.

As a general consideration, the specific node position plays a central role in the
definition of time-variant characteristics of the radio channel, in accordance with the
movement performed by the user. This motivates the choice of pursuing a scenario-
based approach for channel modeling, more than presenting it as a simple function

of the distance between nodes.

The differences in antenna behavior are studied for each model component. As
expected, antennas with normal polarization results in larger mean channel gains, as
compared to tangentially oriented ones, since their radiation characteristics enhance
creeping waves diffusion around the body, reducing the corresponding attenuation

level.

The fading contribution is further modelled by two components, a long- and a
short-term one, to account for different propagation phenomena. On one hand, the
long-term fading, also known as shadowing, describes the masking effect exerted by
the human body while obstructing the direct communication path according to the
movement performed. On the other hand, the short-term fading accounts for the MPC
arising from reflections and diffractions on the surrounding environment or on the
body. The comparison of antennas behavior is particularly interesting for these two

model components; indeed, normally polarized devices result to better counteract the
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body masking effect, presenting smaller values for the shadowing standard deviation.
They also show a weaker short-term fading contribution, witnessed by larger K-factor
of the Rice distribution describing it.

Finally, to complete the characterisation of the on-body channel, its space and
time correlation properties should be also investigated. Contributions available in
literature on this topic are proposed in [R,[52,I55], but they usually do not consider
several sources of channel variability, lacking in general applicability of the results.
To fill this gap, some investigations have been recently performed by the author of
this thesis in collaboration with the ICTEAM - Universite Catholique de Louvain
(UCL) and other collegues at CEA-Leti, studying space correlation properties of the
shadowing component at 4.2 GHz. A comparison of the results obtained from two
measurement campaigns (the one described in Sec.ZZ2 and a similar one performed
at UCL) is part of the work. The preliminary outcomes available at the moment of
writing are not reported here for the sake of soundness, more details can be found

in [163].
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Chapter 3

Radio Channel Modeling for On-
to Off-Body Communications

Radio channel characterisation for on- to off-body communications is the focus of this
chapter, proposing two separate experimental models describing the off-body and the
B2B scenario, respectively. After a detailed insight on the most relevant related works
available in literature (Sec. Bl), the common frequency-domain test-bed used in the

two measurement campaigns is described in Sec. B2

Off-body channel is characterised in Sec. B=3, describing each model component in
which the power transfer function is structured. In particular, the mean channel gain
contribution is detailed in Sec. BZ3l, whereas Sec. BZ32 deals with the short-term
fading. The shadowing effect of the body is also accounted for and it is referred to as
long-term fading, which is described in Sec. BZ333. To complete the off-body channel

description, its space and time correlation properties are presented in Sec. B=34.

As for the B2B channel model proposed in Sec. B4, the description of the mean
channel gain and of the short-term fading is given in Secs. B4 and B2, respec-
tively, focusing on the specificities brought by the different investigated measurement

scenarios. Finally, the body shadowing effect is analysed in Sec. B423.
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3.1 Related Works

Even if on-body communications is a quite well investigated topic, on- to off-body
scenarios have been just more recently approached by the research community. A
more limited number of contributions is available in literature, and a large part of
them is devoted to off-body scenarios, more than B2B ones.

Since dedicated investigations are needed to characterise the off-body and B2B
radio channels, related works are presented in separate sections to highlight the dis-

tinctive studying approaches followed in these two cases.

Off-Body Communications

The emerging interest in off-body communications is witnessed by a dedicated chan-
nel characterisation available in the IEEE 802.15.6 channel model document [6]. The
final version was released in 2010, and it focuses on the description of the propagation
aspects for BANs in different communication scenarios. In particular, CM4 addresses
the body surface to external scenario, presenting a path loss model for different ope-
rating bands (900 MHz, 2.45 GHz and lower UWB), extracted from some experimen-
tal measurements performed in indoor environment in static conditions. Details of
the measurement set up, derivation and data analysis can be found in [I64]. First
and second order statistics of the recorded data are provided to complete channel
characterisation.

One of the first contributions to the narrowband channel modeling for off-body
communications is proposed by Ziri-Castro et al. in [I65,0166]. The authors present

a comparison between simulations and measured data in the 5.2 GHz band, for two
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indoor scenarios. The measurements involved one fixed Tx and one Rx placed on the
hip of a subject walking towards (Line-of-Sight (LOS)) and away (Non Line-of-Sight
(NLOS)) the Tx, whereas the simulations were performed using a 3D image-based
propagation prediction technique. First and second order small-scale fading statistics
result to be well modelled by a Rayleigh or a lognormal distribution, according to
the environment and measurement condition considered. The same group of authors
also investigate the impact of the body presence on channel characteristics. Results
presented in [I67] show a reduction of the received power of approximately 10 dB
due to the blocking effect of the body, which shadows the direct communication path
between Tx and Rx. Considering more than one human subject at a time, they also
found that the dynamic range and standard deviation of the received signals increase
with the number of users. Densely populated environments and human effect on off-
body links are the focus of other two papers [I6R, 169], where the authors perform
measurements in the UWB at 5.8 GHz. Channels time delay parameters and cross-
correlation coefficients between two co-located antennas are also provided, in order
to assess the impact of using multiple antenna techniques to reduce users influence

on radio channel.

Other experimental models investigating different frequency bands are available in
literature. One of the most notable work is realised by Cotton et al. focusing on the
868 MHz band [I70-172]. Dynamic acquisitions are performed considering several on-
body node positions, different environments (i.e., anechoic chamber, open office, and
hallway), and LOS and NLOS conditions. Data analysis highlights the importance
of node position and body movement on the definition of channel characteristics.

Nakagami distribution provides the optimum fit for the majority of the investigated
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channels; indeed, differently from other distributions like Rice or Rayleigh, it does not
assume scattered components of equal amplitude. Second-ordered statistics, as LCR
and AFD, are also given. The cross-correlation level between the fading experienced
at different body locations is also evaluated in [I73]. The low values found suggest the
idea that a spatial diversity combining scheme can significantly improve the overall
system performance. This aspects is thoroughly investigated in [I74], where authors
show the real advantages of using receiver diversity techniques operating in Nakagami

fading channels.

Similar experiments are presented in [I'75], authors perform a measurement cam-
paign collecting real-time channel responses at the carrier frequencies of 820 MHz
and 2.36 GHz. They consider a subject equipped with two antennas and standing
still in front of an external node, just changing its orientation or performing a walk
towards the outer device. Different statistics are compared to find the one that best
describes the received signal amplitude. Overall, the lognormal distribution provides
the most reliable fit for both the considered bands. A new parameter called channel
variation factor is introduced as a measure of channel stability over time. Off-body
channels turn out to be quite stable, more at 820 MHz than at 2.36 GHz, showing
a coherence time of the order of tens of milliseconds, with on-body node position

playing a significant role in the channel temporal stability features.

Another interesting frequency band envisaged for BAN applications is the ISM
at 2.45 GHz, which is also the focus of the channel model presented in this work.
Among the contributions available (e.g., [[76,77]), one of the most exhaustive study
is performed by Cotton et al. in [I78]. Starting from an experimental data base

acquired in anechoic premises, considering different movements performed by an user
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with one bodyworn antenna, the authors model the channel path loss through a clas-
sical log-distance expression. When in NLOS conditions, two additional terms are
considered to account for the shadowing effect of the body and for the fading caused
by small movements, which results into long- and short-term signal variation, respec-
tively. In the same frequency band, works by Van Torre et al. [I[79-I82] investigate
the Multiple-Input Multiple-Output (MIMO) communication possibilities to improve
off-body channels reliability and system performance, while evaluating shadowing and

fading correlation.

With respect to the models presented above, the one proposed in this thesis (see
Sec. B33) gives a more general characterisation of the radio channel at 2.45 GHz,
accounting for different sources of variability. In particular, the impact of the node
position and of the environment is jointly studied. Static measurements are used as
a benchmark for the dynamic ones. Similarly as presented in [I78], a short- and a
long-term fading contributions are extracted from the experimental data, but they
are statistically characterised not just according to the measurements conditions (i.e.,
LOS or NLOS), but also according to the antenna type considered, highlighting the
importance of their radiation characteristics on channel behavior. The body shadowing
effect is also described as a function of the body orientation. Moreover, to the best of
author knowledge, space and time correlation characteristics are jointly studied for
the first time at 2.45 GHz in dynamic conditions, comparing the results for the two

antennas.

Even if not directly comparable with the work proposed in this chapter, some
studies have been performed to characterise the off-body UWB channel. UWB is

one of the proposed IEEE 802.15.6 standard technology to be used in body-centric
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communications, considering the great advantages it can bring in terms of multipath
fading reduction, high data rates, and decreasing of the operative power. Goulianos
et al. [I83-I86] propose a multi-slope dual breakpoint model, obtained from the study
of propagation mechanisms around the body (creeping waves) combined with the tra-
ditional distance-dependent path loss equation. Based on measured data in anechoic
environment, statistical channel parameters are extracted as a function of the dis-
tance between the user and the Tx, and of the body orientation. Power delay profile
and time dispersion analysis are also performed. Other significant works in the UWB
can be found in [I87,I88] or in [T8Y-T9T], where the importance of the node location,
the specific environment and the device relative position (whether LOS or NLOS)
play a fundamental role in the definition of radio channel modeling.

As a final comment, some interesting works have been recently published dealing
with the investigation on off-body channels at 60 GHz for short-range indoor com-
munications. The wide availability of spectrum around this frequency and the high

data-rate achievable make it a promising alternative also for body-centric applications.

Interested readers can refer to [T92-194] for a more detailed insight on this topic.

B2B Communications

As for the B2B radio channel, only a limited number of contributions are available
in literature, and just few of them propose a precise channel characterisation. For
example, in [T95,196] Cotton et al. statistically describe just the small-scale fading
observed in dynamic conditions, using a k-u distribution. Results are obtained from
the analysis of experimental data collected in indoor premises at 2.45 GHz, while

users performed some random walking movements simulating fire rescue operations.
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Second-order parameters are provided to complete channel description. Considering
the low cross correlations values found and comparable mean signal levels of received
signals, the idea of using spatial diversity to improve channel performance is also

proposed.

Similar considerations on diversity are presented in [I97,T98], even if measure-
ments are carried out wideband at the carrier frequency of 5.5 GHz in indoor envi-
ronment. Starting from the classical distance-dependent path loss model, the authors
highlight how the body shadowing is a prominent factor in B2B communications con-
sidering an additional lognormal variable accounting for its effect. Generally, path

loss exponents result to be smaller than 2 in indoor.

Another work [T99] focuses on the comparison of indoor channel characteristics at
2.45 GHz and 5.8 GHz. Few node positions are investigated and random movements
are performed by the users during the acquisitions. Short- and long-term fading
components of the path gain envelope are separated, and they are independently
described by a Rice and a gamma (or a lognormal) distribution, respectively. Second-
order statistics are also provided, with smaller AFD and larger LCR at 5.8 GHz than
at 2.45 GHz.

Focusing just on the ISM band at 2.45 GHz, the works in [200] and [?] investigate
the outdoor channel, performing several dynamic acquisitions in different commu-
nication conditions. The model is given in terms of log-distance path loss, body
shadowing and small scale fading, but just few node positions are accounted for. In-
door small-scale fading at the same frequency is statistically characterised in [201],
where authors demonstrate the high impact of local operating environment on channel

characteristics when in LOS conditions.
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An UWB channel characterisation can be found, for example, in [202]. Authors
provide a characterisation for the path loss in static conditions and for different sub-
ject orientations, showing that it is strongly related to the node on-body position as

well as to the subject relative orientation.

The model proposed in this thesis (see Sec. B4) aims at providing a general frame-
work to characterise the most important feature of the B2B channel. The novelty in-
troduced lies in the fact that several sources of variability are taken into account, and
their impact is properly highlighted for each of the model component. Similarly to
what proposed in [200], the channel power transfer function is described by a mean
channel gain and a fading contribution, the latter being further decomposed in a
short- and a long-term component. Different node positions are investigated and two
antennas are used in the measurements to account for their effect on channel behavior.
Several dynamic communication scenarios are reproduced to broaden the application
possibilities of the proposed model, considering that a specific movement leads to
peculiar time-variant channel characteristics. To the best of author’s knowledge, for
the first time in literature the body shadowing effect is described as a function of the

body orientation through a gaussian mixture distribution.

Other works study the B2B radio channel from a different perspective. For ex-
ample, works in [70,203-205] deal with the characterisation of inter-user interference
brought by nearby BANSs in terms of Signal-to-Interference Ratio (SIR), which can
highly impact system transmission reliability. All these studies show the importance
of body presence and its orientation in the definition of inter-body channel character-
istics. In particular, in [205] authors propose a solution to mitigate the interference

problem using a fixed network infrastructure to monitor those BANs that are more
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likely to interfere with each other. Another solution is also suggested in [6R], where
diversity brought by MIMO technique is exploited not only for interference rejection,
but also to increase channel capacity. The same topic is also discussed in [206], where

the impact of two antenna designs on channel capacity is compared and discussed.

3.2 On- to Off-Body Channel Measurement Cam-
paigns

As for the characterisation of the off-body and B2B channels, some preliminary tests
pointed out the occurrence of significant attenuations in channel gains, with fading
episodes possibly yielding to very low link budgets, up to -100 dB. This phenomenon
is particularly evident when the communication takes place in NLOS conditions, i.e.,
when a receiving antenna is masked from the transmitting one by the human body.
For this reason, the use of an oscilloscope to perform channel measurements would
not be useful, due to the limited signal dynamic of this device. Hence, a more specific

test-bed is set up to overcome this problem.

3.2.1 Channel Measurement Test-bed

The solution adopted is common to both the off-body and the B2B measurement
campaigns; differences are stated where needed. As shown in Fig. B, the frequency-
domain test-bed is mainly composed by a Rohde&Schwarz ZVA24 4-port Vector Net-
work Analizer (VNA) [207]. It operates in Continuous Wave (CW) mode at the
frequency fy = 2.45 GHz, allowing the simultaneous acquisition of the S-matrix pa-

rameters, one for each link composed by the ¢-th Tx and the j-th Rx. The observation
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time Ty, is set to 5 s in the off-body case and 10 s in the B2B one, with a common
sampling rate of 2 ms. This resolution is considered to be appropriate in order to
follow the dynamic variations of channels due to body movements, given an expected
average human speed in common activities in the range between 0.5 and 2 m/s. A
total number of sampled points per acquisition N, = 2501 is available for each link
in the off-body scenario, whereas for the B2B case N, is equal to 5001. For both
measurement campaigns, Tx power is set to +18 dBm (the maximum available at the

VNA), considering an Intermediate Frequency (IF) bandwidth of 1IKHz. To complete
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Figure 3.1: Measurements test-bed for on- to off-body channel investigations.

the test-bed description, low attenuation RF cables and antennas are also part of the
set up. Since the same sets of antennas used in the on-body measurement campaign
are also considered for these acquisitions, the reader is referred to Sec. 223 for more
details on their radiation characteristics. As for the RF cables, their effect is decon-
voluted directly from the acquired channel data through a proper configuration of
the calibration VNA settings. As in the on-body measurement campaign, also in this
case their impact is reduced by connecting them as to be orthogonally oriented with

respect to antennas main polarization, and the use of ferrite beads helps in preventing
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possible damaging interferences.

3.2.2 Off-Body Measurement Scenarios

As discussed in the Introduction, off-body scenarios refer to the case where the com-
munication takes place between at least one device placed on a human body and
another one outside it, generally static, acting as a gateway or a router to other
communication systems (e.g., a Wi-Fi Access Point (AP) to connect to the Internet).

To characterise these type of channels, the experimental test-bed described above
is used in a 1:3 configuration, with one transmitting and three receiving devices (see
Fig. B). In this way, three channel transfer functions are simultaneously recorded,
each one referring to one of the available (7, j) links. Fig. B2 shows the nodes em-
placement considered: the external Tx is mounted on top of a 1.2 m high mast (i.e., at
chest level), whereas Rxs are placed on different on-body positions on a male subject
(1.8 m tall and 73 kg in weight). In particular, Rx1 is on the left hip, Rx2 on the
chest and Rx3 on the right ear position, the latter hosted in a side pocket of a hat
worn by the subject.

Nodes positions are chosen having in mind possible medical and non medical
applications; for example nodes on the ears emulate device emplacement for cochlear
implants or general hearing instruments to be used in gaming or video streaming
applications. Hand positions, instead, could be a possible location for a smart phone
or a PDA [P0R], as well as being representative of a smart watch or an item tracking
device carried around by an user.

Measurements are performed both in anechoic chamber and in an indoor labora-

tory, the latter equipped with some technical furniture.
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Figure 3.2: Node emplacement for off-body measurements.

In order to characterise different aspects of the radio channels, four scenarios are

investigated as shown in Fig. B=3:

I. Experiments are performed while the subject stands still at fixed distances d
from the Tx, from 1 m up to 4 m far from it, with steps of Ad = 2X (i.e., 25 cm
at 2.45 GHz). Acquisitions are repeated while the user alternatively faces the
Tx (LOS case), or turning his back to it, in a way that his body shadows the
direct communication link between the on-body devices and the external one

(NLOS case).

II. The subject performs ten walking cycles over a distance of 3 m, from d = 1 m
up to d = 4 m from the Tx. In the first 5 experiments he walks towards the

external device (LOS), whereas in the other 5 he walks away from it (NLOS).

I1I. Acquisitions are realised for different body orientation o, where « is the relative

angle set up between the front side of the body and the external Tx. Considering
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the user standing at d = 2 m from the outer device, measurements are repeated
for every Aa = 45° completing a clock-wise rotation, from LOS (o = 0°) to

NLOS (a = 180°) before returning to a LOS condition.

IV. The user performs some continuous clock-wise rotations at different distances
d from the gateway: 2, 3, and 4 m, respectively. Acquisitions are repeated 3

times at every d, considering an average angular speed of 70°/s (360°/T¢ps).
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Figure 3.3: Measurement scenarios for off-body channel investigations.

Considering the set of acquisitions performed, the number of sampled points per
link is in the order of 10% for scenarios I and III, and in the order of 10* for scenarios
Il and 1V, both in anechoic and indoor. This is considered as a consistent data base

to extract a statistical characterisation of the radio channel.
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3.2.3 B2B Measurement Scenarios

B2B communications take place when the devices involved are placed at least on two
different human bodies, free to move around. The same frequency-domain test-bed
described for the off-body case is used here, but nodes emplacement and measurement

scenarios should be properly adapted.

Four human subjects, sorted by couple and with different physical characteristics
(same as in Tab. E), are involved in the measurements. Every couple is composed
of one subject, subA, wearing all the Rxs, whereas the other one, subB, hosts the Tx,
which is placed in one out of three possible positions, as shown in Fig. B4. Rxs are
connected to three VNA’s ports and they are located at the same time on the left ear
(hosted in a side pocket of a hat worn by the subject), on the chest, and on the right
hip on subA’s body. The Tx is placed alternatively on subB’s left thigh, right hip, or

right hand. Measurements are performed just in a furnished (15x13) m? room.

Lleft  2:Right @ 1X.
Thigh  Hip ® ij

3:Right
Hand

SubA SubB
(a) (b)

Figure 3.4: Nodes emplacement for B2B channel measurements: front (a) and top
(b) view.
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3.2 On- to Off-Body Channel Measurement Campaigns

Four scenarios are investigated in order to account for different users positions

and movements, as shown in Fig. B3:

) SubA
® NwOS || Los ®
1) el { o0 by
0 00 LR —>
' o i\l 00
| o
SubA SubB SubA 7 SubB
4 a=[0°+360°] (@
(0] @
. ) e
n o AL \
0.2 P .‘
0 +— 1
@d=1,357m
SubB SubA SubB SubA

Figure 3.5: Measurement scenarios for B2B channels investigations.

I. Walking: subB performs some walking cycles forwards and backwards subA,
who is standing still at one end of the room. Hereafter, the former case will be
referred to as LOS, considering that no obstacle shadows the direct link between
the two subjects, whereas the latter will be defined as NLOS, because subB’s
body completely masks the main communication path while walking away from
subA. The distance covered by subB is 8 m and acquisitions are repeated four

times per couple, twice in LOS and twice in NLOS.

II. Opposite Walk - from LOS to NLOS: starting from opposite ends of the room
at a distance d = 8 m, subA and subB walk one towards the other, meeting
approximately in the middle of the path. They continue their movement walking

away from each other, until they reach the position formerly occupied by the
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11

IvV.

other subject. In that way, an initial LOS condition gradually turns into a
NLOS one, merging in just one scenario the two that are separately investigated

in measurements set I. Acquisitions are repeated four times per couple.

Parallel Walk - walking side by side: subA and subB stand one next to the other
separated by 40 cm, walking in parallel over a distance of 8 m. Acquisitions are
repeated four times per couple. Mutual position of users is shown in Fig. B4b,

from a top-view perspective.

Rotation: subB performs some rotations in front of subA, moving from a = 0°
(LOS) to a = 180° (NLOS), before returning to a LOS condition. « is defined
as the angle between the front sides of the two subjects’ bodies. Experiments
are repeated four times per couple at different distances d from subA: 1, 3, 5,
and 7 m, respectively. For this set of acquisitions the Tx is placed only on the

chest on subB’s body.

For every investigated scenario, more than 360.000 measured channel responses

are acquired, which are considered to be a sufficient base for statistical analysis and

channel modeling.

3.3 Ojff-Body Channel Modeling

The proposed off-body experimental channel model describes each power transfer

function in dB, P, ;(d, «), according to the following expression:

P ;(d, o) = |Hi (¢, fo)|* = Gij(d, ) + F; j(d, «0); [dB] (3.3.1)

where d is the distance separating the external Tx and the user, while angle «
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describes the orientation of the front side of the subject with resect to the gateway.
H, ;(t, fo) is the channel transfer function given by the sampled S-matrix parameters

acquired for each (7, j)-th link by the VNA working at fo = 2.45 GHz.

G j(d, o) represents the mean channel gain, whereas Fj ;(d, «) is defined as the
short-term fading component, a random variable accounting for the MPCs originating

from the environment or from the body itself.

A long-term fading contribution, S; ;(d, ), can be also extracted from the channel
power transfer function, following the slow variations of G; ;(d, ) over its mean value

according to:
Gi,j(da Oé) = Gi,j (d) + SZ'J(d, Oé); [dB] (332)

where G, ;(d) is defined as G, ;(d) =< G, (d,a) >, and it represents the average

over « of the mean channel gain.

Sij(d, @) is referred to also as shadowing, since it accounts for the masking effect
of the body on the direct communication path between devices, given its orientation

according to the movement performed.

Next sections describe each model component according to the specific scenario,
and showing the impact of movement, node position, and antenna type on the defini-
tion of channel characteristics. In this case, the scenario S is defined by the Tx/Rx po-

sition, the environment considered, the antenna used, and the movement performed.

From here on, subscripts (7,7) will be omitted for the sake of readability, implying
that the analysis is performed for each possible combination of the i-th Rx and the

Tx (as shown in Fig. B2), and the underlying reciprocity of the radio channel.
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3.3.1 Mean Channel Gain

Starting from the measurement set I described in Sec. BZZ2, the mean channel gain,
G(d, @), is characterised through a Root Mean Square Error (RMSE) fitting of the

experimental data. The distance-dependent mean channel gain can be expressed as:
G(d, o) = Go(dp, ) — 10 - n(«) - logy(d/dy); [dB] (3.3.3)

where G (dp, ) is the mean channel gain evaluated at the reference distance dy = 1 m,
whereas n(«) is defined as the path loss exponent.

Fig. B8 presents an example of the analysis performed in LOS conditions for
TLM antennas. It is shown the good agreement between the log-distance fits (i.e.,
the continuous curves) and the experimental data represented by the vertical sets of
crosses, acquired at each d. Each color refers to a specific on-body node position.
It can be noticed that the dispersion of the recorded samples at a specific d is very
limited, since measurements are performed in anechoic chamber and the only source
of channel variability is related to the breathing movement of the subject.

Tabs. B0 and B2 list the values obtained for the two antennas types in every sce-
nario §. As shown, the distance-based modeling approach presented through Eq. B2373
is used both in LOS (a = 0°) and NLOS (a = 180°). Anyway, since the limited dis-
tance interval considered in the experiments (i.e., approximately 3 m), the NLOS
case results more in an attempted modeling of the mean channel gain variation over
distance, and it should be considered less significative than the one in LOS.

First of all, it should be mentioned that anechoic chamber measurements allows
to reproduce the ideal free space conditions. Hence, the path loss exponent should

be ideally equal to ng = —2, whatever the orientation and the antenna emplacement
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Figure 3.6: Polynomial fitting of G(d, «) to the experimental data. Anechoic chamber,
LOS, TLMs.

considered. This is the case for the anechoic results shown in Tabs. B and B2,
which present n(«) values close to -2, except for just few scenarios. These exceptions
can be explained considering that results obtained in anechoic chamber are strictly
dependent on the way measurements are performed, and on the fact that a real human
subject was used during the process. Moreover, the on-body antenna exact orientation
with respect to the off-body one is somehow affected from the subject’s behaviour,
who cannot naturally stand a precise orientation from one measured spot to the
other. Therefore, the real measured antenna angle could involuntarily change over
the desired value, and recorded path loss values can be affected by this measurement

methodology.

This effect is particular evident when the on-body antenna is oriented towards the
off-body one in the zero of its radiation pattern, and a strong masking effect by the

body is present, such as in TLM NLOS chest and hip scenarios (see Tab. B2). In
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these cases, very small involuntary variations of the subject orientation can change
the angle seen by the antenna, with a consequent variation of the path loss around
its mean value due to the variation of the radiation pattern itself in that angle range.
The direct consequence is that, over the distance covered by the measurements, the

path loss is quite constant, which results into a path loss exponent close to 0.

Similar considerations can be done for the PM LOS scenario for the hip position
(see Tab. B). In this case, antenna’s off- and on-body polarizations are not aligned,
and measurements account for the cross-polarization of the on-body antenna at dif-
ferent distances, whose pattern can strongly change over the angle range around the

main propagation direction.

It has to be noticed that if acquisitions were performed on a rigid human phantom
automatically displaced and rotated in anechoic chamber, measurements would have
resulted into a sum of three contributions: the on-body antenna gain pattern in the
angle and polarization considered, the free space attenuation (ng = —2), and the
off-body antenna gain pattern in the angle and polarization considered. However,
the aim of this work was not to measure the on-body antenna radiation pattern, as
it could has been done with a human phantom and precise antenna measurement
premises, respecting the far field conditions considering the body size. The objective
of anechoic chamber measurements was here to model the off-body channel (over a
limited distance range), in a scenario whose characteristics could be close to an open-
field outdoor environment, and quite different from the indoor one, to be used for

system performance evaluation.

As for the indoor LOS case, the environment significantly affects channel charac-

teristics due to an additional energy contribution coming from the secondary MPCs,
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the latter arising from reflections or diffractions from the environment. As shown
in Fig. BT, irrespective from the antenna type (PMs on the left and TLMs on the
right), indoor data are largely dispersed as compared to those in Fig. B8, resulting

in a higher variability of n(a) values around ng (see Tabs. Bl and B2).
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Figure 3.7: Polynomial fitting of G(d, @) to the experimental data. Indoor, LOS: a)
PMs, b) TLMs

The comparison of Fig. BZda and Fig. BZIb also highlights the importance of an-
tennas polarization characteristics on channel behavior. Considering the node on the
chest (i.e., green curves), when TLMs are used they show a null radiation path in
the main propagation direction towards the external Tx, which is placed exactly at
the same level (see Sec. B222). This results in a larger dispersion of the data and in
smaller mean channel gains with respect to the values for PMs. Indeed, the latter
present a non-null radiation pattern in the same direction, instead. Similar consider-
ation, but with exchanged antennas roles, applies for the ear node. In this case, PMs

(not TLMs) show a radiating zero-direction in the main propagation path.
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Figure 3.8: Polynomial fitting of G(d, «) to the experimental data. Indoor, NLOS,
PMs.

As for the NLOS case, it presents a significant dispersion of channel data, up to
10-12 dB in indoor, as shown in Fig. B8. Differently from the classical indoor channel
model [209], in body-centric communications the NLOS condition corresponds to the
case where the human body completely masks the direct communication link between
devices. The propagation happens thanks to the combination of two components: a
main direct path travelling in free space (i.e., from the user’s body to the off-body
node), plus a creeping waves contribution propagating around the body surface [I61]
to reach the masked device, overcoming the shadowing effect of the body. This de-
scription applies to the case where propagation happens in free space conditions, and
the body presence is the main factor affecting channel characteristics and propagation
mechanisms in NLOS. Considering that measurements are taken also in indoor, an ad-

ditional component shall be considered to account for the multipath effect that arises
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from reflections and diffractions from the surroundings (walls, objects, furniture, etc.)
and from the body itself. Hence, the more important secondary MPCs contribution
in NLOS results in a stronger channel variability, as compared to the LOS case. As a
consequence, n(«) values result quite small, typically around 0, as shown in Tabs. BT
and B2. This means that, at least for the distances considered in the experiments,
the additional randomness brought by secondary paths contribution globally reduces
the distance dependence of the mean channel gain (see Fig. B8). Moreover, it shall be
considered that the subject’s body proximity can affect antenna’s radiation pattern,
causing distortions that possibly affect propagation phenomena, especially when in
NLOS. These considerations do not apply for the ear node, which presents n(180°)
values significantly different from 0. Indeed, for this position the NLOS condition
does not correspond to a complete shadowing by the body, but just to an inversion
from one side of the head to the opposite (i.e., from right in LOS to left in NLOS).
It is also interesting to notice that the same node presents n(0°) # n(180°) when in
indoor, highlighting the different impact of the environment on channel characteris-
tics; indeed, LOS and NLOS corresponds to specific source of multipath interference
(opposite sides of the room). This is not the case for the anechoic chamber, where

similar n(a) values are found (see Tabs. B and B22).

The body effect is also witnessed by the significant decreasing of Gg(dp, @) values
(up to 31 dB in anechoic), when the user moves from LOS to NLOS. This phenomenon
is observed both in anechoic and in indoor, but less evident in the latter case due to

the more important secondary MPC contribution, mitigating this effect.

Results presented in Tabs. Bl and B2 show also that the specific node position and

the antenna type play an important role in the definition of channel characteristics.
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In particular, for a node placed on the user’s chest or hip, TLMs present a null
radiation path in the LOS communication direction, which results in large channel
attenuations. This is not the case for a node placed on the ear, where TLMs show
a non-null radiation pattern both in LOS and NLOS, explaining also why Gg(dy, «)
assumes similar values in these two conditions (see Tab. B3).

On the contrary, PMs present a null radiation pattern in LOS when the antenna
is located on the ear and a non-null one for the other two investigated positions. This
results in opposite trends for the Go(dy, &) values, with respect to what is obtained
using TLMs.

From the results presented, it is very difficult to state which is the most suitable
antenna type to be used in off-body communications. Indeed, their behaviour in terms
of mean channel gain is too related to the combination of radiation characteristics, on-
body node position, and subject orientation. Anyway, normally polarized antennas
generally show to be less affected by the presence of the human body, and the passage
from a visibility to a non-visibility condition (i.e., from LOS to NLOS) is less sharp

than with tangentially oriented devices.

3.3.2 Short-term Fading

The short-term fading, F(d,«), is extracted from measurement set II described in
Sec. BZ2. Fig. B9 shows the good agreement between these dynamic acquisitions
and the fit for the mean channel gain extracted as described in the previous section.

As presented in Fig. B0 for the NLOS case, the overall best fit to the linear
envelope of F(d, «) is given by a Nakagami distribution. The choice is based upon the

maximized log likelihood derived from the maximum likelihood parameter estimation

99



Chapter 3. Radio Channel Modeling for On- to Off-Body
Communications

‘35 T T T T
) S S .
o
S,
S
1l
3
S
Q. -70f-- et . % 1
|—Wak1t | &g =5 1 |
O walk 2 5 (7
80l — Walk 3 S S /8 ]
— Walk 4 /
-85 —— Walk 5 e e .
—=="Fitting Rx Right Ear i ‘
_90 I I 1 1
0 1 2 3 4 5
Time [s]

Figure 3.9: Comparison between the fit for G(d,«) and dynamic acquisitions. Rx
Right Ear, Anechoic Chamber, LOS, TLMs.
(MLE) applied to the experimental data. Nakagami statistic is defined through a
shape (1) and spread (w) parameter, whose values are listed in Tab. B33 for all possible
scenarios S, along with the LCR values in Hz, the latter defined as the average rate
at which the small-scale fading falls below the 0 dB level (i.e., a fading episode).

For both antennas, moving from anechoic to indoor results in a more significant
secondary MPCs, due to the influence of the surrounding environment. As a con-
sequence, Nakagami short-term fading statistics shows smaller values of . Same
considerations also apply when moving from LOS to NLOS conditions, where the
main propagation path is reduced by the shadowing effect of the human body. To
confirm this, the fading rate results sensibly higher in indoor than in anechoic or in
NLOS than in LOS (see Tab. B33).

F(d,«) values for the ear link differ from the other ones since both in LOS and

NLOS case the node is not shadowed by the body, but it corresponds to a reciprocal
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position on the head side (i.e., right and left side, respectively).

3.3.3 Body Shadowing Effect

The last channel model component that has to be studied is the long-term fading
S(d, a) (see Eq. B32) also known as body shadowing. Starting from the data acquired
in measurements set 1] (Sec. B23), Fig. B0 shows the evolution over « of the body
shadowing effect for PM (left) and TLM (right) antennas, where the vertical sets of
crosses represent the channel data acquired at every a. Each color refers to a specific
on-body node position, and the dashed lines connect the mean values of each group of
acquisitions. Comparing Fig. B1Ta and Fig. BT1b, highlights the different behaviors
of antenna type, according to the specifities of their radiation patterns.

The body shadowing effect is given at each « as the variation of P(d,«) data
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Figure 3.11: Body shadowing evolution over « for different on-body node positions in
anechoic chamber: a) PM, b) TLM.

with respects to the reference ones for o = 0°. It is characterised by its maximum,

mean, and standard deviation values expressed in dB, normalised to the reference.

Tab. B4 lists the results obtained with both antennas considering the node placed

on subject’s chest. Similar values are also found for the other links and in anechoic

conditions, but they are not reported here for the sake of briefness (see Appendix B).

Table 3.4: Body Shadowing Effect Characterisation in dB - Rx Chest - Indoor

0° 45° 90° | 135° | 180° | 225° | 270° | 315°
M TLM - 10.15 | 8.34 | -1.03 | -0.66 0.77 8.03 9.21
ax
PM - 2.4 |1-9.41 | -25.68 | -23.33 | -15.84 | -20.81 | -11.57
TLM - 1141 | 9.88 | 0.84 0.41 2.48 9.8 10.74
Mean
PM - 277 | 9.5 | -27.34 1 -24.99 | -17.03 | -22.77 | -12.4
Std TLM | 1.79 | 0.61 | 0.86 | 0.46 1 0.41 0.55 0.71
PM 0.2 | 0.49 | 0.28 1.6 1.39 0.81 1.3 1.03
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Figure 3.12: Dynamic vs. static acquisitions: body shadowing effect evolution over a.
Rx on chest, anechoic chamber, TLM.

Comparing PMs and TLMs results confirms their different behavior in terms of body
shadowing evolution over a. The shadowing effect of the body can be also extracted
from the dynamic acquisitions of set IV (Sec. BZ2). Fig. B2 presents an example
of the analysis performed for the chest link in anechoic chamber using TLMs. In this
case, the body shadowing component embedded in the mean channel gain (continuous
curve) is extracted by averaging the dynamic recorded data (dashed-dotted line)
over a sliding temporal windows of 800 ms, which is found appropriate in order to
follow channel slow variations considering an average angular speed of 70°/s (see
Sec. B27). The dashed line represents again the mean value of the equivalent set of
static acquisitions (vertical sets of crosses), whose values are listed in Tab. B4. The
dashed and continuous curves result to follow a similar trend despite the possible loss

of synchronism while performing the dynamic rotation, confirming the consistence and
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Figure 3.13: Body shadowing evolution over alpha at different distances between Tx
and Rx. Rx on Hip, anechoic chamber, TLM.

reliability of the measured data set. Rotation cycles are also performed at different
distances d, respectively 2, 3 and 4 m far from the Tx. Fig. B13 shows that the
trends of the body shadowing over the angle « result almost unchanged, no matter
the distance at which the movement is realised. This means that the body effect does
not depend significantly on the distance between Tx and Rx (at least for the ones
considered in the experiments), but more on the subject orientation a. Moreover,
the variation of the mean channel gain as a function of d, which results from the
comparison of the curves with different lines in Fig. BTT3, appears to be in good
agreement with the results presented in Sec. B33 and listed in Tabs. Bl and B2,

which refers just to the cases a = 0° and o = 180°.
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3.3.4 Space-time Correlation Properties

To complete the off-body channel characterisation, links correlation properties in the
space and time domain are also investigated. The model proposed in Sec. B33 and
the results presented in the following ones are used as a starting point for the study
of correlation aspects. Only the data acquired through measurements sets /I and IV
(see Sec B=Z2) are taken into account, since they refer to the dynamic acquisitions,

where correlation properties can be highlighted.

3.3.4.1 Space Correlation

Space correlation between link (i-j) and link (i-k) aims at describing the relationship
existing between these two off-body channels, where ¢ refers to the external device,
whereas j and k are two of the possible on-body positions. Investigating this kind
of correlation properties is extremely important, for example in the study of cooper-
ation opportunities among nodes in a BAN. When the quality of a communication
link is too low to achieve the expected performance, one possibility is to complete
the transmission hopping to another channel that presents more favorable character-
istics. Evaluating the correlation level of two links undergoing different propagation
conditions (for example due to the different node position) is then a good indicator
for the best alternative channel.

(1)

The space correlation p jfk is evaluated as the cross-correlation between the channel

power transfer functions P, ;(d, «) and P, ;(d, ), according to:

E|(Pj — EPy))(P — E[P))]

: (3.3.4)

ijk =
\/ E|P2, — B2 [Py] |E| P2, — B [Py |
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where P, ;(d, o) (or equivalently P ;(d, «) ) is derived from Eq. BZ3T for the (i-j) and
(i-k) link, respectively. Dependency on d and « are omitted for the sake of readability.
Considering the three on-body node positions as described in Sec. BZ2Z2, the possi-
ble links combinations (j/k), whose cross-correlation is investigated, are: hip/chest,
hip/ear, and chest/ear, respectively. Tab. B presents the values found for the two
antenna designs and in both environments, while the subject performed a walking

movement both in LOS and NLOS conditions. Generally, the cross-correlation re-

Table 3.5: Space Correlation - py,)c - Walking scenario

Anechoich Indoor
LOS | NLOS || LOS | NLOS

hip/chest | 0.02 0.15 0.25 -0.04
PM hip/ear | -0.02 0.54 -0.06 | -0.02
chest/ear | 0.52 | 0.15 0.02 | -0.02
hip/chest | 0.07 | 047 | -0.09| 0.05
TLM | hip/ear | 0.31 | -0.31 0.28 | -0.08
heart/ear | 0.08 | -0.37 || -0.08 | -0.03

sults to be stronger in anechoic chamber than in indoor for both antenna types and
body orientations (i.e., LOS and NLOS). This can be explained considering that in
indoor the secondary MPC contribution to the channel power transfer function is
far more important. The additional randomness brought by these secondary paths,
arising from reflections and diffractions from the environment, results in practically
uncorrelated links, no matter the antenna used or the subject’s orientation. Moreover,
the weak correlation in indoor makes the comparison between antenna designs and
between LOS/NLOS conditions not really significant, because the differences in the

,051,)4 values are not so stressed. For this reason, from here on only the results referring
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to the anechoic case are considered.

In particular, Figs. B14 and B4 show the pgl,)f values obtained in LOS and NLOS
conditions, respectively, considering the subject walking in anechoic environment.
Each figure compares the results for PM (blue) and TLM (red) antennas. First of
all, it can be noticed that the cross-correlation tends to increase for both antennas
when moving from LOS to NLOS. In the former case, channel conditions strongly
depend on the specific antenna type used and on the on-body position, and py,)g values
results smaller, in modulus, than in NLOS. Indeed, in the latter condition the human
body shadows the direct communication between the Tx and the Rx, which results in

stronger cross-correlations because the dependency of channel characteristics on the

specific node position is reduced by the body presence.

Secondly, focusing on the NLOS cross-correlation between the hip and the chest
links, an interesting observation arises comparing the two antennas. According to
their position on the body (i.e., hip and chest), when the subject is in NLOS both de-
vices are completely masked from the external node by the user’s body. To overcome
the body shadowing effect, communication takes place not only through a direct pro-
pagation path traveling in the free space (from the user’s body to the outer device),
but also thanks to an on-body component realised by creeping waves propagating on
its surface. To that purpose, TLMs normal polarization enhance the latter propaga-
tion mechanisms, resulting in a stronger free space component, and hence in larger

pgz,)c values, as compared to PMs.

The hip/chest correlation shows interesting results also when analysing the data
referring to the dynamic rotations (measurements set IV in Sec. B22). In this case,

cross-correlation is computed accounting just for the long-term fading component.
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Figure 3.14: py,)g values for PMs (blue) and TLMs (red). Walking, anechoic chamber,
LOS.
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Figure 3.15: py,)g values for PMs (blue) and TLMs (red). Walking, anechoic chamber,
NLOS.
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Eq. B34 is used also in this case, but considering 5, ;(d, ) instead of P ;(d, ) ac-

cording to:

o B[Sy —ElSiu))(Sic— ElSui])
P\ = : (3.3.5)

Fig. BI4 compares the cross-correlation values obtained for PM (blue) and TLM
(red) antennas, when rotations are performed in anechoic chamber. It could be no-
ticed that, especially for TLMs, the hip/chest links present larger correlation values,
as compared to the other possible combinations (i.e., hip/ear and chest/ear). This is
due to the fact that in the former case the nodes are placed on the same side of the
user’s trunk (hip and chest on the subject’s front side), resulting to be influenced by
the body almost in the same way. Hence, their correlation is stronger with respect to
the links that involve one node placed on the ear, whose position is less affected by the
human presence. Same considerations apply to the indoor case, but the corresponding

graph is not reported here for the sake of briefness.

1

PV
0.8r EETLM [
0.6

0.4r

Shadowing Correlation

_ I

hip/chest C hip/ear) chest/ear ;/’ &

Figure 3.16: Long-term fading correlation values for PMs (blue) and TLMs (red).
Rotation, anechoic chamber.
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3.3.4.2 Time Correlation

Investigating the time correlation of each off-body link (i-j) means analysing its sta-
bility and its coherence over time. This indication is highly important also at a
system level, in order to design upper layer protocols that exploit channel temporal
characteristics and not just passively experiencing its randomness and variability:.

Time correlation is evaluated through the normalised autocorrelation function of

(i-j) link, R%(At), defined as:

Hij(t, fo) - Hij(t + At fo)'].
E[|H;;(t, fo)l?] ’

RY(At) = El (3.3.6)

where E [-] represents the mean operator applied to the channel complex transfer
function H; ;(t, fo), and * acts as the conjugate operator. Accounting for the complex
value of H, ;(t, fo) results in an additional informative contribution given by the phase
of the channel transfer function, and not just by its magnitude as in previous works
available in literature [210].

An example of the results obtained is reported in Fig. B4, which presents the
evolution over At of |R§Z;(At)| obtained for TLM antennas when walking in indoor,
for LOS and NLOS cases. The comparison allows to notice that moving from LOS
to NLOS conditions results in a faster decorrelation of the channel, due to the more
important secondary MPCs contribution. The additional randomness introduced by
the multipath component results in a channel that is less stable over time, and curves
in Fig. BTdb present a steepest decrease and a non-smooth evolution over At, as
compared to the LOS case. Same considerations also apply for PMs, and in both
cases no significant differences between the three channels under investigation can be

pointed out.
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Figure 3.17: ]RJ(ZJ)(At)\ in LOS (a) and NLOS (b) conditions. Walking, indoor, TLMs.

|R§?(At)| values are computed also in the anechoic case, for all possible scenarios
S. The comparison of results for the two environments highlights how the curves
referring to the anechoic case have a smoother evolution over At, as compared to the
indoor ones. This is mainly due to the presence of a less important secondary MPC
contribution, which results in channels that decorrelate for larger values of At. The
correlation times at 50%, 1.5, are presented in Fig. BIR for the chest link; similar
results are available also for the other channels but they are not reported here for
the sake of briefness. Generally, it is possible to observe that T, o5 does not exceed
150 ms when in LOS and 100 ms when in NLOS conditions. The correlation results
to be bigger than 100 ms in anechoic premises, whereas in indoor it assumes smaller

values, confirming what previously stated just observing |R§?(At)] evolution over At.

Time correlation properties, as well as space ones, are also affected by the antenna
type according to their specific radiation and polarization characteristics. In particu-

lar, TLMs normal polarization helps to better counteract the body shadowing effect
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Figure 3.18: T, 5 values for PM (blue) and TLM (red) antennas, in LOS and NLOS
conditions. Rx on chest, walking, anechoic chamber and indoor.

in NLOS conditions. This affects not only the mean channel gain values, but also
the statistics of the short-term fading and consequently the time correlation proper-
ties. Hence, TLMs autocorrelation functions generally present a smoother trend as

compared to PMs ones.

3.4 B2B Channel Modeling

Starting from the H,;(t, fo) data acquired through the experiments presented in
Sec. B2Z3, the proposed B2B channel model describes each channel power trans-
fer function in dB, P, ;(d, ), as composed by a mean channel gain, G, j(d, o), plus a
short-term fading, F; ;(d, ), component. Eq. B33, used for off-body communications,

also applies to the B2B scenario, and it is reported here for the sake of clarity:

Pj(d, o) = |Hy;(t, fo)l* = Gij(d, o) + Fy;(d, ). [dB] (3.4.1)
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Figure 3.19: Mean channel gain extraction for the thigh/hip link in LOS conditions,
PM antennas.
In this case, d is the distance separating the front sides of the two subjects, and « is
the angle describing their mutual orientation. As usual, from here on subscripts (4,5)
will be omitted for the sake of readability, implying that the analysis is performed for
each possible combination of the i-th Rx and the j-th Tx, as shown in Fig. B4.

A long-term fading component, S; ;(d, ), can be also extracted from the channel
power transfer function, following the slow variations of G; ;(d, o) over its mean value.

The mean channel gain can be then expressed as:

Gij(d, @) = Gij(d) + S;(d, a); [dB] (3.4.2)

where G, ;(d) is defined as G(d);; =< G, (d, o) >, and it represents the average
over the angle o of the mean channel gain. S;;(d,a) is also referred to as the body
shadowing component, representing the masking effect of the body on the B2B radio

channel.  Next sections describe each model component, characterising them ac-
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Figure 3.20: Mean channel gain extraction for the thigh /hip link in NLOS conditions,
PM antennas.

cording to the measurements scenario considered and showing the impact of human
motion and of antenna radiation properties on B2B channels. The dependency of
each term on d and « is explained case by case. Considering that all acquisitions are
performed just in indoor premises, in the B2B case a scenario S is defined by the Tx
position on subB body, the Rx location on subA body, the couple of users involved,

the antenna type, and the movement performed.

3.4.1 Mean Channel Gain

Scenario I: Walking

Starting from measurement set I (see Sec. BZ33), the mean channel gain, G(d, a), is
characterised through a RMSE fitting of the acquired data. An example is proposed
in Figs. BT9 and B20, for PMs in LOS (o = 0°) and NLOS (a = 180°) conditions.
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The dash-dotted line represents the polynomial fitting of the continuous curves, each
of them representing the power transfer function acquired for a specific walking cycle.

Even if these examples refer to the thigh/hip link, comparing these two figures
is helpful in understanding how important the impact of the body is on channel
characteristics. Indeed, the NLOS case (Fig. BZ0) presents a more evident fading
effect, with deeper (up to -40 dB below the mean value) and more frequent fading
episodes, as compared to the LOS scenario shown in Fig. BT9. This can be explained
considering that in NLOS the entire body of one subject (subB) shadows the LOS path
between Tx and Rx. Propagation occurs then mainly by reflections and diffractions
from the body and/or from the surroundings, leading to a more important short-term
fading contribution due to the MPCs and to the absence of a dominant direct path.
More details on the short-term fading characterisation are given in Sec. B422.

The polynomial fitting of the experimental data allows the description of G(d, «)

according to the following equation:

G(d,a) = Go(dy, @) — 10 - n(a) - logy(d/do); [dB] (3.4.3)

where G (do, ) represents the mean channel gain evaluated at the reference distance
dy = 1 m, whereas n(«) is defined as the path loss exponent.

Tabs. B8 and B report the values obtained using PMs and TLMs antennas, for
all the investigated links. As shown, the distance-based modeling approach presented
through Eq. B23 is used both in LOS and NLOS conditions. Anyway, since the
limited distance interval considered in the experiments (i.e., approximately 8 m), the
NLOS case results more in an attempted modeling of the mean channel gain vari-
ation over distance, and it should be considered less significative than the one in

LOS. Given the important contribution of reflections coming from the environment
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to the overall channel gain, which is maybe more important as d increases, n(«a) va-
lues could have been even larger at larger distances. It can be noticed that generally
the path loss exponents significantly decrease when switching from LOS to NLOS
conditions, meaning that in the latter case the mean channel gain is little depen-
dent on distance, resulting in a non-dominant component in the modeling of NLOS
scenarios, indeed. Even if this is true for both antennas, this trend is more stressed
when PMs are considered. This is due to their radiation and polarization character-
istics that, differently from TLMs, do not enhance the creeping waves component on
the body, arising to overcome its masking effect on the direct communication path.
Indeed, TLMs’ normal polarization can improve waves propagation around the body
surface [I61], which results into a stronger free-space component from one body to
the other, even when in conditions of devices non-direct visibility (i.e., NLOS). The
considerations on propagation mechanisms in NLOS conditions done for the off-body
scenario can be extended to the B2B case; readers are referred to Sec. BZ311 for more

details.

As for Gy(dy, @), it gives an estimation of the additional attenuation brought by
the body shadowing to the radio channel. When subB moves from LOS to NLOS
condition, the mean channel gain tends to decrease, with a variation that depends on
the node position and on the antenna type: up to 29 dB for PMs and 12 dB for TLM.
This difference is in line with antennas radiation and polarization characteristics, with

TLMs resulting to be less affected by the body presence.

Finally, TLMs generally show larger values of Gy(dp, ), with respect to those for
PMs, but this is not true for two specific links, i.e., hip/hip and hip/hand, when

in LOS condition. In these cases, both the Tx and the Rx antennas are placed
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approximately at the same level on the users’ bodies, and they present a null radiation
pattern in the LOS direction when TLMs are used. This results in higher losses, as
compared to the case with PMs, since the latter are characterised by a non-null

radiation path in the same direction, instead.

Scenario II: Opposite Walk

Measurements set /I (see Sec. BZZZ3) mixes in one single scenario both LOS and
NLOS conditions, including a transition zone that takes place when the two subjects
approach, meeting and crossing each other in the middle of the path, and then conti-

nuing their walk in opposite directions. The proposed model aims at characterising
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Figure 3.21: Propagation zone in Opposite Walking scenario: LOS, NLOS and Tran-
sition Zone.

the evolution of the channel power transfer function according to the propagation con-
ditions realised (see Figs. B22 and B7Z0), namely LOS, NLOS and transition zone.
It describes the mean channel gain in dB, for each (4,j)-th link, as a function of the

distance d separating the users and of their mutual orientation «. For each zone
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G(d, a) can be described according to the log-distance dependent expression as:

Go(dpos,0°) — 10 - nposg(0°) - logio(d/dLos)

if d> dpos, LOS,

Go(dpos,0°) — 10 - ngg - logyy[(dros + |d — dros|)/ dros]

if 0 <d < dpps, transition LOS,
G(d, o) = (3.4.4)
Go(dpos,0°) — 10 - nyg - logyo[(dros + (d + dros))/ dros]

if 0 < d < dnpos, transition NLOS,

Go(dnros,180°) — 10 - nyros(180°) - log(d/ dnros)

if d > dyros, NLOS.

dros and dypos represent the values of d identifying the beginning of the LOS
and the NLOS parts, defining in that way the length of the transition zone. As shown
in Fig. B2 for the hip/chest link when TLMs are used, the transition zone describes
the slope of the channel power transfer function due to the passage from a face-to-face
condition (LOS at dpg) to a back-to-back one (NLOS at dyzos). The two subjects
meet approximately at half way, which is conventionally fixed at d,,, = dros— dyros =
0 m, so that d.os = dyros-

In Eq. B2, nyos,nyros and nrr are defined as the path loss exponents describ-
ing the evolution over d of the mean channel gain, each one referring to one of the
propagation zone: LOS, NLOS and transition zone, respectively. It has to be noticed
that nrr does not present o dependence, considering that, for this specific scenario,
the definition of the angle between the two users’ bodies loses its significance in the
transition zone.

A polynomial fitting of the data subset describing the slope of P(d, «) is performed
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Figure 3.22: Mean channel gain extraction for the hip/chest link, opposite walking.
LOS, NLOS and transition zone, TLM antennas.

to allow the extraction of the values for d;os and dyr0s. A good approximation of the
transition zone is given by a third degree polynomial, whose maximum and minimum
values happen at the reference distances defined as the starting point of LOS and

NLOS conditions, respectively (i.e., dros and dyzos)-

A best fitting of the experimental data (RMSE fit) allowed the characterisation
of the mean channel gain in terms of path loss exponents (i.e., nros, nyros, and
nrr) and of mean channel gains, (i.e., Go(dLos,0°), Go(dyros, 180°)), according to
Eq. B2

As a matter of example, Tab. BR lists the results for the characterisation of
LOS and NLOS zones in terms of Go(dpos,0°), Go(dnros,180°), nros(0°) and
nyros(180°), for the Tx placed on user’s thigh. Analysis is performed for all possible

(i,7)-th link, but results are not shown here for the sake of briefness, interested reader
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Table 3.8: Mean Channel Gain Characterisation - Opposite Walk LOS/NLOS - Tx
Left Thigh

Planar Monopole Top Loaded Monopole
Rxs L. Ear | Chest | R. Hip || L. Ear | Chest | R. Hip
8 nros(0°) 1.19 1.31 1.62 1.33 2.47 2.00
= | Go(dpos,0°) [dB] -60.64 | -57.30 | -54.68 -55.56 | -47.45 | -49.24
8 nnLos(180°) 0.91 0.34 0.32 0.55 0.60 0.49
2 Go(dnros,180°) [dB] | -69.40 | -78.77 | -77.86 -63.21 | -69.00 | -68.61
AGy 8.79 21.48 23.18 7.66 21.55 19.37

can find the complete set of values in Appendix . Values in the table are obtained as

the average of the fitting parameters extracted from each measurements performed.

It is interesting to notice that LOS values presented in Tab. BR are quite similar
to those in Tabs. B8 and BZ, which refer to acquisition set I (see Sec. B223). Dif-
ferences can be attributed to possible non-synchronism and slightly dissimilarities in
performing the two types of measurements. Anyway, this good agreement confirms
the accuracy of the results obtained and it suggests the idea to merge the results
referring to scenario I and II, in order to create a larger data base for a more precise

channel characterisation.

Conversely, NLOS values are not directly comparable with those obtained from
the previous measurement set, since in the current scenario (i.e., opposite walking) the
NLOS case refers to the condition where two bodies mask the direct communication

link, and hence mean channel gains and path loss exponents assume smaller values.

To quantify the impact of the two human bodies on the channel, Tab. B lists
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the values of AGy for both antennas types, which is defined as the difference be-
tween the mean channel gains at dyos and dpog according to: AGy = Gy(dpos,0°)-
Go(dnros,180°). It can be noticed that this parameter is extremely dependent on the
node emplacement; antenna on the ear presents smaller values of AG( with respects
to the other on-body locations, confirming that this position is less affected by the
body presence. Indeed, for the ear node, NLOS correspond to an inversion of its
position (from left to right side of the head) and not to a complete obstruction of the

body.

Tab. B9 presents the parameters for the characterisation of the transition zone
for all (i,7)-th links, using both antenna types. It is possible to observe that djog
and dypos generally assume values around 1 m, no matter the link considered and
the antenna used, meaning that the transition zone covers approximately 2 m (i.e.,
1 m before the meeting point at d,, and 1 m after). It has to be considered that
slight variations in the effective walking speed of the users may affect the value for
these parameters. As for the results concerning the path loss exponent, nyr assumes
smaller values for the links where one node is placed on the ear, as compared to
those obtained for the other channels. This is in line with the consideration that
nodes on the head are less affected by the body presence, and hence the passage from
LOS to NLOS condition, described by the transition zone, is less sharper and more
related to the physical distance between users. From Tab. B9 it is not possible to
highlight any significant difference in the results for the two antenna types. The effect
of specificities of their radiation characteristics is less stressed and somehow reduced
in the transition part. The extreme user proximity in that zone makes it difficult

to separate in the channel model the body effect from the distance dependence, and
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Table 3.9: Mean Channel Gain Characterisation - Transition LOS/Transition NLOS

Tx | Rxs PlanardMonopol_e Top Loaded Monoi)ole
npg | GLOS [m] = N dros [m] =
dnros [m] dnios [m]
o | Left Ear | 2.50 1.25 2.85 1.32
T | Chest 5.33 1.04 4.54 1.28
& [Right Hip | 5.83 1.13 4.44 1.27
% | Left Ear | 1.83 1.26 1.60 1.27
& | Chest 4.50 1.36 4.51 1.35
= | Right Hip | 4.85 1.42 4.06 1.25
T | Left Ear | 2.13 1.04 2.03 0.74
T | Chest 4.04 1.50 3.37 1.24
# | Right Hip | 3.48 1.15 3.53 1.30

corresponding propagation mechanisms (i.e., on-body creeping waves and free-space

path) are then less distinguishable in antennas behavior.

Scenario III: Parallel Walk

For this specific scenario where the two subjects are walking in parallel side by side
(see Sec. BZ3), the definition of bodies orientation « and of distance d, as consid-
ered in previous paragraphs, lose its inner significance. In this case, the most useful
description is the one given as a function of time ¢, which allows to characterise the
dynamic properties of the B2B channel due to the subjects movement. Starting from
Eq. B2 and considering the subject walking at a constant average speed v = 0.8 m/s,
so that D = v - Typs = 0.8[m/s] - 10[s] = 8 m, where D is the distance covered by

the users, it is then possible to describe the (4,7)-th channel power transfer function
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expressed in dB as:
P(t) = G(t) + F(t). [dB] (3.4.5)

The distance dependence is here replaced by the temporal one and « is omitted
because it does not apply to the specific scenario and it is constant throughout the
experiment (see Figs. B4b and B3). The mean channel gain, G(t), is defined as the
slow-varying part of the power transfer function, and it can be extracted applying
a sliding temporal window w to the recorded channel data. For example, Fig. B=23
shows the evolution over time of P(t) for the hip/hip channel, comparing the values
obtained with PMs (dashed red curve) and with TLMs (dashed blue curve). Trends
for the mean channel gain are shown by the continuous curves; they are obtained
considering a sliding window of 500 ms, which is found to be appropriate in order to

follow the slow channel variations due to the walking movement at speed v.

| | - = =P () [dB] TLM

—80r e SubA . e"i'Jj [@B] TLM ||

—00l \ —> —Gi:j(t)[dB] ™ ||
0\ . - - =P, () [dB] PM

100t 4 e Gi,j [dB] PM R
SubB ——G,(h[dB] PM

-110 : : * *
2 4 6 8 10
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Figure 3.23: P(t) evolution over time for the hip/hip link: PMs (blue curves) and
TLMs (red curves), walking side by side.
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According to Eq. B4, the mean channel gain is described by two separate con-

tributions; and for this specific scenario it can be expressed as:
G(t) =G+ S(t). [dB] (3.4.6)

G =< G(t) >, represents the average over time of G(t), and it is characterised by its
standard deviation og. It is computed gathering the acquisitions performed with the
two pairs of subjects, accounting in that way for the heterogeneity of human bodies
in terms of shape, tissues dielectric properties and local micro-variations of nodes
emplacement. S(t) is the shadowing contribution describing the slow variations of the
mean channel gain around its mean value G. It is statistically described by a normal
distribution N (0, 0g), where og in dB accounts for the impact of bodies movements
shadowing the direct link between nodes while walking. This is shown for example
in Fig. B3, where the oscillatory trend of the continuous curves represents the effect
of users’ arms swinging while walking, which cyclically masks the communication
between devices located on both subjects’” hip.

Even if this set of measurements allowed the characterisation of S(¢), a deeper
insight on the body shadowing contribution will be given in Sec. B473, where it is
characterised considering different body orientations «.

Tab. B0 reports the values obtained for all (i,j)-th links and for both antenna
types. It should be noticed that, even if these results refer to one specific measurement
scenario and environment, some general considerations can be drawn anyway.

Generally, PMs present smaller G values as compared to those obtained with
TLMs, no matter the Tx position considered. This is in line with antennas po-
larization and radiation characteristics, similarly as in the walking scenario. Indeed,

considering the two subjects walking side by side, communication takes place not just
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through a free-space path traveling from one subject to the other, but also thanks
to a creeping waves contribution propagating on both bodies [I61]. TLMs, helping
on-body waves diffraction, result in smaller channel attenuations than in PM case.
Moreover, when PMs are placed on the hip, thigh or chest positions on one subject,
they present a null radiation pattern in the main LOS direction towards nodes placed
in the same positions but on the other subject. This is not the case for TLMs, and
so the difference in antennas behavior is even more evident for these links than for
those involving one node placed on the ear, with a variation in G values up to 18 dB
(i.e., thigh/chest link).

Finally, TLM antennas usually present smaller o5 than PMs, meaning that the
variability due to antenna/body interaction is reduced by the presence of the ground
plane in TLMs’ layout. Moreover, PMs result to be more affected by the masking
effect of the body, presenting larger variations of the shadowing component (i.e.,
larger og.). Indeed, PM’s tangential polarization do not enhance on-body waves
propagation, corresponding to a more important channel variability brought by the

body shadowing effect while moving.

3.4.2 Short-term Fading

Scenario I: Walking Scenario

As shown in Eq. B2, the short-term fading component, F(d, «), is extracted from
data set I (see Sec. BZ3) subtracting the mean channel gain G(d,«) from the corre-
sponding channel power transfer function.

The statistical analysis performed shows that the linear envelope of F(d,«) is

well modeled by a Rice distribution, which is defined by its K-factor (see Sec. PZ32).
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Tab. B lists the results obtained based upon the maximized log likelihood derived
from the MLE applied to the experimental data, for the case where the Tx is placed
on subB’s thigh, in all possible measurements conditions. LCR values expressed in
Hz and AFD ones in ms are also reported, where the former is defined as the average
rate at which the small-scale fading falls below the 0 dB level (i.e., a fading episode),
while the latter represents the average duration of the fades with respect to the same
threshold. Similar values are obtained for the other two Tx positions, interest reader

can find the complete set of results in Appendix 0.

When moving from LOS to NLOS, the user’s completely shadows the main direct
path, and propagation is realised mainly by the secondary MPCs due to reflections
and diffractions from the environment and partially from the body itself. The more
important secondary MPCs contribution, overcoming the main dominant path weak-
ened by the body shadowing effect, directly affects also the short-term fading statistics.
Indeed, the NLOS K-factors values are generally lower than in the LOS case for both
antenna types, often tending to zero. Hence, the Rice distribution can be well approx-
imated by a Rayleigh one, confirming the presence of a more significant secondary
MPCs over the direct one. For similar reason, the NLOS case also presents much

more frequent fading episodes (up to 7 times per second) than in LOS.

An interesting consideration comes from the comparison of antenna behavior in
LOS condition, with TLMs presenting smaller K-factors as compared to PMs. Con-
sidering antennas polarization characteristics, when one subject walks towards the
other, TLMs show a null radiation pattern in the LOS direction, both at the Rx
and at the Tx side (except for the case where a node is placed on the ear). This in

not true for PM antennas, which present a non null radiation pattern in the same
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Table 3.12: Fast Fading Statistics - Parallel Walking - Tx on Right Hip

Rxs v o | K | LCR[Hz| | AFD[ms]|
Left Ear 0.82 1 0.70 | 0.69 7.53 72
PM Chest 0.92 | 0.59 | 1.22 9.43 60
Right Hip | 0.97 | 0.51 | 1.81 9.05 60
Left Ear 0.98 | 045 | 2.37 8.35 65
TLM | Chest 1 1034|433 5.65 91
Right Hip | 1 | 0.32 | 4.88 5.50 93

direction, and hence the main direct propagation path results stronger than in TLM
case, with larger K values. For the same reason, PMs show smaller LCR values in

LOS condition, as well as longer fading periods (see Tab. BI).

Scenario II1I: Parallel Walk

As in the previous scenario, F'(t) is computed according to Eq. B233, subtracting the
mean channel gain G(t) from the corresponding P(t).

Results show that the linear envelope of the short-term fading can be statistically
described by a Rice distribution. Fig. shows an example of the good fitting to the
experimental data for the case where the Tx is placed on the hand and PM antennas
are considered; each color referring to a specific Rx position.

Tab. B2 reports the values obtained for the statistical characterisation of Rice
distribution (v, o and K) as well as the LCR and AFD values, for the case where
the Tx is placed on the hip and for both antenna types. The reader is referred to
Appendix O for results referring to the other Tx positions. It is possible to notice
that generally PMs present sensibly smaller K values with respect to those obtained

with TLMs. Indeed, when the two subjects are walking side by side, PM antennas
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Figure 3.24: Cumulative Distribution Function of short-term fading amplitude. Tx
on right hand, PM, walking side by side.

show a null radiation pattern in the main direct propagation path, both at Rx and
Tx, which is not the case for TLMs. For this reason, the two antennas experience a
different short-term fading, with TLM presenting a more important dominant path
component traveling from one body to the other, which results in larger K factors.
This difference in antennas behaviors is also witnessed by LCR and At values, as

shown in Tab.BT2, with PMs presenting more frequent and shorter fading episodes.

Anyway, it is worth noting that both antennas types show K values larger than
zero, meaning that they experience a main dominant propagation component that
overcomes the secondary paths generated by reflections and diffractions on the bodies

(or on the environment) while moving.
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3.4.3 Body Shadowing Effect

Starting from measurements set IV (see Sec. B23) and considering Eq. B4, the
mean channel gain is extracted applying a sliding temporal window w to the recorded
samples of P(d, «), in order to follow its slow-variations over the angle a. Curves in
Fig. BZ3 show an example of the results obtained for the chest/chest link when PM
antennas are used, each color referring to acquisition at different d. Mean channel
gains, G(d, ) (continuous curves) are extracted from P(d, ) values (dashed curves)

considering w = 1.5 s. It can be noticed that, even if G(d, «) follows the same trend

]
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Figure 3.25: Body shadowing trends for the chest/chest link at different d, PMs,
rotation.

independently on the distance, it presents different fade depth. This can be explained
considering that acquisitions are performed in indoor and at each d corresponds a
specific source of multipath interference, which results into different shadowing dips.

As presented in Eq. B4 the body shadowing effect, S(d, «), can be extracted for
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Table 3.13: AS(d) [dB] for different distances d - Rotation - Tx Chest

d=1m d=3m d=5m d="T"Tm
PM [ TLM | PM |[TLM | PM | TLM | PM | TLM
Left Ear 17.89 | 18.30 | 15.05 | 12.64 | 14.07 | 14.51 | 11.79 | 12.41
Chest 23.07 | 13.47 | 17.27 | 11.89 | 18.02 | 13.92 | 19.93 | 14.46
Right Hip | 21.78 | 16.81 | 15.53 | 14.05 | 17.61 | 12.09 | 16.36 | 13.63

Rxs

each d, as the variation of G(d, «) around its average over the angle v G(d). In that
way, S(d,a) accounts for the effect of the body that masks the direct communica-
tion path, as the user changes its orientation « over time during the rotation. It is

described through its maximum variation range AS(d) according to:

AS(d) = E| max(S(d,«)) — min(S(d,«))|. [dB] (3.4.7)

max(S(d,a)) and min(S(d,«)) are computed for every single channel acquisi-
tion, and the mean operator is applied gathering all measurements performed at a
specific d. Results for both antennas types are reported in Tab. BT3. Even if the
mazimum variation range results to be strictly dependent on the specific link and
antenna type considered, generally PMs present larger AS(d) values, with respect
to those found for TLMs. Indeed, the latter are less affected by body shadowing, as
already discussed in Secs. B2 and B2, resulting in smaller values of AS(d). A
statistical characterisation of the body shadowing, S(«), is performed gathering all
the acquisitions, regardless of the distance d where the measurements are realised.
Bars in Figs. and B7Z1 present an example of the empirical Probability Density
Function (PDF) of S(a) for the chest/chest link for PM and TLM antennas, respec-

tively. Both PDFs show a peculiar two-lobe configuration, symmetric around the
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Figure 3.26: Mixture Probability Density Function of s for the chest/chest link, PMs.

mean value, which can be modeled through a mixture distribution composed by two
one-dimensional normal distributions, as shown in Figs. and B7Z4 by the light col-
ored areas. Each composing distribution is defined by its mean value u; and standard
deviation o;, i = 1,2. Considering s € S(a) as the body shadowing values expressed
in dB, the resulting mixture PDF, pg(s), (dashed curve in Figs. and BZ17) can
be expressed as the weighted combination of the individual composing PDFs p;(s),

according to:
ps(s) =322 w; - pi(s); (3.4.8)

where w; are the non-negative weights assigned to each p;(s). More details on mixture
modeling can be found in [211]. Tab. B4 lists the values describing each composing

distribution for both antenna cases.
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Figure 3.27: Mixture Probability Density Function of s for the chest/chest link,
TLMs.

The physical meaning of the two-lobe configuration can be explained considering
the particular movement performed by the user. Indeed, during a rotation the body
stands for most of the time (i.e., for a wide span of the full circle) in intermediate
positions between the mutual directions of maximum and zero of Tx/Rx antenna
radiation patterns, which correspond to a maximum and a minimum of S(«). As a
consequence, a large part of the shadowing values result to be in between its mean,
i.e., 0 dB, and its extreme values, i.e., max(S(«)) and min(S(«)). In other words, each
composing distribution p;(s) models the subset of values that the shadowing assumes
while approaching or moving away from antennas’ mutual max or zero direction,
defining in that way a “visibility” or “non wvisibility” area, respectively. Values close

to 0 dB are assumed few times during rotation, instead, acting as a sort of “breaking
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Table 3.14: Mixture Distribution Parameters - Rotation - Tx Chest

Planar Monopole Top Loaded Monopole
Rx Left Ear | Rx Chest | Rx Right Hip || Rx Left Ear | Rx Chest | Rx Right Hip
u1[dB] -0.97 -5.28 -5.01 -3.01 -2.87 -1.59
2[dB] 0.87 5.45 4.79 1.42 2.79 4.72
o1]dB| 4.52 3.83 3.79 4.57 2.86 3.64
o9]dB| 5.10 3.58 4.04 3.42 2.74 2.16
wy 0.47 0.51 0.49 0.32 0.49 0.75
Wy 0.53 0.49 0.51 0.68 0.51 0.25

point” separating the two composing distributions.

This effect can be eventually mapped on the full circle, dividing the angles «
related to S(«) values belonging to one distribution or to the other. However, it
has to be noticed that antennas’ mutual max and zero directions strongly depend on
their specific radiation pattern and on the on-body position, and they could evolve
during time according to the movement performed by the user. A precise evaluation
of these directions is out of the scope of the present work, but reader can find a
related work on simulating how antennas position and radiation characteristics evolve
during a walk in [212]. Depending on the specific node location and on the antenna
considered, the two-lobe configuration can be more or less stressed. For example, the
chest /chest link presents symmetric mean values with approximately same standard
deviation and equal weight (see Tab. BI4), resulting in a bimodal distribution, which
is more evident in PMs case than in TLMs one (see Figs. and B27). Similar

considerations apply to the chest/hip link when PMs are considered.

Generally, TLMs present a less important bimodal configuration as compared to

PMs. Indeed, the latter are more affected by the body shadowing, resulting in sharper
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transition between the “visibility” and “non-wisibility” areas, and composing distri-
butions lobes are hence more defined than in TLM case. This trend can be also
highlighted comparing Figs. and B27, where the continuous black curves rep-
resent the unimodal gaussian distribution approximating the body shadowing values.
TLM antenna presents an unimodal distribution very close to the resulting gaussian
mixture one (dash-dotted line) as compared to the PM case. This is mainly related to
antennas radiation characteristics that in the TLM case result into a less pronounced
two-lobe configuration, which can be possibly described by a simple gaussian distri-
bution, even if it introduces a loss in modeling precision.

Due to the particular position of the node on the ear, the mixture distribution for
this link almost loses its bimodal features, for both antennas types. The two p;(s)
present closer mean values (not necessarily symmetric) and large standard deviations,
in a way that they almost superpose (see Tab. BId). This is due to the fact that the
body impact is less important in the ear case, since this position is less masked by the
body while rotating. Shadowing dips result then moderately deep, and the largest
part of S(«) values varies around its mean value. A good description can be given by
a simple gaussian distribution, even if it introduces a loss in modeling precision with

respect to the use of a mixture distribution.

3.5 Conclusions

An experimental dynamic channel model for on- to off-body communications is pro-
posed for the 2.45 GHz band, accounting for different measurement conditions (i.e.,
environments and movements performed) and antennas.

Experimental results show that the mean channel gain is strongly dependent on
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the specific on-body node location and on the antenna type. In particular, normally
polarized antennas yield to smaller attenuation in NLOS conditions, with respect to
tangentially oriented ones, thanks to the higher creeping waves diffraction around the
body. Moreover, it is shown how the specific movement results into different effects
on channel time-variant characteristics. This aspects was considered by proposing a

channel model adapted to the investigated scenario.

The statistical description of the short-term fading envelope highlights how the
secondary MPCs arising from reflections and diffractions from the environment and
from the body become more important in NLOS than in LOS conditions. Indeed, in
the former case, the human body acts as an obstacle to the main direct communication
path, which is weakened by the user’s shadowing effect, and secondary paths are then

more significant.

The body shadowing effect is extracted following the slow variation of the channel
power transfer function, as a function of the subject orientation. According to the
node position, the body masking effect can be more or less stressed, which results
in different shadowing trends as the user moves. Generally, antennas with normal
polarization help to better counteract the body masking effect, even if this consider-
ation strictly depend on the movement performed and on the mutual position of the

subjects.

Off-body channels space and time correlation properties were also evaluated, to
study the relationship between fading effects of different link, and their stability over

time. Correlation parameters also depend on node position and on antenna type.

The proposed models, jointly with the on-body one presented in Chapter B, are

derived in order to be able to account for the most important dynamic characteristics
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related to the body movement and to the environment considered. Network simula-
tion studies can take advantage of the implementation of these models, allowing the
evaluation of system performance considering realistic radio channel conditions. An
example of the potential of the work performed is shown firstly in Chapter B, focusing
just on the on-body scenario, and subsequently in Chapter B, merging on- to off-body

communications with human mobility and sociality aspects.
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Chapter 4

How the Radio Channel Affects
System Level Performance

This chapter presents the results obtained from an extensive simulation campaign
aimed at assessing and comparing the performance of different MAC protocols suit-
able for on-body communications. Simulations are conducted integrating real-time
channel data to account for realistic propagation aspects and their impact on system
level performance. A general overview of the MAC schemes available in literature,
specifically addressing on-body scenarios, is given in Sec. B, with a particular focus
to those simulating IEEE 802.15.6-based solutions. Sec. B2 presents in details the
WiserBAN protocol solutions and reference scenario, explaining how the propagation
aspects are considered and included in the simulations. Finally, numerical results
for system PLR, node transmission delay and energy consumption are provided in
Sec. B23; considerations on the impact of a proper channel description on network

performance and a comparison of the different protocol solutions is also provided.
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4.1 Related Works

Studies on the optimal MAC protocol solution to be used in the BAN context have
drawn the attention of many research groups, and a wide variety of proposals are
available in the literature of recent years. As already pointed out in Sec. 2, the two
most important attributes of a good MAC protocol are the energy efficiency and the
QoS provisioning capability [88]; therefore, all the proposed solutions aim at minimis-
ing the device energy consumption while assuring adequate system performance, for

example in terms of transmission delay or jitter.

Several works in literature overviews the MAC proposals for BAN, among
them [8R, PT3-217] are the most complete and general ones, to the best of au-

thor’s knowledge. They provide a taxonomy of MAC protocols according to the

contention /schedule-based [220]) and a description of the energy-efficient techniques

they implement, such as Low Power Listening (LPL) [221-223], context and traffic

The general picture that can be drawn from these surveys is that many of the
available contributions refer to the study of the applicability of existing WSN pro-
tocols to the BAN scenario [87]. A particular emphasis is given to IEEE 802.15.4
standard [229], which is often used as term of comparison with newly proposed pro-

tocols, such as in [225,230-234]. Potential improvement and optimisation of existing

protocols are also proposed in [235, 236].

Other than the IEEE 802.15.6 MAC solution, very few contributions are specifi-

cally designed for BANs. Among them, some examples that deserve a more detailed
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description are the following;:

o Controlling Access with Distributed slot Assignment (CICADA) [237]: it is a low
energy protocol designed for multi-hop, mobile BANs. It aims at supporting
high-rate data traffic with reduced delays (i.e., all sensors send data frequently

instead of buffering them locally).

e BSNMAC [235]: it is a dedicated ultra-low-power MAC protocol for star topo-
logy networks. BSNMAC is compatible with the IEEE 802.15.4 solution, and
it accommodates unique requirements of the sensors in BANs. By exploiting
feedback information from distributed sensors in the network, BSNMAC ad-
justs protocol parameters dynamically to achieve best energy conservation on

energy-critical sensors.

o Hybrid MAC (H-MAC) [238]: it is a TDMA-based MAC protocol, which aims at
improving energy efficiency by exploiting heartbeat rhythm information to per-
form time synchronization. It is achieved following the naturally synchronized
heart rhythm extracted from ECG data, without the need to receive periodic
timing information from a central coordinator node, and thus reducing energy

costs due to time synchronization tasks [87].

e BAN Adaptive TDMA MAC (BATMAC) [239]: it is a protocol based on an
adaptation of IEEE 802.15.4 SF structure, which automatically detects the
shadowing effect of the human body on the channel, in order to accordingly
change the parameters of the SF and to use relay node when necessary. Latency
outage probability is reduced at the expense of a reasonable increase in the

power consumption of the relaying nodes.
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As a concluding consideration arising from the literature, the first step in the
selection of the best performing MAC protocol is certainly related to the type of
channel access it is preferable, whether contention-based or contention-free. These
two macro-categories cover almost the totality of proposed solutions, with possible
merging of the two resulting in hybrid protocols. Their characteristics and the per-
formance they lead to are diametrically opposite in terms of energy consumption,
scalability, transmission delay, synchronization requirements and traffic level they
can handle. Hence, the final choice should be the one that provides the best trade-off

between the different requirements the application demands to the system designer.

The work proposed in this chapter, which targets the WiserBAN use cases and
the related reference scenario presented in Sec. B2, does not propose a new MAC
access scheme, rather it evaluates and compares via simulation three contention-
based protocols among those already available in literature: the Slotted ALOHA and
two versions of the CSMA /CA. Algorithms performance are given in terms of PLR,

average transmission delay and node energy consumption.

With respect to the studies presented above and to other similar ones, the novelty
introduced by this thesis is twofold. First of all, two of the simulated access schemes
(Slotted ALOHA and one of the CSMA /CA protocols) are those proposed in the IEEE
802.15.6 standard. Moreover, one of the PHY solution considered in the simulations
is compliant with the narrowband one working at 2.45 GHz, as described in the IEEE
802.15.6 document [240,247]. Very few studies can be currently found in the literature
regarding this communication protocol, all of them accounting anyway for simplified
assumptions regarding BANs architecture. Among them, [?47] gives an overview of

the different MAC mechanisms proposed in the standard, describing their pros and
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cons. In [243] a simple analysis of theoretical throughput and delay limits is carried
out, considering an ideal channel with no transmission errors and the different IEEE
802.15.6 frequency bands and bit-rates. [244] extends the work in [243], comparing
theoretical limits with simulations for networks with increasing number of nodes. An
analytical model to examine the energy lifetime performance of periodic scheduled
allocations is presented in [245]. Performance analysis based on a Markov chain model
for CSMA/CA can be found in [?46] and [?47], which study networks in saturated
and unsaturated conditions, respectively [27]. Authors in [248] propose an evaluation
of the IEEE 802.15.6 CSMA/CA performance, given in term of PLR, delay and
throughput, considering two different simplified channel models. Results are also
compared to those referring to the simulation of IEEE 802.15.4 CSMA /CA algorithm,
and they highlight the importance of choosing a proper channel model to account for
the impact of realistic propagation conditions at the system level. This issue was
already investigated in [249], along with impact of the PHY layer characterisation in

simulation, which call for a trade-off between soundness and computational cost.

Starting from these last considerations, the second innovative aspects of the
present chapter refers to the fact that simulations are conduced integrating real-time
channel data acquired through an ad-hoc measurement campaign. To the best of
author knowledge, this is one of the very few works in literature that investigate the
effects of realistic channels on IEEE 802.15.6-based MAC protocol performance for
BANSs. A similar study was performed by authors in [250], they evaluate the impact
of Rice fading channels on IEEE 802.15.6 MAC scheme working in non-saturation
regime; the results obtained through an analytical Markov chain model are then

validated via simulations. The channel model they consider does not account for

145



Chapter 4. How the Radio Channel Affects System Level Performance

the impact of body movement, which is embedded in the channel data used in the
work presented in this thesis, instead. The dynamic aspects of channel modeling
are accounted for in other two works [251, 252], aiming at assessing MAC protocols
and localization algorithm performance in the BAN context, but they refer to the

solutions proposed in the IEEE 802.15.4 standard.

4.2 The WiserBAN PHY/MAC Solutions

4.2.1 WiserBAN Protocol Solutions

As already presented in the Introduction, the WiserBAN project aims at developing
a dedicated protocol stack, targeting some specific use cases, as shown in Fig. Ba. In
particular, at the PHY layer three different modulation schemes are accounted for,

as possible solutions to be implemented:

e PHY 1: IEEE 802.15.4-compliant PHY; it adopts a Minimum Shift Keying

(MSK) modulation with spreading, resulting in a bit-rate of 250 kbit /s;

e PHY 2: it is derived from PHY 1 removing the spreading; just MSK modulation

is used with a bit-rate of 2 Mbit/s;

e PHY 3: Bluetooth Low Energy-compliant PHY, which uses a Gaussian Mini-

mum Shift Keying (GMSK) modulation, with a bit-rate of 1 Mbit/s.

As for the MAC layer, one of its main functions consists in the management
of node access to the radio resource, when more than one device (other than the
Network Coordinator (NC)) are part of the network. This task is practically realised

by the NC through the establishment and the maintenance of a SF, whose length
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(Tsr) is defined as the time interval between two consecutive beacon packets (see
Fig. B0). The SF may be structured in an active and an inactive part; during the
latter, nodes can go into stand-by state to reduce their power consumption. As shown
in Fig. B0, the WiserBAN SF active portion is divided into several parts, adapting
the IEEE 802.15.4 [89], IEEE 802.15.6 [4], and BATMAC [239] proposals:

e Beacon portion: reserved for the transmission of the beacon by the NC. It

contains network management information;

e Indicators portion: where nodes have reserved mini-slots to send an ACK to

the NC, in case the beacon is correctly received;

e (CFP: where nodes access the radio channel through a TDMA-based scheme. A
certain number of time slot is allocated to nodes with more stringent application

requirements;

e (CAP: where nodes compete for the access to the channel, according to the

CSMA /CA or Slotted ALOHA algorithm;

e ACK portion: mini-slots are assigned to the nodes to communicate if data

exchange during the current SF were successful or not.

Tsr, as well as the duration of the single part composing the SF, can be tuned
according to the specific requirement demanded by the application. The CAP portion
has to be always present in the SF, at least to handle slots requests. If no other traffic
needs to be managed in it, its duration T p is set to the minimum possible value.

The MAC protocol solutions that WiserBAN considers for adoption in the CAP

part are three: the CSMA /CA in the two versions proposed in the IEEE 802.15.4 and
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Figure 4.1: WiserBAN reference SF structure [27].

802.15.6 standard, and the Slotted ALOHA algorithm as defined in IEEE 802.15.6
(see Fig. B).

1. IEEE 802.15.4 CSMA/CA Algorithm: It is implemented using units of time
called Backoff periods (BPs) with a duration of 320 us. For each transmission
attempt, every node in the network should maintain three variables, namely
NB, CW, and BE. NB, is the number of times the algorithm is required to
backoff while attempting the current transmission; it is initialized to 0 and it
can assume a maximum value of NB, ... CW is the contention window length,
whose initial value is equal to 2. It defines the number of BPs where no activity
on the channel should be detected before a new transmission can start. BE
is the backoff exponent related to the number of BPs a node shall wait before
attempting again to sense the channel. It varies between BE,,;, (initial value)
and BE, ... Once a node receives a beacon from the NC, it delays any activity
(backoff state) for a number of BPs randomly drawn in the range [0 + 2BF~1].

After this delay, channel sensing is performed for one BP. If the channel is

sensed as busy, CW is reset to 2, while NB and BE are increased by 1, ensuring
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that BE < BE,.x. If NB < NB,.x the node should return in backoff state
and wait for another random interval of time. If the channel is assessed as
idle, instead, CW is decremented by 1. If CW< 0, the node waits for another
BP and then it sounds again the channel state, acting accordingly to what
explained before (busy or idle state). The algorithm ends whether with the
data transmission for CW = 0 or with a failure, when NB > NB,,.., meaning
that the node does not succeed in accessing the channel in a maximum number

of attempts.

. IEEE 802.15.6 CSMA/CA Algorithm: In this case the time is divided into
slots of 125 pus. When a node has data to be sent, it randomly chooses a Backoff
Counter (BC) in the interval [1 - CW(UP)|, where CW(UP) € [CW(UP)_. -+

min

CW(UP) The values of CW(UP)_. and CW(UP)__ depend on the user

max} : min max

traffic priority (UP); larger CW values for data with less stringent requirements.
If the channel has been sensed as idle for a Short Inter Frame Spacing (pSIFS
= 5045), the node decrements its BC by one for each idle slot that follows. Once
the BC has reached zero, the node can transmit its frame. The CW is doubled
every two failures, ensuring that it does not become larger than CW[UP] . .

If the channel is found busy, the BC is locked until the channel becomes idle
again for pSIFS [14].

. IEEE 802.15.6 Slotted ALOHA Algorithm: Time is divided into slots, whose
duration depends on the length of the frames that have to be transmitted. Each
node wishing to perform a transmission obtains a contended allocation in the
current ALOHA slot if z < CP[UP], where z is a random value in the interval

[0+ 1], newly drawn for every attempt. CP(UP) is the Contention Probability,
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set according to the result of the last contended allocation, and whose value
depends on the UP (smaller for lower priority data). If the node did not obtain
any contended allocation previously or succeeded in the last contended allo-
cation it had obtained, it shall set the CP(UP) to its maximum value, which
depends on the user priority. If the node transmitted a frame requiring no ACK
or the ACK was received at the end of its last contended allocation, it shall keep
the CP unchanged. If the node failed in the last contended allocation it had
obtained, it shall halve the CP(UP) value every two failed attempts, ensuring
that it does not become smaller than CP(UP)

[208].

min

4.2.2 Reference Scenario and Simulation Settings

As for the evaluation and comparison of the different MAC protocols and PHY solu-
tions presented in Sec. B2, the reference network topology considered in simulations
is a star one. In particular, it is composed of four nodes transmitting data to the
NC. Each end-device is placed in a specific on-body position according to the four
WiserBAN use-cases, as described in the Introduction (see Fig. @b). Nodes on the ear
refers to the hearing aids or to the cochlear implant application, the node on the chest
is related to the cardiac implant use-case, while the device on the hip accounts for
the insulin pump application [208]. As for the NC, it acts as the Remote Controller
(RC) node as described in Sec. , and it is considered to be placed in three diffe-
rent positions, each one corresponding to an investigated sub-scenario (see Fig. B72).
Sub-scenarios A and B are the cases when the RC is held in the left and right hand,
respectively; whereas in sub-scenario C the RC is considered to be placed at the thigh

level, emulating a device hosted in a pocket.
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Right Left
Ear

Left

Sub-scenario A Sub-scenario B Sub-scenario C

Figure 4.2: WiserBAN simulated sub-scenarios and related nodes position [27)].

As for the movement and posture, both walking and standing conditions are ac-
counted for. Note that the investigated node positions are consistent with those
considered during the on-body measurement campaign described in Sec. =22 (see
Fig. 22). This allows the direct integration of the measured channel data in the si-
mulator, which lead to a more realistic performance evaluation and comparison of the
different PHY and MAC protocol solutions. In particular, two sets of measurements
are used in simulations: the first one are the data acquired in anechoic chamber while
the test subject stood still for the duration of the experiment; the second one refers
to the indoor acquisition while the subject was walking (see Sec. Z232). Considering
that measurements refer to the use of two different kind of antennas, namely TLM
and PM (see Sec. ZZX3), simulations are performed including both data sets. This
allow to draw some interesting consideration on how antenna radiation and polar-
ization characteristics affect the system performance. It should be noticed that, for
the specific measurement campaign performed, the whole mesh network needed to

completely simulate the channel access scheme is not covered by the acquisitions.
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To overcame this problem, the non-measured links are statistically described using
some previous available models or characterised by the acquired channel data of a

symmetric link [253].

To perform the simulation campaign, two platforms are used: the first one, avail-
able at UniBO, allows the investigation of the performance of the two CSMA/CA
algorithms, while Slotted ALOHA protocol is implemented over another simulation
tool realised at CEA-Leti; both institutions are partner within the WiserBAN con-
sortium. For a fair comparison of the results, common scenarios, channel data, and
packet capture models (see Sec. B23) are implemented in both simulators. Only the
CAP portion of the SF is considered for data transmission, and no CFP is accounted

for in simulations (see Fig. BT).

A simplified query-based traffic model is taken as a reference: upon reception of a
query from the NC asking for data, at the beginning of every SF each node generates
one packet of equal size. If a node does not succeed in correctly sending its packet
before the next query (i.e., before the end of the current SF), the packet is considered
as lost. It is also assumed that ACK packets do not collide. According to this, packets
can be lost due to connectivity (the end-device could not reach the NC), collisions (a

maximum number of retransmissions is set), and due to the end of the SF.

100 000 SFs are simulated, meaning 100 000 packets to be transmitted by each node
to the NC. The parameters set used for the different channel access algorithms are:
CWpin = 8 and CW . = 16, for 802.15.6 CSMA /CA, while for 802.15.4 CSMA/CA
NBpax = 4 and the other MAC parameters are set to the standard default values [8Y];
finally, CP i, = 1/8 and CP.x = 1/4 for Slotted ALOHA. Other relevant PHY and

MAC simulation parameters are listed in Tab. B
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System performance are evaluated in terms of:

a) Packet Loss Rate (PLR); averaged on all the links composing the network. It is
computed as the ratio between the number of packets lost and the total number
of generated packets. A loss due to connectivity or collision issues is assessed
according to the packet capture model, as described in more details in Sec. =23

according to the specific PHY solution considered;

b) average delay; which is the average interval of time between the beginning of

the SF' and the correct reception of the packet at the NC;

c¢) average energy consumption; which represents the average energy consumed by

a node to send its packet in the SF.

4.2.3 Packet Capture Model

This section illustrates how the packet capture phenomenon is modeled in the si-
mulators. The model takes into account the fact that packets can overlap totally
or partially. To better clarify the latter condition, a graphical example is shown in
Fig. @=3.
k=1 k=2
comet|  SINR, SINR,

Interfering
packet

Figure 4.3: Example of packets partial overlap. [27]

For a given packet of interest sent by a node, several Signal-to-Interference-and-

Noise Ratio (SINR) values can be computed, depending on current variations of
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Table 4.1: Simulation parameters for WiserBAN scenario. [27]

Parameter Value
PHY 1 |- 102 dBm
Noise power, P, PHY 2 | - 102 dBm
PHY 3 | - 104 dBm
Transmit power, Pr 0 dBm
PHY 1| - 96 dBm
Receiver sensitivity PHY 2 | - 87 dBm
PHY 3| - 90 dBm
Coordinator antenna efficiency, n¢ -3dB
End-device antenna efficiency, ngp -15dB
Current consumption, transceiver on 10 mA
Current consumption, stand-by 100 nA
Supply voltage 1.2V
PHY header 4 preamble 112 bits
MAC header + FCS 9 bytes
Maximum number of retransmissions 3
CAP duration, Tcap 37 ms

interference level. Therefore, for every packet portion & (see Fig. B=3 for an example),

we have:
Pg

(4.2.1)

where P is the useful received power, P, is the noise power (see Tab. Bl), and Py is
the interfering power.

Pr can be expressed as:
Pr = Pr - |H,|* - nnc - nep, (4.2.2)

considering Pr as the power transmitted by the node, and |Hu|2 as the channel transfer
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function of the useful link at a given observation time, which is directly taken from
the measured channel data. nyc and ngp are the antenna factors that take into
account antenna efficiency at the NC and at the end-device when placed on the human
body (see Tab. B). These correction factors are used to consider the efficiency
reduction due to the miniaturisation effect, according to the physical limitation of
small antennas [57).

Py is evaluated through:
P] :ZPT ’Hm‘Q'bkm *NNC *MED,, (423)

where |H,,|* is the on-body channel gain for the m-th interfering link and by, is a
boolean variable indicating if the m-th interferer is present during the packet portion
k (in the example of Fig. B3, b1, = 0 and by, = 1). Also in this case, ny¢ and ngp,,
accounts for the antennas efficiency at the NC and at the m-th interferer, respectively.

For each computed SINR value, the BER or the Symbol Error Rate (SER) for

each portion k£ is calculated in a different way for every PHY, in order to derive the

PER according to the following:

1— I (1 = SER;)M+ for PHY 1
PER = (4.2.4)

1—TI_,(1 — BERy)Mx for PHY 2, 3

where N is the number of packet portions (N = 2 in the example of Fig. B3) and
Ny, (N,

Sk

) is the number of bits (symbols) in the portion k.
SER and BER values are estimated as reported below, according to the PHY Layer
considered, and the packet reception decision is then based on the PER calculated

as in Eq. B224. Considering z as a uniformly distributed random variable in [0 = 1],
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drawn for each packet, if + > PER the packet is correctly received, otherwise the
packet is lost [27].
PHY 1

In this case the SER has to be computed:

32

2

SERy, = Z (?;1 ) CER} (1 — CER)**™™ - P,(n), (4.2.5)
n=1

where Py(n) is the symbol error probability when n chips are not correctly re-
ceived (values are taken from [254]) and CER is the Chip Error Rate. The ex-
pression of the CER as a function of the SINR is evaluated here through the formula

0.66

CERy = %e_(SINR’f) The latter has been obtained through the comparison be-

tween experimental derivations of [254] and the PER expression found in [254], and

minimum least square fitting.

PHY 2
Without spreading, the expression given above (PHY 1) for the CER applies in this
case to the BER, owing to the absence of any sort of bit aggregation to form multi-

level symbols:
BER, = %e*SINRk)““. (4.2.6)
PHY 3

The following expression, empirically derived for Bluetooth Low Energy PHY [256],

is used:

1 .
BER,, = §e—<SINRk>“. (4.2.7)
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4.3 System Level Performance Evaluation

This section presents the numerical results obtained from the different simulation
campaign realised. For each PHY Layer proposed in the WiserBAN framework,
simulations are performed to evaluate the performance of the three channel access
schemes presented above. Realistic channel conditions are considered, integrating the
real-time channel data acquired from the on-body measurements campaign described
in Sec. ZZZ2. Comparison on the effect of the antenna radiation and polarization
specifities on the system performance are also reported. Outcomes are presented in
separate sections according to the system performance parameter analysed; on one
hand the system PLR and on the other hand the transmission delay and the average
node consumption. Finally, numerical results are validated through some additional

measurements performed with on-the-shelf devices IEEE 802.15.4-compatible.

4.3.1 Packet Loss Rate

Firstly, an interesting comparison can be made between the PLR results referring to
the standing and walking measurement scenarios. Results coming from the acquisi-
tions performed in anechoic chamber, while the subject is standing, can be considered
as a benchmark for those referring to the other sets of measurements, i.e., with the
user walking in indoor. Indeed, the former case allows the evaluation just of the effect
of the human body on the system performance, since in anechoic premises the effect
of the surrounding environment is negligible and no movement is actually performed.
On the contrary, in the latter case the channel, and hence the overall system, is

strongly affect by the specific environment and by the mobility of the user.
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Figure 4.4: Comparison of the PLR for standing (black curves) and walking (red
curves) scenarios using CSMA/CA algorithms, considering PHY3. TLMs (upper
graphs), PMs (lower graphs).

An example of the results obtained is proposed in Fig. B4, where the PLR is
given as a function of the MAC payload. Comparing the walking (red curves) and
the standing (black curves) scenarios, when PHY3 is accounted for. Each symbols
refers to one of the simulated sub-scenarios (i.e., A, B, or C in Fig. B2). Irrespective
of the channel access scheme (whether CSMA/CA 802.15.4 or 802.15.6) and of the
antenna type (TLM or PM) considered, performance for the standing scenario are
generally worse than those obtained for the walking one. This is due to the fact
that when a person is still, if a link shows some connectivity issues (i.e., the received
power is lower than the receiver sensitivity), this condition will never change for the
entire duration of the simulations. Conversely, when a subject walks, the PLR values
are obtained averaging over different values of the channel power transfer function,

corresponding to different relative node positions, evolving in time according to the
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Figure 4.5: Comparison of PLR values for different channel access protocols, PHY3,
TLM antennas, walking.

walking movement. This time-varying trend for the channel data globally leads to an

overall lower PLR.

This phenomenon is particularly evident for PM antennas (lower graphs in
Fig. B4), which are not able to achieve an acceptable PLR level, often presenting
values higher than 10, This is in line with what already pointed out in Sec. E3.
Indeed, PMs tangential polarization does not help creeping waves propagation on the
body, resulting in transmission channels, and hence in system performance, which are
more affected by bad link conditions, as could be the case for the standing scenario.
A more precise evaluation of the different effects that the antenna type exerts on
system performance can be done looking at Figs. B3 and B4, which show the PLR
values obtained with TLMs and PMs, respectively, comparing the different channel

access schemes when PHY3 is considered . In both cases, it can be noticed that the
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Figure 4.6: Comparison of PLR values for different channel access protocols, PHY3,
PM antennas, walking.

differences between the three investigated sub-scenarios, each one represented by a
different marker in the figures, are almost negligible. Generally, PMs present worse
PLR values than those related to the use of TLMs. This confirms what was expected
from the channel measurements; indeed, for their particular propagation and radia-
tion characteristics, PM antennas present lower on-body channel gains (see Sec. P231),
as compared to TLMs, which results in a higher attenuations leading to connectivity
problems [IT]. This effect is confirmed in Fig. B74, where each curve represents a pos-
sible cause for the loss of the packet, considering the 802.15.6 CSMA/CA algorithm
for sub-scenario A. It is possible to notice that 2% of losses are due to connectivity
problems when PMs are used (figure above); whereas, in the TLM case (figure be-
low), a generic packet is lost mainly because of collisions or the maximum number of

retransmissions is reached, and no problems related to high path losses are present at
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Figure 4.7: PLR causes for IEEE 802.15.6 CSMA/CA algorithm, PM (above) and
TLM (below), PHY3, sub-scenario A, walking.

all [T9]. Similar consideration also apply for the other two proposed access schemes,
but they are not reported here for the sake of conciseness. As a general consideration,
it is difficult to choose the overall best performing channel access scheme in terms
of PLR, as it is strictly dependent on the antenna used and the underlying PHY.
For the PHY3 example in Figs. B3 and B8, 802.15.4 CSMA /CA slightly outperforms
802.15.6 algorithm; for instance, this is not true for PHY1, as it is shown in Fig. E8a
when TLMs are accounted for (similar trends are obtained for PMs). Indeed, this
latter PHY is characterised by the lowest bit-rate among the ones considered (i.e.,
250 kbit/s), which leads to longer time needed to transmit a packet over the chan-
nel. In this case, the 802.15.4 CSMA /CA scheme leads to a higher number of packet

lost than 802.15.6 algorithm does, since the channel is often found busy. Indeed, the
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Figure 4.8: Comparison of PLR values for different channel access protocols, PHY1
(a) and PHY2 (b), TLM antennas, walking.

former algorithm considers a maximum number of possible backoff, which is not the
case for the 802.15.6 one. Packets are discarded when the current number of back-
offs is grater than the maximum allowed, as shown in Fig. B9a, where the PLR are

separately presented just for sub-scenario A [27].

As for the PHY?2 (see Fig. B8b and Fig. B9b), PLR values comparable with those
found with PHY3 are obtained, and similar considerations can be drawn. The higher
bit rate of these two PHYs leads to better system performance than when PHY1 is
considered, even when long packet payloads are sent. Generally speaking, Slotted
ALOHA protocol presents the worst performance in terms of PLR, irrespective of the

PHY and antenna considered.

Another set of simulations is performed considering an antenna efficiency reduc-

tion of —35 dB for the device located on the chest position, in order to simulate system
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Figure 4.9: PLR causes for IEEE 802.15.6 CSMA/CA (black) and IEEE 802.15.4
CSMA/CA (red) algorithms, with PHY1 (a) and PHY2 (b), TLM antennas, sub-
scenario A, walking.

performance of the cardiac implant application (see Introduction), which has to ac-
count for an additional in-body channel attenuation (i.e., propagation from the heart
to the body surface). This particular value is set considering a typical efficiency for
an implanted antenna [I23], assuming that its radiation pattern is not modified with
respect to the case when the node is placed on-body, but just an efficiency reduction

is considered [257].

Fig. 010 shows the values of PLR obtained using 802.15.4 CSMA /CA with TLMs
in sub-scenario A for PHY3, each curve referring to a specific node position. The
degradation of the performance is evident for the chest link when considering the
efficiency reduction (dashed line with squares), if compared to the case where it is not

taken into account (continuous line). In the former situation, in fact, the implanted
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Figure 4.10: PLR per node position for IEEE 802.15.4 CSMA/CA algorithm, PHY
3, TLM antennas, with and without additional in-body heart attenuation.

device would not be able to directly reach the coordinator node in most of the cases.

In order to evaluate how the end-device antenna efficiency, ngp, affects the sys-
tem performance, some additional simulations are performed varying the value of ngp
from —15 dB (i.e., the value considered in previous simulations) up to —21 dB, with a
resolution of 2 dB. NC antenna efficiency, 7¢ , is kept to —3 dB, as in Tab. E-1. As ex-
pected, the PLR increases as the efficiency decreases, since the received power results
to be lower, causing connectivity problems (see Fig. B2 for 802.15.6 CSMA/CA). It
is important to remark that antenna miniaturisation leads to smaller efficiency values,
and hence Fig. BT is useful in the definition a proper trade-off between network per-
formance and antenna size, considering how the size issue is of primary importance

in the BAN context.
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Figure 4.11: PLR for IEEE 802.15.6 CSMA/CA algorithm, PHY3, TLM antennas
with varying end-device efficiency, ngp.

4.3.2 Delay and Energy Consumption

As for the delay performance evaluation, Fig. EI2 shows the results obtained with
TLMs comparing the three channel access scheme when the PHY1 is considered. It is
possible to notice that there are no significant difference among the three simulated
sub-scenarios, and that IEEE 802.15.6 CSMA /CA algorithm presents the lowest delay
values, irrespective of the packet payload. This last consideration applies also to the
other PHYs under investigation, leading to the conclusion that CSMA/CA protocol
in the 802.15.6 standard version is the best performing one, at least from the average

transmission delay viewpoint.

Similar trends as the ones in Fig. B2 are also found when considering channel

data measured with PMs. Delay values in the latter case are just slightly larger than
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Figure 4.12: Comparison of average delay for the different channel access protocols,
PHY1, TLM antennas, walking.

those with TLMs, confirming that worse channel conditions arising from the use of
PMs, lead to more important connectivity problems, which actually results in longer

time to complete the packet transmission (i.e., more retransmission needed).

As for the comparison of the three PHY solutions, as expected lower delay values
are achieved when higher bit-rates are considered, so that focusing on a specific
channel access scheme, PHY1 presents larger transmission delays as compared to

the other two PHY options, both characterised by higher bit-rates.

The average energy consumed by a node to complete its transmission is also in-
vestigated. Considering the values listed in Tab. BEZ1 for the current consumption
and the supply voltage, Fig. T3 compare the values obtained for the different ac-

cess schemes given as a function of the packet payload. PHY?2 is considered, along
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with TLM antennas. Results do not change significantly for the three different sub-
scenarios and, generally, Slotted ALOHA protocol is the less consuming among the
three under investigation. This is due to the lack of backoff and sensing operations
in Slotted ALOHA, with respect to the CSMA/CA solutions. Also in this case,
when the bit-rate is higher (PHY2 and PHY3) less energy is consumed, since the
time needed to send a packet is lower, as well as the time spent with the transceiver

n [27]. Energy consumption values are then much higher with PHY1 than those pre-
sented in Fig. 713, instead. As for the antennas comparison, again PMs show worse
performance than those obtained with TLMs, in accordance to what previously high-

lighted about channel characteristics when tangentially polarized antennas are used

(see Sec. 2230).
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Figure 4.13: Comparison of average energy consumption for the different channel
access protocols, PHY2, TLM antennas, walking.
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4.3.3 Validation of Numerical Results

In order to validate the simulation results, a set of on-the-field experiments have
been performed. The Texas Instruments CC2530 platform is used [258]. The chip
contains an IEEE 802.15.4-compliant transceiver (i.e., equivalent to the proposed
PHY1), working in the 2.45 GHz band. The access to the channel is managed through
the SF shown in Fig. EZ1 not considering the CFP portion, and using the 802.15.4
CSMA/CA protocol in the CAP part.

As in the case of simulations, experiments are performed placing five CC2530 de-
vices (one NC and four end-devices) on a human subject, according to the simulated
sub-scenario B (see Fig. B2). The NC, located on the right hand, periodically sends
beacon packets and waits for replies from devices, which use the CAP portion to ac-
cess the channel. As for the packet dimensions, the beacon size is equal to 20 bytes,
whereas the data packets size is equal to 17 bytes (including PHY and MAC headers),
plus the MAC payload (different payload size are considered). For a fair compari-
son with simulations, the device transmit power is set equal to —22 dBm, instead of
0 dBm (see Tab. B), to compensate the different antennas efficiency. Acquisitions
are performed in an indoor environment, while the human subject performed several
walking cycles, using alternately monopole antennas with normal or tangential po-
larization with respect to the body surface. Numerical results, in terms of PLR and
average delay, are computed by averaging over 10000 packets transmitted by each
end-device towards the NC.

Fig. B14 shows the PLR as a function of the packet payload comparing simulation
(dashed curved) and experimental (continuous curve) values achieved considering

PHY1 and 802.15.4 CSMA/CA (see Sec. B=3T). The good agreement of the curves
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Figure 4.14: Comparison of simulated and experimental values of PLR for 802.15.4
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confirms the reliability of the numerical results obtained, and the slight differences
in their trends can be explained considering how differently the connectivity can
affect system performance. Indeed, the antennas used in the experiments and in the
measurements (see Sec. Z23) present different radiation characteristics, even if the
polarization is the same. Moreover, it is worth noting that the size of the hardware
platform affects the antenna radiation pattern. Same considerations can be done for

the exact node emplacement and the environment considered in the two cases.

Finally, Fig. BT3 compare the simulated (dashed curve) and measured (continuous
line) average delay as a function of the packet payload. Also in this case, the curves
follow similar trends. A constant shift of approximately 5 ms between the curves is
observed, which can be due to the hardware inner data processing delays, which are

not taken into account in simulations.

4.4 Conclusions

The performance of a BAN at the MAC layer are evaluated in terms of PLR, average
transmission delay and node energy consumption, comparing different random access
schemes for three possible PHY solutions. Simulations are performed considering a
node on-body deployment that emulates some target applications, as the one pro-
posed by the WiserBAN project. The impact of the propagation aspects on system
level performance is accounted for integrating into the simulator some experimental
channel data. The latter coming from an ad-hoc dynamic measurement campaign
aimed at characterising the on-body communication channel for two antenna type

with different polarizations. In this way, the results obtained are representative of
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more realistic conditions, considering a proper channel characterisation when eval-
uating and comparing different protocols for system design. To that purpose, the
results presented demonstrate that a single optimal solution, able to fulfil all possible
requirements demanded by the application, seems not feasible. Depending on the tar-
get performance metric, on the PHY layer considered, on the movement performed,
and on the antenna used, the overall best performing MAC may change. Therefore,
protocols should be designed as flexible as possible to adapt to different communi-
cation conditions and application possibilities, and the outcomes resulting from the
presented simulation campaign can guide their design.

As a general consideration, CSMA /CA access schemes are the most suitable so-
lutions when the PLR is the key requirement to be met. Anyway, they show higher
energy consumption level with respect to the Slotted ALOHA protocols, which are
more useful when power constraint is the primary issue. Moreover, results show
that the performance achieved with PM antennas are generally worse than those ob-
tained with TLMs. This confirms the importance of integrating a realistic channel
characterisation into simulations, accounting for the antennas effect according to their
radiation characteristics. Finally, analysis on the impact of antenna efficiency (in or
on-body) on the PLR demonstrate the need to identify a proper trade-off between
system performance and antenna dimensions.

Some experiments performed using commercially available devices validate the
simulation results obtained in terms of PLR and average packet transmission delay,

also confirming the reliability of the implemented channel characterisation.
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Chapter 5

Towards a System Level
Perspective in Body-Centric
Communications

This chapter presents the description of the work started in the last few months before
the end of the Ph.D., which aims at integrating in only one general framework different
aspects related to body-centric communications: from radio channel modeling to a
system level perspective.

The final goal is to realise a modular simulation tool (see Sec. B2) to be used for
the performance evaluation of complex systems, where people are the main actors
and the communication takes place between nodes on the same body (on-body com-
munication), or between a node carried by an user and others outside it, whether an
external gateway or another human subject (on- to off-body communications). Each
module of the proposed platform is devoted to the description of different aspects
of the communication system. Starting from the definition of a reference scenario,
given in Sec. bl the first step is to properly describe how people move in the simula-
tion area and the types of interactions established among users or between users and

environment. This is achieved through the implementation of a mobility model, as
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described in Sec. B2, which has to account not just for single user mobility, but also
for social relationships binding them. Moreover, the environment where communica-
tion takes place has to be accounted for, since people tend to adapt their movement

and the paths they follow according to the location they are in.

The outputs of the mobility block defines the position and the orientation of the
users with respect to other subjects or to the environment. At a given simulation
instant, it is then possible to characterise the propagation channel set up between
different nodes (see Sec. B232), exploiting the models provided in Chapters 2 and B

according to the communication type considered (i.e., on- or on- to off-body).

The last module is the one devoted to the system performance evaluation, and
it is described in Sec. B2233. Similarly to what presented in Chapter B, the channel
characterisation coming from the previous block is used as input to compute different
system metrics such as: SNR, SINR, and PER, if focusing of PHY layer performance,

or PLR, transmission delay, and throughput, if upper layer aspects are accounted for.

This work is the natural extension and completion of the one proposed in Chap-
ter A where just on-body communications are considered. All the studies presented
in this thesis are here used and implemented not as stand alone investigations, but as
founding elements of a more general framework to approach the study of body-centric
communications. Numerical results are not provided here, considering the early stage
of the research at the moment of writing, but the paradigm of the work and the

different blocks composing the simulation platform, are described in details.
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5.1 Reference Scenario

Before describing the structure of the simulation platform, the reference scenario is
presented, as shown in Fig. bl. It consists in an indoor office environment where
several users (e.g., employees) share the same space during a working day, moving
around according to their activity-schedule or to accomplish a temporary task. Social
relationships between people, the working hierarchy, and the personnel structure also
influence the type and timing of movements. For instance, employees working in the
same team are more likely to spend some time together during meetings or exchanging
opinions and ideas; similarly, colleagues sharing common interests or being friends
tend to have lunch or a coffee together. In this kind of scenario, it is easy to figure
out the importance assumed by communications. Considering each user equipped
with one or more nodes composing a personal BAN, transmissions of some kind
of information could take place either between on-body nodes or between devices
carried around by different users. Furthermore, people may need to send or receive
data from the outside world, needing to be connected to an external fixed device,
such as an AP, acting as a bridge to the Internet, for example. In this way, all
the communication channels characterised in this thesis are accounted for, and the
proposed channel models can be used to describe channel conditions once the user’s

movement, position and distance from the intended Tx/Rx are defined.

Since the environment is crowded and transmissions could take place simultane-
ously sharing the same spectral resources, the access to the common medium should
be controlled employing some channel access techniques. At the intra-BAN level (i.e.,

on-body communications) both contention- or scheduled-based algorithms should be
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Figure 5.1: Indoor office reference scenario for system level perform evaluation in
complex environment.

employed at the MAC layer, as seen in Sec. BT, to reduce system failures while keeping
good QoS. Performance should be evaluated choosing the most appropriate metrics
to compare different protocol solutions, according to the application type. As for the
inter-BAN (i.e., B2B) viewpoint, one possible solution is to define a coordinated ap-
proach to multi-user communications, where the nodes belonging to different BANs
agree on a common strategy to optimise their own transmissions in the perspective of
enhancing overall system performance. The best strategy could take advantage from

the knowledge of social relationships between users, their interests and daily routines.

The scenario described is representative of the different topics investigated
throughout the Ph.D., and whose results have been presented in this thesis. It can be
considered as a illustrative application environment where the distinguish aspects of

body-centric communications are merged in one general picture. People mobility and
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sociality are the new elements to be considered for a practical description of human
behavior, and to evaluate system performance in dynamic and realistic context [25Y].
It is worth mentioning that the specific interest for indoor environment is twofold: on
one hand, it is related to the fact that channel measurements were performed in such
premises, and proposed channel models account for its effects. On the other hand,
there is a lack of works in literature dealing with indoor mobility models, in particu-
lar for office scenarios that offer several possibilities for socio-mobility investigations,
instead. This should not be considered as niche application, but as the starting point

for future studies targeting a broader scope.

5.2 Simulator Structure

In order to be able to reproduce the scenario described above, a simulation platform
has been conceived, whose structure is presented in Fig. b=, Its architecture consists
mainly of three parts, each one characterised by a specific color in the block-diagram.
The first part (purple colored) is devoted to the definition of the simulation parame-
ters, such as the number of users and the type of social interactions between them, the
duration of the simulation, etc. These parameters can be customized by the system
designer, to create the target simulation environment. Moreover, this part accounts
also for the description of people movement, according to their schedule, relationships
and the local environment previously defined.

The second block (light-blue colored) deals with the channel characterisation. A
specific channel model is implemented for each type of communication considered, to
provide a description in terms of channel transfer function, H; ;(f, tx), at the operating

frequency f and for each simulation instant ;.
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Figure 5.2: Simulation platform block-diagram for multi-BAN system performance
evaluation.

Finally, considering all the information coming from the previous blocks, the last
one (light-green colored) is used to evaluate system performance, both at the PHY or
MAC level. This allows to draw some general considerations on the applicability and
usefulness of the proposed protocols; comparison between different communication
strategies are also possible.

Next sections provides more details on the different parts of the simulation plat-

form, highlighting their most important features and how they are interconnected.

5.2.1 Indoor Socio-Mobility Aspects

This first part aims at defining the simulation context and how users moves around.
It is structured in two blocks: the first one provides the second block with the set of

parameters needed to describe the scenario, while the latter is in charge of generating
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the daily activity schedule and describing people movement.
The system designer shall customize the parameter set he/she needs to properly
account for the different features of the simulation context, however a common subset

should include the followings:
e number of users: it defines how many users U are considered in the scenario;

e number on nodes: it represents the total number of simulated nodes, N. The i-th
(1 € N) device can be placed either on the human body of a generic user u € U

or acting as an infrastructured node located somewhere in the environment;

o simulation duration: its value, T', defines the time interval to be simulated, (i.e.,

some specific hours or the whole working day);

e operating frequency: it is the values of the frequency f defining the system

working band.

e cnuironment description: some indications describing the scene where the ac-
tion take place is needed. At a macro level, room dimensions, doors, stairs,
corridors, etc. should be defined to reproduce a realistic indoor environment.
Including details on furniture positions or generic obstacles provide a deeper

level of precision.

The second block has now all information needed to define, for each user u € U,
a schedule of the activities to be performed during the simulation time 7. This
last aspect is the one that has been mainly investigated in the ending part of the
Ph.D.; and it has already been implemented in MATLAB code. Starting from an

idea similar to the one presented in [260], the proposed activity-schedule generation
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consists in defining different categories of workers, such as secretary, general manager,
or employee, each of them characterised by a set of working activities he/she can
do. For example, a secretary can have a phone call or collect a print but can not
participate a board meeting, which is exclusive to the general manager. Each activity
is classified as scheduled or random; the scheduled ones, such as a meeting or coming
to work are those with the highest priority and are the first to be generated. They
can be performed with a certain probability at a given time of the day, according to
the role assumed by the user. For instance, an employee has a higher probability of
coming to work between 8 a.m. and 9 a.m., while a general manager can be more
flexible and can have a non-zero probability of arriving at work also after 9 a.m. Once
all the scheduled activities are generated, specifying a start time and a duration, the
rest of the simulation time is used to perform the so called random actions. Between
one scheduled task and the following one, each user can do a sequence of random
activities, among those available for his/her role, passing from one to the other using
a state machine (i.e., one state for each random activity) with different transition
probabilities. Example of such type of task are: working at the workspace, taking a
coffee, or collecting a print. Their generation is then subordinated to the schedule
activity one. Possibility of not coming to work and leaving before the end of the
day are also accounted for. The flow-chart of the daily activity of a generic user w is
presented in Fig. b33, In this way it is possible to recreate a realistic office situation
where people assume specific roles and perform different tasks, following an agenda

that drives the daily activity [261].

Social aspects of human behavior, which have not been included yet, have also

to be accounted for, while generating the user activity schedule. In this perspective,
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Figure 5.3: Flow-chart of the daily activity of a generic user u in the simulated
scenario.
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one possibility would be for example to create a graph of the relationships existing
between people, similarly to what proposed in [262]. The set of possible relationships
include, but is not limited to: colleagues; when two or more users share the same
office, working group; when two or more users are part of the same working team,
or friend; when two or more users are bonded by friendship. Of course this has
an effect on the activity schedule design, since friends will have a higher probability
of taking a coffee together, while colleagues share the same space for a longer time
during the day. Finally, members of the same working team have to participate to
the group meetings, which is a scheduled activity, and hence their agenda should
include a common time and place to actually meet. As it will be discussed further
in this chapter (see Sec. EZ3), catching people sociality is of outmost importance to
give realism to the simulation scenario, moreover it can be used to improve overall

system performance reducing inter-network interference or even exploiting people

Finally, considering that each activity occurs in a specific location, performing
a task means also moving towards the place where the activity is supposed to take
place. Several efforts have been performed by researchers in recent years to model
human movement in the most realistic way, studying its main characteristics [265-
P68]. Anyway, just few of them focus on indoor scenarios, where environmental
constraints play a fundamental role in the definition of propagation features and of the
movement directions followed by the user. More details on channel characterisation
will be provided in next section. As for the definition of the movement directions,
the impact of the environment results in the limitation of possible movements, e.g.,

people can not walk through walls but they enter rooms using doors. A limited
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number of contributions in literature propose mobility models that account for such
environmental constraints [269-271]; among them, the most suitable one that could
be used in the office reference scenario seems to be the Obstacle Mobility Model
proposed by Jardosh et al. in [272, 273]. It enables the inclusion of obstacles in
the description of the scenario (i.e., furniture, walls, etc.), specifying the placement
coordinates of polygons of different shape and dimensions within the simulation area.
Then, pathways followed by the user to move around are obtained using the Voronoi
Diagram of obstacle corners, possibility of entering rooms is clearly allowed. Among
all possible path generated by the diagram, the shortest path routing policy is applied,
meaning that the user moves to its destination following the shortest route. The speed
at which people walks is drawn at random from a set of possible values defined by
the system designer. It is worth to be notices that obstacle can also represent to
other people moving in the same area, in order not to make users crash into each
other while walking. Interested reader can find a deeper insight on this mobility
model in [272,273]. Using this mobility model jointly with the daily activity schedule
described before, it is then possible to evaluate the location of each user u in the
area at every simulation instant ¢, € 7. The output values of this block of the
simulation platform are the spatial coordinates (z,y) and the angle «, defining the

actual position and orientation of people with respect to a reference point.

5.2.2 Channel Modeling Aspects

The outputs of the previous block are used as inputs for the channel characterisation
part, where channel models like the ones proposed in Chapters B and B are imple-

mented. For every simulation instant t, the definition of the absolute position (z,y)
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and orientation a of each user u allows to determine the relative distance and direc-
tion with respect to other human subjects or infrastructured devices. Considering the
operating frequency f, as defined in the simulation parameter setting (see Sec. B-Z1),
all information needed by the models to characterise the channel transfer function
H; ;(f,ty) is now available. For on-body links, the channel is described not as a func-
tion of the distance between nodes, but according to their specific position on the

body and to the movement performed by the user.

The output of this block can be imagined as a matrix, each column accounting for
a simulation instant ¢, while each row refers to one of the available communication
links composed by the couple of nodes (7, j). Values of the matrix represent link at-
tenuations computed starting from the channel transfer function H; ;(f, ) according
to the model equations. If node ¢ and node j are located on the same human body,
then an on-body channel model is used, as the one proposed in Chapter B; whereas
if they are placed on two different users or one acts as an external gateway, channels
are described by a B2B or off-body model (see Chapters B). Zero value entries are
found when there is no established connection between two nodes, which implies that
they are not in the respective transmission range at time t;. This raises the question
about which is the most appropriate criterion to define the device transmission range.
One option, the most intuitive one, is to describe a circumference centered at each
node, with the radius set according to the receiver sensitivity. Nodes outside the
area described by this circumference are not considered as potential communication
ends, and the matrix attenuation value is then zero. Other smarter definitions of
the transmission range can be also conceived, keeping in mind that it should be a

trade-off solution between accuracy and computational cost.
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Generally, any propagation model should be representative of the environment
where transmissions take place, tuning its parameter accordingly. In particular, for

the reference scenario, H; ;(f,t;) values should account for:

e materials properties: indoor propagation considers the presence of an impor-
tant multipath contribution due to possible reflections and diffractions on walls,
objects, or more generally on any kind of surface, including the human body.
Different materials are characterised by specific dielectric properties that re-
sult in a unique multipath interference scenario that affects overall channel
behaviour. Moreover, if nodes (i, ) are located in two different rooms, addi-
tional attenuations should be considered to account for the impact of the walls
or obstacles separating them. To that purpose, as an initial approximation, the
attenuation to be accounted for when the communication ends are located in

separated rooms can be considered as infinite.

e location size: for similar reasons, rooms size where transmissions take place also
plays an important role in the definition of propagation aspects. Indeed, it can

result in more or less dense multipath environments.

e human presence: it should be considered not just at an individual level, as
already pointed out, but also as a densely populated context. The presence
of more than one human body in the same space also affects channel charac-
teristics, for example shadowing the communication links or acting as possible
sources of waves reflection. Modelling this kind of effect should be then a pri-

mal aspects to be considered. Some examples of available works performed in
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this direction can be found in [274] starting from a set of measurement per-
formed at 60 GHz and in [275], where the authors propose a knife-edges model

to determine the loss introduced by a person in the UWB.

Experimental models, such as those proposed in Chapters @ and B, naturally embed
these features since measurements are performed in a real indoor environment and
with real human subjects. Of course, not all the possible existing environments or
people configurations are accounted for by any channel characterisation. The scenario
description provided by the first simulator block (see Sec. B221) should be used as
input to the channel modeling part, in order to choose the most appropriate model
to be implemented. Possible approximations to the target scenario should be known

in order to consider their effect when evaluating system performance.

One final remark regards which model components have to be considered to prop-
erly characterise the channel. As already explained, channel models are given as
composed of different terms; specifically, a mean channel gain, a long- and a short-
term fading. Each of them accounts for a specific propagation phenomena and it is
described by a different statistics. In a scenario like the one considered above, there
could be situations in which the communication conditions do not vary for a long
time interval, for example when employees are in a meeting or at the working desk
they tend not to move frequently, and hence channel conditions remain quite stable.
In these cases the communication link can be described just through the mean chan-
nel gain and the long-term fading components, which account for the body presence
effect and for the distance between nodes (or the node position if referring to on-

body channels). Simulation time resolution can be quite large until some significative
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activity is detected, such as user movements, which changes the communication con-
text. One such event shall trigger a more refined simulation over time (i.e., at least
as large as the channel coherence time), and short-term fading should be included for
channels characterisation, since it accounts for MPCs coming from reflections on the
body while moving or from the environment, which has a strong impact on channel
behavior while subjects move in both on- and on- to off- communications. The idea
behind this description is to have a time-adaptive simulation platform that tunes its
simulation time according to the scenario considered, the latter evolving with respect
to the users motion and needs. Again, the definition of triggering events shall be done
in order not to miss significative changes in channel conditions, while not overloading

the simulation tool to the expense of the computational cost [249].

5.2.3 Evaluation of System Performance

Considering the inputs coming from the other parts of the simulation platform, this
last block allows the evaluation of system performance. Different metrics can be
extracted according to the type of considerations the designer is interested in. If
focusing on the PHY layer performance, SNR values can be computed at the link
level to allow the evaluation of the BER and the PER, according to packet capture
model considered. Different solutions can be implemented and compared to find the
optimal one for the reference scenario. On top of this, MAC protocols behavior can
be also assessed in terms of PLR, transmission delay and jitter, throughput (both
at the link or at the system level), or device energy consumption, just to cite few
examples. According to the target application, the network designer shall focus on

one or more of these performance metrics, trying to optimise them to fulfill system
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requirements.

At the MAC level different channel access techniques can be compared, similarly
to what presented in Chapter B. Considering the multi-BANs scenario described in
Sec. B, the possibility to let each network working independently from the other,
just focusing on the optimisation of the performance of each single network, leads to a
large number of packet collisions and information losses. Traditional access schemes,
such as CSMA /CA or a TDMA-based approach, can take advantage from some form
of coordination to improve overall system conditions. Coordination may take place
at two different levels, namely intra- and inter-BAN [26], both aiming at maximizing
system performance, providing high QoS by reducing inter-BAN interferences. For
example, BAN coordinator nodes could find an agreement on their afferent nodes
transmission schedule, exploiting information related to users sociality and move-
ments [276,277]. For instance, knowing if people tend to meet frequently or if they
share the same space for a long period of time, could give some hints to improve

resource scheduling algorithms.

Scheduling and adaptive-scheduling techniques have been widely studied in liter-
ature for different types of wireless communication system (e.g., cellular networks,
WSNs, ete.) [278-280], and BANs offer new challenges mostly related to the net-
work topology (which varies according to the movement of the users), and to device
energy constraints. Cooperative scheduling and interference mitigation techniques
remain very little investigated in the BAN context, with just few recent contribu-
tions available [26, 276, 277, PR1-283], mainly dealing with power control and game
theory approaches. A large field of action for new researches to be performed is hence

opened, especially thinking about merging in a unique algorithm aspects related to

188



5.3 Conclusions

channel access management, mobility and sociality.

5.3 Conclusions

This chapter presents a detailed description of a simulator platform targeting system
performance evaluation in body-centric communication for an indoor office environ-
ment. Even if no numerical results are provided, the vision of the future activity that
will be performed during next year is clearly presented, showing the level of detail
reached during this preliminary study phase.

The proposed work highlights how the different aspects studied during this Ph.D.,
and presented in this thesis, can be merged into one single tool for the evaluation of
system level performance, accounting for realistic features of the propagation channel
and user socio-mobility. Some aspects have already been investigated, such as those
concerning the daily activity schedule generation or the channel characterisation.
Some others have been more recently approached, and just some proposals on how
to face this issues are proposed. For instance, the obstacle mobility model has been
considered as one of the options to describe human mobility pattern, but has not
been implemented, yet.

The level of detail and realism in the description of the envisaged system has a
strong impact on the computational cost and on the soundness and reliability of the
results. Since these aspects demand for opposite requirements, a proper trade-off shall
be found. Approximation issues will be faced during the working process; anyway,
one of the problem that the author is already aware of, is that the considered channel
model does not account for a densely populated environment (since measurements

were performed with just one subject, or two in B2B scenario). This could have some

189



Chapter 5. Towards a System Level Perspective in Body-Centric
Communications

impact on channel behavior description and on final results on system performance.
Anyway, since no other measurements campaigns were possible before the end of the
Ph.D., this can be considered an interesting future working perspective.

To the best of author knowledge, no simulation tool is available in literature focus-
ing on different aspects related to body-centric communication, jointly accounting for
propagation, mobility and sociality features. This works aims at preparing the ground
to realise such a simulation platform, to foster studies on body-centric applications

proving a reliable tool for system designers.
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The general topic investigated in this thesis is related to body-centric communica-
tions, which are characterised by the human presence that defines their distinctive
communication characteristics among other wireless systems. In particular, it has
been shown how the body represents a unique propagation environment susceptible
to different sources of channel variability, mainly related to the human factor. A pre-
cise characterisation of the propagation aspects is then of outmost importance for the
design of Physical (PHY) or upper-layer solutions optimised for body-centric commu-
nications. On top of that, merging mobility and social features of human behaviour
with channel modeling will provide more realism to system performance evaluation.
Protocols could benefit from these additional information to improve overall system
quality. In order to address all these different aspects, this thesis proposes a multi-

layer approach: from radio channel modeling to a system level perspective.

The first part of the work has focused on an experimental channel modeling at
2.45 GHz for different communication scenarios: on-, off-, and body-to-body (B2B).
While the first two fall within the Body Area Network (BAN) scope, as defined by the

IEEE 802.15.6 standard, the latter is an emerging paradigm just recently investigated
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by the research community. The three proposed models follow a similar scenario-based
approach for the characterisation of the propagation aspects. Starting from real-time
dynamic measurements, radio channels are described accounting simultaneously for
different factors: human mobility, node emplacement, body physical characteristics
and environment effect. Moreover, antenna impact is accounted for, repeating all
the acquisitions with two sets of devices with different radiating properties. Each
channel power transfer function is given as composed by three contributions: a mean
channel gain, a long- and a short-term fading, which account for different propagation
phenomena. In particular, the second one, also known as body shadowing, describes
the masking effect of the human body on radio channel, considering its orientation and
the movement performed. As for the short-term fading, it accounts for the secondary
Multipaths contribution (MPC) arising from reflections or diffractions from the body

or from the environment.

For each model component first- and /or second-order statistics have been provided
in every considered scenario and for different antenna designs. It has been shown how
the specific node position and antenna’s radiation and polarization characteristics
play a fundamental role in the definition of channel behaviour, according to the
movement performed and to the user’s orientation. This justifies the use of a scenario-
based approach, more than modeling the channel just as a function of the distance
between nodes or users. As a general statement, normally polarized antennas lead to
smaller on-body attenuations and they better counteract body shadowing effect, since
they enhance creeping waves diffusion on the human body. This consideration can
vary according to the node position, the movement and the communication scenario

considered.
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Space and time correlation properties, which have been investigated mainly for
the off-body scenario, need to be studied to complete any channel characterisation.
They are left as future research to be performed, since they can provide useful in-
formation to system designers as for the channel coherence time and cooperation
possibilities between nodes. Another open issue left from the proposed B2B model,
is the characterisation of the channel behaviour in a densely populated environment,
where several BANs move together in the same environment. This condition is repre-
sentative of several applicative scenarios, and its modeling would provide important

hints as for systems coexistence aspects.

Accounting for a precise characterisation of the channel features is an added value
when performing network simulation studies. In this direction, this thesis has pre-
sented the results obtained simulating different Medium Access Control (MAC) and
PHY layer solutions targeting a primary BAN application. As novel contribution,
two of the MAC schemes are those considered by the IEEE 802.15.6 standard. The
implementation in the simulator of the on-body channel model proposed in this thesis
allows a more precise evaluation and comparison of these algorithms, accounting for
realistic channel conditions and for the antenna effect. It has been shown that a
single optimal solution seems not feasible, but generally Carrier Sense Multiple Ac-
cess with Collision Avoidance (CSMA/CA) algorithms are more appropriate solutions
when Packet Loss Rate is the key requirement to be met, whereas Slotted ALOHA
is more suitable when energy constraints are the primary issues. Protocols should be
designed as flexible as possible to adapt to different communication conditions and
applications, and the outcomes of the presented simulation campaign can guide their

design.
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As possible future research directions, more protocols could be implemented and
compared, targeting other emerging BAN applications and communication scenarios,
such as the off- and body-to-body ones. In this direction, the last part of this thesis has
proposed a comprehensive simulation framework for system performance evaluation.
People are the main actors in the reference scenario considered, and communications
take place between nodes on the same body, or between bodyworn devices and outer
ones, whether carried by another human subject or acting as external gateways. This
work extends the one just focusing on PHY/MAC performance evaluations, merging
features related to channel modeling, mobility, and social attitude of the human being.
In particular, the latter aspects could be described through a joint socio-mobility
model, to add realism to the investigated scenario (i.e., indoor office environment).
System designers could benefit from it improving classical channel access schemes
with some node coordination techniques based on socio-mobility information. The
aim is to maximize overall system performance, both at an intra- or inter-BAN level,
dealing with multi-BANSs coexistence issues. This research area is extremely new, and
it opens a wide range of investigation possibilities to be explored. Even if no numerical
results have been presented, the envisaged simulation tool has been described in all
of its composing parts, highlighting how the studies performed throughout the Ph.D.
can be used as founding elements of a more general framework for system design in

body-centric communications.

Two are the main achievements presented in this thesis; on one hand the B2B
channel modeling activity, representing a novel and thorough contribution to a topic
which remains little investigated. On the other hand, the PHY /MAC performance

evaluation, which accounts for a detailed description of realistic propagation features.
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This work is the result of the activity performed by the author, but the collabora-
tion and support of the colleagues at UniBO and CEA-Leti has been always fruitful
and constructive. In particular the author wants to acknowledge Mickael Maman,
Kawtar Belmkaddem, Alessandro Di Paolo, Julien Keignart, Christophe Delaveaud,
and Lionel Rudant at CEA-Leti, for their help in the measurements, as well as Flavia
Martelli, Chiara Buratti, and Riccardo Cavallari at UniBO, for their work and con-
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Appendix A

On-Body Channel Model
Parameters

Table A.1: G, ; values - Tx on Chest - Indoor

Planar Monopole || Top Loaded Monopole
Rxs
po [dB] | o9 [dB] o [dB] oo [dB]
& Right Thigh | -62.72 2.41 -38.65 1.15
'z | Right Hand | -60.15 5.79 -49.47 1.20
§ Left Hand | -58.35 1.50 -42.97 3.19
Left Ear -60.48 3.50 -46.82 4.57
éﬂ Right Thigh | -58.02 3.61 -41.04 1.44
= | Right Hand | -56.06 4.89 -47.73 4.60
5 | Left Hand | -56.21 3.53 ~43.02 2.76
A [ Left Bar | 59.13 | 4,47 4347 1.98
Table A.2: G, ; values - Tx on Left Hip - Indoor
Rixs Planar Monopole || Top Loaded Monopole
po [dB] | o9 [dB] o [dB] oo [dB]
%n Right Thigh | -60.77 4.89 -38.40 1.17
‘'z | Right Hand | -61.69 6.90 -53.09 2.89
§ Left Hand | -49.62 2.95 -40.74 4.32
Left Ear -64.26 3.30 -48.30 2.69
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Table A.3: G, ; values - Tx on Chest - Anechoic Chamber

Planar Monopole

Top Loaded Monopole

Rxs
po [dB] | oo [dB] || pio [dB] oy [dB]

o | Right Thigh | -66.77 3.35 -38.45 1.06
= | Right Hand | -63.87 6 47.07 2.16
g Left Hand | -60.42 4.35 -43.86 2.46

Left Ear | -61.06 5.18 -48.62 3.62
o | Right Thigh | -63.96 5.36 -30.45 1.59
= | Right Hand | -58.41 2 24654 2.46
5 | Left Hand | -54.62 3.07 ~43.52 2.35
A Left Bar | 63.07 9.72 -48.34 2.43
s | Right Thigh | -68.34 4.92 -38.75 0.92
5 | Right Hand | -66.25 6.17 ~46.58 1.69
8 | Left Hand | 6243 | 236 | -42.12 1.87
N Left Ear | -60.96 2.27 ~45.01 1.36

Table A.4: G, ; values - Tx on Left Hip - Anechoic Chamber

Planar Monopole

Top Loaded Monopole

Rxs
po [dB] | oo [dB] || po [dB] oo [dB]

o | Right Thigh | -63.85 2.40 -38.78 2.06
= | Right Hand | 67.54 | 750 | -52.09 458
g Left Hand | -50.38 1.08 ~40.32 3.17

Left Ear | -68.45 5.40 4724 2.02
s | Right Thigh | -61.17 1.06 _42.78 2.26
5 | Right Hand | -68.97 1.29 248.35 480
& | Left Hand | -47.59 2.40 234.522 1.37
R | Left Ear | -69.77 3.63 _46.77 1.46
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Table A.5: og values in dB - Tx on Left Hip

Rxs Anechoic Indoor
PM | TLM | PM | TLM
oo | Right Thigh | 346 | 1.43 || 3.05 | 1.01
E Right Hand | 6.07 | 4.05 || 3.76 | 3.98
§ Left Hand | 7.17 | 3.73 || 7.22 | 345
Left Ear 3.40 | 1.35 || 2.38 | 2.79

Table A.6: og values in dB - Tx on Right Ear

Rxs Anechoic Indoor

PM | TLM || PM | TLM

oo | Right Thigh | 291 | 106 |23 | 317
2 | Right Hand | 242 | 225 | 258 | 2.89
§ Left Hand | 6.40 | 2.53 | 2.37 | 1.72
Left Ear | 0.67 | 0.12 || 215 | 0.67

oo | Right Thigh [3.91 | 289 [ 221 [ 2.08
= | Right Hand | 3.11 | 3.82 || 271 | 2.08
S | Left Hand | 3.82 | 6.73 || 243 | 2.19
A Left Bar | 071 | 020 || 175 | 0.59
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Off-Body Channel Model

Parameters

Table B.1: Body Shadowing Characterisation in dB - Rx Hip - Indoor

0° | 45° | 90° 135° | 180° | 225° | 270° | 315°
M TLM - 0.03 | 5.10 7.18 | -11.58 | -8.88 2.15 6.46
ax
PM - 3.98 | -0.34 | -9.86 | -13.38 | -12.40 | -12.35 | -3.68
TLM - 1.26 | 5.99 9.00 |-13.26 | -9.75 3.62 7.52
Mean
PM - 3.97 | -0.16 | -10.20 | -16.70 | -15.20 | -15.50 | -6.23
Std TLM | 1.27 | 0.48 | 0.60 0.10 2.45 1.60 0.50 0.72
PM | 0.19|0.22 | 0.11 0.41 2.47 2.34 1.62 2.06

Table B.2: Body Shadowing Characterisation in dB - Rx Ear - Indoor

0° 45° 90° | 135° | 180° | 225° | 270° | 315°
M TLM - -091 | -6.75 | -9.31 | -3.47 | -9.04 | -4.45 | -10.33
ax
PM - 712 1 -3.26 | -2.97 | -2.50 | 2.60 | 9.63 9.07
TLM - 0.33 | -7.28 | -8.68 | -4.89 | -8.79 | -3.36 | -13.17
Mean
PM - -8.73 | -4.58 | -2.80 | -3.65 | 1.12 | 9.53 9.14
Std TLM | 121 ] 036 | 1.53 | 0.93 | 1.68 | 0.80 | 0.35 3.39
PM 022 1.70 | 1.22 | 0.18 | 0.86 | 1.43 | 0.61 0.27
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Table B.3: Body Shadowing Characterisation in dB - Rx Chest - Anechoic

\ \ \ 0° \ 45° \ 90° \ 135° | 180° | 225° | 270° 3150\
NV TLM | - | 906 | 653 | -5.06 | -10.99 | -7.89 | 2.33 | 4.52
ax
PM | - |-1348|-17.30 | -26.41 | -24.55 | -23.00 | -7.06 | 0.70
TLM | - | 938 | 668 | -5.12 | -11.56 | -8.43 | 2.10 | 4.70
Mean
PM | - |-13.92|-18.11 | -27.49 | -25.06 | -24.09 | -7.06 | 0.34
geq | TIM 048] 003 | 011 | 017 [ 0.61 | 048 | 025 | 0.14
PM | 0.14| 039 | 060 | 066 | 038 | 065 | 0.11 | 0.33

Table B.4: Body Shadowing Characterisation in dB - Rx Hip - Anechoic

0° 45° | 90° 135° | 180° | 225° | 270° | 315°
M TLM - 713 ] 3.54 | -1.43 | -13.23 | -9.87 | -5.93 | -0.71
ax
PM - 1.56 | -5.10 | -12.00 | -26.30 | -24.30 | -13.70 | -3.89
TLM - -8.38 | 3.59 | -1.43 | -13.75|-11.86 | -6.62 | -1.68
Mean
PM - 1.61 | -5.17 | -12.30 | -27.00 | -25.40 | -14.00 | -4.09
Std TLM | 0.09 | 0.67 | 0.10 0.06 0.28 1.86 0.32 0.54
PM | 0.03| 0.03 | 0.08 0.19 0.37 0.65 0.21 0.13

Table B.5: Body Shadowing Characterisation in dB - Rx Ear - Anechoic

0° 45° 90° | 135° | 180° | 225° | 270° | 315°
M TLM - -4.60 | -7.74 | -9.02 | -2.12 | -3.56 | -3.37 | -5.71
ax
PM - 237 1-1.96 | 6.18 | 10.80 | 2.42 | 19.84 | 20.06
TLM - -4.65 | -7951|-9.32 | -2.28 | -5.51 | -4.09 | -7.29
Mean
PM - 283 | -149 | 719 | 11.87 | 2.68 | 20.66 | 20.94
Std TLM | 0.10 | 0.09 | 0.12 | 0.23 | 0.20 | 1.24 | 0.88 | 0.96
PM 043 ] 024 | 024 | 0.07 | 0.05 | 043 | 0.14 | 0.17
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B2B Channel Model Parameters

Table C.1: Mean Channel Gain - Opposite Walk LOS/NLOS - Tx Right Hip

Planar Monopole

Top Loaded Monopole

Rxs L. Ear | Chest | R. Hip || L. Ear | Chest | R. Hip
& | nros(0°) 1.24 0.95 1.38 1.38 2.35 2.00
= | Go(dpos, 0°) [dB] -62.52 | -57.52 | -55.70 -51.85 | -47.17 | -47.12
8 nnros(180°) 0.49 0.23 0.28 0.38 0.77 0.61
2 Go(dnros, 180°) [dB] | -74.44 | -82.97 | -83.57 | -64.09 | -68.87 | -68.33

AGy 11.95 | 2545 27.87 13.53 | 21.70 21.20

Table C.2: Mean Channel Gain - Opposite Walk LOS/NLOS - Tx Right Hand

Planar Monopole

Top Loaded Monopole

Rxs L. Ear | Chest | R. Hip || L. Ear | Chest | R. Hip
8 nros(0°) 1.35 1.28 1.28 0.14 1.91 1.59
= | Go(dpos, 0°) [dB] -55.03 | -51.82 | -51.81 -52.77 | -50.12 | -50.80
8 nnros(180°) 0.55 0.45 0.73 0.55 0.95 0.20
E Go(dnros,180°) [dB] | -65.19 | -71.12 | -68.43 -62.47 | -66.23 | -67.64

AGy 10.16 19.30 16.62 9.69 16.10 16.84
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Table C.5: Fast Fading Statistics - Walking - Tx on Left Thigh

Rxs v o | K | LCR[HZ]
Left Ear 0.85 ] 0.69 | 0.76 7.20
PM Chest 0.91 1] 0.63 | 1.04 9.15

Right Hip | 0.90 | 0.61 | 1.09 7.48

Left Ear 0.92 ] 0.58 | 1.26 8.53
TLM | Chest 0.99 | 0.39 | 3.22 4.75
Right Hip | 0.99 | 0.43 | 2.65 2.38

Table C.6: Fast Fading Statistics - Walking - Tx on Right Hand

Rxs v o | K | LCR[HZ]
Left Ear 0.81 | 0.70 | 0.67 8.15
PM Chest 0.94 ] 0.38 | 1.31 8.62

Right Hip | 0.93 | 0.58 | 1.29 7.28

Left Ear | 0.93 | 0.56 | 1.38 8.95
TLM | Chest 1 |0.40 313 5.03
Right Hip | 0.97 | 0.48 | 2.04 4.57
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