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Abstract

In this thesis, methods for optimisation are designed and developed for wireless
body-centric channels in order to best enable intelligent, self-organised, and dis-
tributed human-centered networks. Due to human-body shadowing and mobility,
body-centric channels change dramatically over time — with intermittent periods of
longer stability — often causing unnecessary delay and energy consumption under
significant radio channel attenuation. Hence, robust and efficient communications
across these networks require adaptive, optimised mechanisms. Thus, we propose,
and investigate the performance of various cross-layer and predictive optimisation
techniques for real-life body-centric channels. Our analysis employs real-life exper-
imental datasets collected from different numbers of co-located wireless body area
networks (BANs), over many hours in ‘everyday’ scenarios.

We first investigate cooperative receive diversity for a BAN used to monitor a
sleeping person, and we find that cooperative combining improves packet delivery
ratio (PDR) and latency for these atypical slowly-varying radio channels. Then, we
propose two cross-layer optimised techniques for multiple coexisting BANs, forming
wireless body-to-body networks (BBNs). These techniques are shortest path rout-
ing (SPR) and cooperative multi-path routing (CMR), where CMR incorporates
cooperative selection combining. In CMR and SPR, the best route is periodically
selected at the network layer according to channel state information from the phys-
ical layer. We show that CMR reduces retransmissions and increases PDR due to
an available alternate path, reducing end-to-end delay and energy consumption
with respect to state-of-the-art protocols. We then add MAC layer interference
mitigation using low duty cycle TDMA, for which CMR gains up to 14 dB im-
provement over SPR at 10% outage probability. Moreover, we also apply CMR
incorporating novel MAC layer CSMA /CA with adaptive carrier sensing, giving
improvement over TDMA for both throughput and spectral efficiency.

Next, we explore the feasibility of applying predictive optimisation over wire-
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xii

less body-centric channels (i.e., body-to-body, on-body), by studying wide-sense-
stationarity (WSS) and long-range dependence (LRD) characteristics, which are
crucial to predictive analysis. The results of different stationarity tests show
that unlike on-body channels (which are considered non-stationary), body-to-body
channels possess WSS characteristics for a range of window lengths between 0.5 s
and 15 s (typically 5 — 8 s) depending upon on-body sensor locations and shadow-
ing. Moreover, the Hurst exponent of body-centric channels is very high (around
0.9) and temporal auto-correlation decreases very slowly (a power-like decay), in-
dicating LRD (i.e., long-memory) characteristics are maintained.

Then, based on the results for WSS and LRD, we apply multi-objective op-
timisation for adaptive scheduling in BBNs, by using a multi-objective Markov
decision process (MOMDP) to jointly optimise three separate metrics: through-
put, latency, and energy consumption. The adaptive scheduling combines both
TDMA and CSMA/CA schemes. From performance analysis, employing real-life
channel measurements, we find an MOMDP outcome that is Pareto optimal, pro-
viding a desirable trade-off between the three objectives of maximising throughput,
and minimising continuous latency and energy consumption. It is also observed
that WSS characteristics of the body-to-body channels have a significant effect on
the outcome of such analytics.

The outcomes here help the development of pervasive real-world applications

with large-scale and highly-connected systems, comprising many closely-located
BANS.
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Notations and Symbols

The following mathematical notations and symbols are consistent throughout the

thesis:

INQ) gamma function

() modified Bessel function of the first kind with order zero
) CDF of the standard normal distribution
E(-) expectation operator

Cov() covariance

> summation

|- | absolute value operator

lim limit

() range operator

Hy null hypothesis

H, alternative hypothesis

hg Hurst exponent

A total time

\ set difference

N intersection

Q

approximation
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time instant
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Chapter 1

Introduction

1.1 Background, Motivation, and Scope

The advent of wearable technology has led to the communication of data from,
and across sensors, worn by people in independent networks. According to a study
in [4], the number of connected wearable devices worldwide is expected to jump
from an estimate of 526 million in 2016 to 1.1 billion in 2022 (Fig. 1.1). This

1200
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2016 2017 2018 2019 2020 2021

Year

Figure 1.1: The growth of connected wearable devices worldwide

demonstrates the need for ongoing research and development of body-centric com-

munications, in particular the design of body-centric networks that can function

3



4 Introduction

independently. Body-centric wireless communications is now accepted as an im-
portant part of 4G and 5G mobile communications systems as well as a variety
of personal area networks (PANs), which can take the form of human-to-human
networking incorporating wearable sensors [5-7].

Wireless body-centric networks are created from the communications between
different sensors placed on, in, around, and/or near the human body. Based on the
placement of the wearable sensors, body-centric communications can be classified

into the following types:

On-body communications: The communications between sensors that are placed
on the body (on surface of the body) or inside the body (implanted node). The

end-points of these channels are on/inside the body.

Off-body communications: The communications between sensors that are placed
on the body and near the body (not on-body). One of the end point of these chan-
nels is placed on the body.

Body-to-body (B2B) communications: The communications between sen-
sors that are placed on different peoples’ body. The end points of these channels
are located on the body of two different subjects.

The body-centric communications described above, can particularly form two

types of body-centric networks:

1.1.1 Wireless Body Area Networks (BANs)

Wireless Body Area Networks (BANs) are the latest generations of PANs where low
power, short-range micro and nano technology sensors/actuators are placed on, in,
around or/and near the human body, typically to monitor, or enable physiological
functions (Fig. 1.2). The BAN paradigm offers a vast range of applications such as,
ubiquitous healthcare, military, sports, entertainment and many other areas [2], but
advanced healthcare is a unique motivator for such networks, specifically in medical
rehabilitation, diagnosis and monitoring of patients.

Vitally, patients can be continuously, and effectively, monitored at home or

community healthcare, rather than being confined to a hospital or other primary
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u Hub / Gateway
@ On-body node
@) Implant node
=== Wireless link

Figure 1.2: A BAN demonstrating wireless on-body and in-body links with on-body
and implanted sensors/hub

healthcare facilities. In this context, the sensors incorporated in BANs may monitor
numerous biometric parameters such as: body temperature; heart rate; respiration;
blood pressure; and electrical parameters from the heart, muscles and brain. More-
over, BANs can enable early medical detection and intervention, which can save
lives and improve quality of life. In this context, as BANs provide very long contigu-
ous data from a patient’s everyday environment, doctors can get a clearer picture
of the patient’s condition [8]. Some further examples of very promising applications
of BANs in healthcare are for rehabilitation including stroke rehabilitation, phys-
ical rehabilitation after hip or knee surgeries, myocardial infarction rehabilitation
and traumatic brain injury rehabilitation. Miniature, wireless, wearable technology

offers a tremendous opportunity to enable and assess rehabilitation.

A BAN can also be used to help people with disabilities via actuation. For
example, retina prosthesis chips can be implanted in the human eye to see ad-
equately [9, 10]. Non-medical applications of BANs include data file transfer,
gaming, secure authentication, assessing soldier fatigue and battle readiness, body

gesture recognition/motion capture, personal item tracking, iris/facial recognition,
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Figure 1.3: A BBN demonstrating body-to-body communications between on-body
hubs and sensors

emotion detection and social networking applications [2,11]. However, the un-
derlying technology is still at an early stage of deployment and typically based
on very specific wireless communications technologies. Some well-known interna-
tional standards for BANs are — IEEE 802.15.6 Standard [12]; Bluetooth Low
Energy (BLE) [13]; ETSI SmartBAN [14]; which support low-power, short-range
communications with star or multi-hop topology, to serve a variety of medical and
non-medical applications. BANs may interact with the Internet and other existing
wireless technologies like ZigBee [15], WSNs [16], Bluetooth [17], Wireless Local
Area Networks (WLAN) [18], Wireless Personal Area Networks (WPAN) [19],

video surveillance systems [20] and cellular networks [21].

1.1.2 Wireless Body-to-Body Networks (BBNs)

When multiple closely-located BANs coexist, the potential inter-network communi-
cations and cooperation across BANs leads to a significant extension of the concept
of wireless body area networks (BANs) [22] — known as wireless body-to-body net-
works (BBNs) [23] or, more broadly, the Internet of Humans (IoH) [24] (Fig. 1.3).

The main motivations behind BBNs are:

e to make use of body-to-body (B2B) communications to overcome the prob-
lems of coexistence and general performance degradation for closely located
BANS;
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Figure 1.4: BBN providing outdoor medical service

e to provide connectivity as independent or subsidiary networks when tradi-
tional network connectivity is unavailable or limited, e.g., in emergency situ-

ations and densely populated areas.

Importantly BBNs can provide greater radio coverage and connectivity than BANs
while maintaining all the advantages of BANs. BBNs are more dynamic and po-
tentially larger-scale than individual BANs, such that any BAN member can join
or leave the network seamlessly, without the need for any centralised infrastruc-
ture. The concept of BBNs is to send collected data, i.e., physiological information
across closely located BANs via wearable sensors, to reach the intended destination
in case of unavailable or out-of-range network infrastructure, e.g., in emergency in-
door/outdoor scenarios. For instance, in a disaster where many people are injured
and the cellular and fixed-line networks are damaged, BBNs can help in the triag-
ing and monitoring of patients by relaying information from body to body up to
the access point of the on-site medical service provider (Fig. 1.4), providing timely
intervention and treatment.

BBNs have a wide range of potential applications besides remote population
monitoring, such as group rehabilitation and therapy; avoiding outages (due to

body shadowing) in individual BANs, through cooperative body-to-body commu-
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nications; facilitating rescue/medical teams in a disaster area, and ambient assisted
living (AAL) [25]. Further applications beyond health-care include: battlefield
communications; precision monitoring of athletes; augmented reality [26]; perform-
ing synchronised activities, e.g., interactive dancing [27]; interactive gaming [28],
and better enabling communications in densely populated areas, e.g., city centres,

concerts and sports venues, where the primary network service is not sufficient.

1.2 Problem Statement and Proposed Solution

As BANs are continuing to become more pervasive, their coexistence is a major
concern. And, as a major application of body-centric networks is for healthcare
and emergencies, reliable communications is of utmost importance. The require-
ment for better coexistence and reliable communications leads to the need for body
to body networks (BBNs). BBNs operate in a dynamic environment consisting of
highly mobile individual BANs moving in and out of each others range, such that
global coordination is typically not possible. In BBNs, radio channels experience
significant shadowing due to obstructions and power absorption by nearby human
bodies and body-parts due to frequent, different, movements. A simple postural
change can block communications for a long period of time, resulting in decreased
reliability, increased latency and increased energy consumption. In this context,
body-centric channels have long coherence times, which can cause longer perfor-
mance degradation when there is significant channel attenuation. Moreover, due to
resource constraints of these low-power networks, providing best communications
efficiency is vital in their optimisation.

Hence, in this thesis, we aim to address the following problem:

How to improve communications reliability and optimise connectiv-
ity amongst many co-located BANs or, more broadly, BBNs in order
to facilitate self-organised, efficient, and distributed body-centric net-
works?

To this end, we develop and analyse cross-layer optimised routing techniques to
disseminate information among distributed coexisting BANs (or BBN) by utilising
body-to-body (B2B) channels with cooperative communications. The cross-layer

optimisation is performed between different OSI layers, i.e., physical, MAC, and
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network layers, to improve packet delivery ratio and latency along with acceler-
ated reaction/response time within the network. We implement adaptive mech-
anisms based on time-varying channel condition estimated with longer coherence
time of body-centric channels. We also investigate the predictive characteristics,
i.e., wide sense stationarity and long-range dependence, of body-centric channels
in order to build intelligent network, which can learn and self-organise. Based
on the body-centric channels’ predictive characteristics, we apply multi-objective
decision-making with adaptive scheduling to jointly optimise throughput, latency,
and energy consumption of body-to-body channels. It is demonstrated with exper-
imental analysis that the proposed methods provide the following benefits, in key

performance metrics, for BBNs:

e Increased packet delivery ratio; In distributed BBNs, making use of al-
ternative/cooperative paths available through nearby BANs, enables greater
network reliability. It is shown that negligible (almost 0%) packet error rate
is achieved with the proposed cross-layer optimised routing techniques in a

practical scenario with 10 coexisting BANs.

e Reduced latency; Longer outages can be avoided with alternative paths
through available sensors within the range of the nodes-of-interest. Also,
adaptive techniques applied over such networks enable real-time delivery of
critical /non-critical information. With the cross-layer methods, an acceptable
amount of latency (according to the IEEE 802.15.6 BAN standard guideline
[29]) is achieved for both medical (< 125 ms) and non-medical (< 250 ms)

applications.

e Increased throughput; It is shown that with the increased packet delivery
ratio, throughput in terms of successfully received packets per second, also in-
creases after applying the proposed methods, specifically with adaptive carrier

sensing mechanism with CSMA /CA and multi-objective decision-making.

¢ Reduced Energy Consumption; The cross-layer optimisation used in this
thesis, avoids the redundant use of resources, which decreases energy con-

sumption. It is observed that with cooperative communications, although
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there is extra energy consumption for the alternative path, the overall en-
ergy consumption is reduced due to decreased packet failure rate. Also, the
applied multi-objective optimisation provides a suitable trade-off between

throughput, latency, and energy consumption of the channels.

In summary, the proposed solution provides improved reliability, together with op-
timised and efficient connectivity, amongst many closely-located BANs (or BBNs)
for large-scale and highly connected distributed real-world applications. Very im-
portantly, this is validated in this thesis using many hours of empirical everyday

on-body, and body-to-body, radio channel data.

1.3 Thesis Overview and Outline

This thesis provides design and analysis for optimisation of narrowband body-
centric communications near the 2.4 GHz ISM band. Cross-layer and predictive
techniques are applied over large-scale real-life experimental channel measurements
collected from groups of mobile subjects wearing sensor radios on their body per-
forming ‘everyday’ mixed activities (e.g., walking, sitting, standing, turning, talk-
ing) in indoor/outdoor environments (e.g., building, office space, street, cafe/pub),
for a significant amount of time — which provides a normalised outcome from
many typical BBN scenarios. Throughout the thesis, we mainly focus on the per-
formance analysis and optimisation of narrowband body-to-body channels between
coexisting BANs, but also provide some accompanying study of the performance of
narrowband on-body and off-body channels. The experimental analysis performed

with extensive real-life body-centric channels in this thesis, answers the following:

e How much improvement does cooperative communications provide for direct

link body-centric communications under significant shadowing?

e How can the available channels (body-to-body) between coexisting BANs be
efficiently utilised, for improving the reliability of BBNs, with cooperative
multi-path routing?

e How can the slowly-varying, frequency non-selective, radio channels be ex-

ploited with adaptive mechanisms, to improve the performance of BBNs?
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e Does cross-layer optimisation between non-adjacent layers (physical-network
layers), without radio interference mitigation, provide acceptable latency and

packet delivery ratio for closely located BANs?

e Are wireless body-to-body channels wide-sense-stationary (WSS) or second-

order stationary?

e Do wireless body-centric channels have long-range dependence (LRD) or long-

memory?

e What is an appropriate model to characterise the shadow fading of body-to-
body channels for coexisting BANs?

e Do the predictive characteristics , i.e., WSS and LRD, of B2B channels vary

for different sensor radio placements?

e How to utilise the predictive characteristics of B2B channels for multi-objective

optimisation over BBNs?

The technical contributions of this thesis are detailed in four chapters (as demon-
strated in Fig. 1.5), which address the questions outlined above. Chapters 3 and 4
describe cross-layer optimisation for BBNs, and chapters 5 and 6 analyse the pre-
dictive behaviour of body-centric channels and apply multi-objective optimisation
suited to this behaviour over body-centric channels.

The contributions of each chapter of this thesis can be summarised as:

Chapter 2: An up-to-date literature review of existing work relevant to this
thesisis provided, along with key research gaps addressed in this thesis. For body-
centric networks, the general architecture and communications technologies are
described, along with the typical challenges associated with practical deployment

of these networks.

Chapter 3: Cooperative combining mechanisms, and cross-layer optimisation
over real-life body-centric channels, are investigated. First, we investigate the per-
formance of cooperative receive diversity for BANs used for monitoring sleeping

people, where we show that cooperative combining over two-hop channels provides
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Figure 1.5: Thesis Flowchart

very large improvements over the direct link communications of a star topology for
monitoring a sleeping subject. Then we propose two different cross-layer optimised
routing techniques — shortest path routing (SPR) and cooperative multi-path rout-
ing (CMR) — that incorporate 3-branch cooperative selection combining, without
central coordination across multiple coexisting BANs. The best route is selected
at the network layer according to channel state information from the physical layer

The key findings from this chapter are:

e For BANs used to monitor sleeping subjects, cooperative combining tech-
niques (i.e., selection combining and switch-and-examine combining) with
two-hop communications provide up to 7 dB and 20% improvement over di-

rect link communications, with respect to outage probability and continuous
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outage duration, respectively.

e The proposed CMR provides up to 8 dB improvement over state-of-the-art
routing protocols at 10% outage probability.

e CMR outperforms other protocols in case of throughput (packets/second) by
providing 95% successful packet delivery.

e CMR produces the lowest amount of average end-to-end delay with respect

to other protocols, when estimated with lower receive sensitivity, i.e., —90

dBm and —86 dBm.

e With less receive sensitivity, i.e., —90 dBm and —86 dBm, the energy con-
sumption of CMR remains relatively constant, while the energy consumption
of other protocols increases significantly due to an increase in packet failure

rate and retransmissions.

Chapter 4 This chapter analyses the performance of the SPR and CMR tech-
niques (proposed in Chapter 3) across distributed BBNs with interference mit-
igation schemes, by associating the PHY-Network cross-layer optimisation with
different MAC layer schemes, i.e., time division multiple access (TDMA) and novel
carrier sense multiple access with collision avoidance (CSMA/CA). The key out-

comes of this analysis with experimental measurements are as follows:

e CMR provides up to 14 dB improvement with 8.3% TDMA duty cycle over
SPR at 10% outage probability, and up to 9 dB improvement over SPR, at
90% packet delivery ratio.

e The proposed adaptive carrier sensing mechanism provides 20% and 6%
improvement, over a coordinated TDMA approach with higher duty cycle,
for throughput and spectral efficiency, respectively, and provides acceptable

packet delivery ratio and outage probability with respect to SINR.

Chapter 5 In order to apply predictive optimisation over body-centric channels,

it is important to investigate the feasibility of applying predictive schemes over
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body-centric channels. Hence, in this chapter, we investigate the predictive char-
acteristics, i.e., wide-sense-stationarity (WSS) and long-range dependence (LRD,
long-memory), of on-body and body-to-body channels. We employ different hy-
pothesis tests for evaluating mean and variance stationarity, along with evaluating
distribution consistency of several body-centric channels. We also examine the pat-
tern of the decaying auto-correlation function and estimate the Hurst exponent for

investigating the LRD characteristics. We show that

e Unlike on-body channels, which are non-stationary, body-to-body channels
can possess WSS characteristics for a range of window lengths between 0.5 s
to 15 s (typically 5-8 s), depending on on-body sensor locations and the

amount of shadowing in the corresponding channel.

e The Hurst exponent is very high (around 0.9) for body-centric channels and
the auto-correlation between data points of the channels decreases very slowly
(power-like decay), which both indicate retaining LRD or long-memory char-

acteristics.

Chapter 6 Influenced by the existence of WSS and LRD characteristics (pre-
sented in Chapter 5) of body-to-body channels, we apply multi-objective optimi-
sation with adaptive scheduling over BBNs, by following a discrete time Markov
decision process (MDP) that utilises the predictive characteristics (i.e., WSS and
LRD) of B2B channels. For adaptive scheduling, time division multiple access
(TDMA) and carrier sense multiple access with collision avoidance (CSMA/CA)
— are combined, to utilise the advantages of both TDMA and CSMA/CA. The
outcome is Pareto optimal that provides a desired trade-off between three objec-
tives — maximising throughput, and minimising continuous latency and energy
consumption of the B2B communications, between any two BANs (direct link) in
the presence of other coexisting (interfering) BANs. We compare the Pareto opti-
mum (obtained from adaptive scheduling with MDP), with the results of TDMA
and CSMA/CA applied separately. From the experimental results, we find that

e The Pareto optimum outcome ( f*) can provide up to 3.4 times better through-
put than TDMA (with a 10% duty cycle), but also can consume up to 3.2

times more energy (because of the increased active period) than TDMA (as
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TDMA schemes have fixed duty cycles). Then again, f* produces a slightly
(around 5%) higher amount of continuous latency than TDMA schemes for
smaller intervals, and similar amount of continuous latency as TDMA for

longer intervals (> 4 s).

e CSMA/CA with —70 dBm carrier sense threshold (¢sy,) consumes around 2.3
times more energy, and has much higher continuous latency, than the Pareto
optimum f*, although it provides almost twice as much throughput than the
Pareto optimum (f*). For instance, CSMA/CA with c¢sy, = —70 dBm has
a continuous latency of greater than or equal to 250 ms for around 46% of
the total time, whereas f* produces the same amount of latency for less than
30% of the total time.

e The Pareto optimum has the highest packet delivery ratio (PDR > 80%),

than all other individual actions.

Chapter 7 Finally, this chapter provides a summary of the results drawn from

this thesis including possible directions for future research.






Chapter 2
Literature Review

In wireless body-to-body networks (BBNs), communication takes place among sen-
sors and hubs worn by multiple human subjects, where each subject can have an
operating wireless body area network (BAN). Hence, the general architecture and
technology of BANs can also be applied within BBNs. In this chapter, first we
provide a description of the communication architecture and technology for body-
centric networks, along with associated challenges. Then we discuss the current
state-of-art for optimising body-centric communications in detail. Following these
discussions we highlight research gaps. Although the main focus of our research
is BBNs, which have not been investigated to nearly as a large extent as BANS,
here we discuss both BAN and BBN communications research, as BAN operations

provide context to BBNs.

2.1 Communications Architecture and Technol-

ogy of Body-centric Networks

2.1.1 Communications Architecture

Communications architecture in body-centric networks generally follows a multi-

tier architecture, where the communications occurs in multiple hierarchical tiers:

e Tier-1 (intra-BAN communications) Intra-body communications [30-

32] in tier-1 includes in-body, on-body, and off-body communications that

17



18

Literature Review

Doctor

\
M N o
; e
UL ¢ &
& &
Remote ¥ &
&

server

¥ Ambulance
EmEEE
AEEEE
EEEEE
EmEEe
[ = -

Intra-BAN ==
communication < Tl!f"‘;: o~
Hospital A
Tier-1 _
Tier-3

Figure 2.1: Multi-tier architecture for body-centric communications.

occurs in/on or around an individual BAN. In this tier, the wearable sensors
send physiological information to the hub or personal device of a BAN and

actuators can receive control information from the hub.

Tier-2 (inter-BAN communications) In this tier, communications occurs
between personal devices or hubs of different BANs (i.e., body-to-body com-
munications or inter-BAN communications [23,33,34]) and possible access
points (e.g., routers) [35,36] or gateways (e.g., smartphones) [37,38]. The
hub or personal devices in tier-2 can relay the information between hubs to

the nearby access point to send to tier-3 entities (e.g., servers).

Tier-3 (beyond-BAN communications) Tier-3 communications is be-
yond BANs/BBNs, which helps to enhance the coverage area for applications
of body-centric networks, e.g, remote patient monitoring [39,40], e-health
care [41], emergency medical services [42,43], enabling authorised health

care personnel (doctor/nurse) through the Internet or a cellular network.

The communications strategy in different tiers can be further divided in to the
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following categories:

Centralised:

The use of a centralised architecture [44-47] is the most common communications
strategy in a BAN where a central hub/gateway device (placed on/in/around the
body) coordinates the sensor/actuator nodes placed on different parts of the body
— collects data/information from the sensor nodes and sends control information
to actuators. This type of communications particularly occurs in tier-1 at small-
scale (typically within a single BAN). A number of BANs in tier-1 can also be
coordinated with a coordinator BAN (e.g., cluster-head) or a central access point

in tier-2.

Cluster-based:

In a cluster-based architecture [48,49], multiple clusters or groups are formed
between coexisting BANs, where in each cluster there are multiple BANs (tier-1
communications). Each cluster has a cluster head or coordinator/gateway, e.g., a
BAN node/hub, which further communicates with other cluster heads for inter-
cluster communications and data transfer (tier-2 communications). The cluster
head controls the cluster, and the coverage of the cluster is usually one or two hops
from the cluster head. This type of architecture is useful for dense networks, and

when separate groups of BANs are performing different tasks [50-53].

Distributed:

In a distributed architecture [54,55], information is disseminated from one node to
another adjacent node, until it reaches the intended destination (i.e., coordinator,
hub, personal device, access point). A distributed architecture provides scalability
and resilience to the network where the nodes can enter or leave the network at
any time, without interrupting the communications as all the nodes are connected
through various alternate paths. The distributed architecture can be applied in

both tiers (tiers 1 and 2) for body-centric communications, such as, intra-BAN
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communications to reach the coordinator/hub in tier-1, and inter-BAN commu-
nications to reach the intended access point in tier-2. Also the communications
between a BAN sensor (in tier-1) and the intended access point (in tier-2) can also
be performed in a distributed manner by combining tier-1 and tier-2 communica-
tions. A distributed architecture helps to establish communications in the case of

multiple BANs coexistence without external coordination.

2.1.2 Radio Technology

Body-centric networks are radio-frequency (RF) based wireless networks that re-
quire low-power, low-complexity radio technology for practical deployment at a
large-scale. Most of the literature in BANs is focused on RF techniques classified
according to the frequency bands in which they operate [30,56-60]. The IEEE
802.15 Task Group 6 provided an overview of the frequency band regulation for
BANs in [61] (shown in Fig. 2.3). Some of the popular radio technology standards
used in BAN communications are - IEEE 802.15.4/ZigBee [15], IEEE 802.15.6
[12], and Bluetooth Low Energy [13]. Other technologies that can also be used
in body-centric communications, such as BANs/BBNs, include WLAN [18,62],
Bluetooth [17], ultra-wideband (UWB) [63], cellular [21], and 3G/4G/5G [64].
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Figure 2.3: Some of the available bands for BAN based on RF technology [1].

Unlike the BAN standard (IEEE 802.15.6), there is no specific standard de-
signed for BBNs. More recently, an European standard (ETSI TC SmartBAN)
[14] has been developed, which can support coexistence of BANs in an IoT en-
vironment to bridge between devices operating in different radio standards. The
choice of a suitable technology for BBNs depends on their particular applications,
as no single industrial standard has all the required specifications for large-scale
BBN (due to different data rates, power consumption, coverage, and topology).
Some proprietary wireless technologies have been developed for low power WSNs
and healthcare applications, e.g., ANT/ANT+ [65], Sensium [66], Zarlink (now
acquired by Microsemi) [67], Insteon [68], Z-Wave [69]. However, the radio tech-
nologies used in BANs can be applied for BBNs as the nodes/sensors in BBN are
placed on different bodies in a close proximity. The specifications of different tech-
nologies used in body-centric networks are provided in Table 2.1 and the description

of some technologies from literature [1-3,70] is as follows:

IEEE 802.15.4 Standard

IEEE 802.15.4 technology (ZigBee) [15] is a widely used radio standard in BANs
[71,72], which was typically intended for wireless personal area networks (WPANS)
and wireless sensor networks (WSNs) applications [73,74]. The key features of this
technology are: low power, short-range (up to 100 m), low bit rate, low cost and low
complexity. The IEEE 802.15.4 specifies the two bottom layers of the ISO/OSI pro-
tocol stack — physical and MAC layers for low rate WPANs (LowPAN). For a defi-
nition of upper layers, there are two options — ZigBee protocols (specified by the in-
dustrial consortia ZigBee Alliance) and 6LowPAN [75]. IEEE 802.15.4/ZigBee can
operate in three ISM (Industrial, Scientific, and Medical) bands (i.e., 868/915/2400
MHz) with a data rate of 20 — 250 kbps [76]. It supports star, cluster, and mesh
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topology and provides the advantage of network coverage by providing multi-hop
routing in both cluster and mesh topology [77].

The 802.15.4 MAC layer supports two operational modes: beacon enabled and
non-beacon enabled mode. In beacon enabled mode, the coordinator initiates the
channel access with a beacon packet and a superframe structure is used that is
divided into an active and an inactive period. The active period consists of a con-
tention access period (CAP) and a contention free period (CFP). During the CAP,
the channels follow a slotted CSMA/CA mechanism, whereas the CFP contains
guaranteed time slots (without contention), supporting TDMA. The inactive pe-
riod allows nodes to go into sleep mode or low power mode according to the specific
application. In the non-beacon enabled mode, the channels only use an unslotted
CSMA /CA mechanism [15].

ZigBee suffers from interference from WLAN transmissions [78] and low data
rate (only up to 250 kbps) that is not adequate for large-scale deployment of con-
nected BANs [70], rather ZigBee is more suitable for home automation [79] and

industrial automation and control [80].

IEEE 802.15.6 Standard

The TEEE 802.15 Task Group 6 developed a standard specifically designed for
BANs — namely IEEE 802.15.6 [12], which is one of the latest and well-known
international standard for BANs. The aim of the IEEE 8012.5.6 standard was to
describe the PHY and MAC layers so as to provide a certain quality level for low
power devices in communications surrounding the human body [81]. The PHY

layer defines three different communications bands:

e Narrowband (NB) PHY: The frequency bands supported in NB PHY
are as follows: 402 — 405 MHz, 420 — 450 MHz, 863 — 870 MHz, 902 — 928
MHz, 950 — 958 MHz, 2360 — 2400 MHz and 2400 — 2483.5 MHz. Among
the three communication bands, NB PHY is best suited to a greater number
of healthcare applications [82], due to its lower carrier frequency (results in
less attenuation) and smaller bandwidth (1 MHz or less), hence reducing

multi-path propagation and inter-symbol interference [83].

e Ultra-wideband (UWB) PHY: The frequency bands supported in UWB
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are divided in to a low (3.25 — 4.75 GHz) and a high (6.6 — 10.25 GHz) band
for supporting high quality, low complexity and ultra low power operations
[1]. Also, UWB PHY considers two types of UWB technology: frequency-
modulated FM-UWB and impulse-radio IR-UWB. As stated in [82], IR-UWB
is best suited for BANs due to lower power consumption and efficient imple-
mentation of non-coherent receivers [84]. Also UWB offers higher throughput
with a large bandwidth — each UWDB channel has a bandwidth of 499 MHz
in IEEE 802.15.6 [12].

e Human-body communications (HBC) PHY: This band supports the
frequency band from 5 — 50 MHz and uses the human body as a commu-
nication medium. HBC is the first technology to use electric field coupling
(EFC) — capacitive and galvanic coupling where the transmission is over the

medium of human skin by an electrode, rather than by an antenna [82].

The 802.15.6 MAC layer divides the channel into beacon periods or superframes of

equal length, and provides three access modes coordinated by the hub:

e Beacon mode with superframe boundaries: In this mode, the coordi-
nator sets the time for superframes by sending a beacon packet to indicate
the beginning of an active superframe period. The superframe is again di-
vided into different access phases: exclusive access phase (EAP), random
Access phase (RAP), contention access period (CAP), and managed access
phase (MAP). The EAP is used for transmission of emergency data, both the
RAP and CAP use CSMA/CA or slotted ALOHA methods. In MAP, the

coordinator may schedule intervals, or poll nodes [12].

e Non-beacon mode with superframe boundaries: In this mode, bea-
cons are not sent at the beginning of the transmission, but the superframe
period and phases (possibly in MAP) are defined and unscheduled frames are

transmitted by the coordinator.

e Non-beacon mode without superframe boundaries: This mode also
does not need a beacon to be sent, and the superframe period and slot allo-

cation are also not defined. The coordinator supplies unscheduled frames of
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type 2 and as a portion of EAP or RAP to employ CSMA /CA based random

access schemes.

Bluetooth Low Energy

Bluetooth wireless technology [17] is a short-range, low-power, and low-cost stan-
dard designed for replacing the cables connecting portable or fixed electronic de-
vices in a WPAN or piconets [85,86]. Bluetooth devices operate in the 2.4 GHz
ISM band with coverage ranging from 1 — 100 meter, and supports only star topol-
ogy and a maximum data rate of 3 Mbps (with Enhanced Data Rate or EDR).
Bluetooth low energy (BLE) [13] is a configuration of Bluetooth technology that
includes lower power consumption and complexity with lower cost than EDR with
a data rate of up to 1 Mbps, and operates with a simpler protocol stack than other
Bluetooth technology and star-configured networks, which makes it suitable for
some BAN applications, e.g., consumer applications [87] and regular (less critical)
health parameters monitoring [88]. However, it is not suitable for critical and high
data rate healthcare applications due to the low data rate short-range communica-
tion that requires line-of-sight connection for reliable operation [89]. Also, BLE is
not appropriate for BBNs as it does not support multi-hop communications (only
supports on-body communications with star topology), and has limited scalability,
QoS, and interoperability [56].

SmartBAN

A new standard has been developed for BANs recently by the ETSI TC (European
Telecommunication Standards Institute Technical Committee) — namely Smart-
BAN [14], which specifies low-power, low-complexity PHY and MAC layers with
lighter data presentation formats compared to IEEE 802.15.6. SmartBAN seeks
to provide a robust strategy for coexistence of an individual BAN co-located with
devices/entities operating according to different radio standards. It supports a star
topology with variable data rates and can be interfaced with Bluetooth, BLE, and
other existing radio standards. The SmartBAN PHY utilises two different chan-
nels: a control channel where control beacons are broadcast by hubs; and a data

channel where data and control transmissions take place. This two channel concept
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provides fast channel acquisition and easy hub-to-hub communication. In Smart-
BAN MAC, the data channel is divided into inter-beacon intervals that consist
of three parts: contention free scheduled access period (uses TDMA), control and
management (C/M) period (uses slotted-Aloha), and an inactive period. Addi-
tionally, a multi-use channel access (MCA) mode is defined that utilises scheduled,

but unused, time slots for increasing channel utilisation.

Other Technology

Some other technologies used in body-centric networks are: ultra-wideband (UWB)
[63], Bluetooth High Speed (HS) [90], WLAN [18,62]. Bluetooth HS supports data
rate from 3 — 24 Mbps and includes 802.11 protocol adaptation layer (PAL) into
the protocol stack [3]. Also, some commercial and proprietary technologies are
used in body-centric networks, e.g., ANT/ANT+ [65], RuBee [91], Sensium [66],
Zarlink (now acquired by Microsemi) [67], Insteon [68], Z-Wave [69], RFID [92],
BodyLAN [93]. ANT features simpler protocol stack and lower power consumption,
which has been embedded in Nike shoes and can be interfaced with iPod products
[3]. Insteon and Z-Wave are used for home automation with mesh networking
technologies [94,95]. RuBee and RFID are complimentary to each other in terms of
frequency bands, and both are used for asset management and tracking [3]. Sensium
features ultra-low power transceiver platform that is custom designed for healthcare
and lifestyle management applications [56]. The communications architecture is
centralised with single-hop connection. Zarlink developed an ultra-low power RF
transceiver that is configured as an implantable medical device (IMD), and supports

extremely low power consumption [56].

2.2 Challenges of Wireless Body-centric Commu-

nications

Even though body-centric networks can provide major enhancements in human
life style through the use of ubiquitous networking, several challenges remain that

hinder practical deployment of these networks.
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Table 2.1: Specifications of different wireless technologies used in body-centric
networks [2, 3].

Technology Frequency Data Rate Coverage Topology
10 — 150
Bluetooth 2.4 GHz ISM 780 Kbps N star
(on-body)
Bluetooth 10 — 100
Hereo 2.4 GHz ISM 3 Mbps N star
(EDR) (on-body)
Bluetooth 2.4 GHz ISM 10
teroo ? 3 — 24 Mbps m star
(HS) 5 GHz (on-body)
Bluetooth 1
Heteo 2.4 GHz ISM 1 Mbps 0 m star
(LE) (on-body)
IEEE 802.15.4 24 GHz ISM 10 — 100 5t 1ti-hy
e 868 MHz 20 — 250 Kbps | shal, THbEhop
(ZigBee) (on-body) mesh, cluster
915 MHz
2.4 GHz ISM 1 Kbos t 9_5
IEEE 802.15.6 | 401 — 406 MHz ps o m star, two-hop
10 Mbps up to 10 m
902 — 928 MHz
Itra-wideband -1
Ultra-wideband g 10 6 Gry | 110 — 480 Mbps | ° 10 star
(UWB) (on-body)
RFID
(ISO/IEC 860 — 960 MHz | 10 — 100 Kbps 1—100 m peer-to-peer
18000 — 6)
(variable) .
SmartBAN | 2.4 GHz ISM 75 Kbps to <2m stat
hub-to-hub
15 Mbps
3 sh
ANT 9.4 GHz ISM 1 Mbps 30 m star, mes
on-body peer-to-peer
IEEE 1902.1
131 KHz 9.6 Kbps 30 m peer-to-peer
(RuBee)
Zarlink 402 — 405 MHz 200 to .
2 m (in-body) peer-to-peer
(ZL70101) | 433 — 434 MHz 800 Kbps
131.65 KH
Insteon 31.65 z 13 Kbps Home area mesh
902 — 924 MHz
Z-Wave 900 MHz ISM 9.6 Kbps 30 m mesh
868 KH 1-5
Sensium 5 50 Kbps o star
915 MHz (on-body)
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2.2.1 Mobility

Since the human body is constantly moving, sensor nodes on the body have mobil-
ity features. Due to the postural body movements affecting BANs/BBNs as well as
their mobility, the use of networks incorporating infrastructure such as backbone
routers would generally be very costly and unfeasible. Even for indoor BANs coex-
istence with mobile people, while deploying a backbone router is possible to some
extent, the connection between a BAN hub and the router can be blocked /shadowed
by any obstacle or may go out of range because of the movement, e.g., postural
changes or mobility [96]. Importantly, people having mobility issues can incur
life-threatening risks, as these type of outages can be for a longer period of time

with only a simple postural change.

2.2.2 Time-varying dynamic topology

Unlike wireless sensor networks, the communication channels in BANs are heav-
ily attenuated from shadowing by the human body. Due to this shadowing and
postural body movements, the path loss between sensor nodes in a BAN will be
non-stationary and constantly changing [97-99]. BAN radio propagation typically
encounters significant path loss with deep fades that can last for a long time, of the
order of seconds [82]. This will cause serious topological partition problems and
time-varying channel conditions where links between nodes are broken, and built,
frequently. Additionally, when multiple BANs coexist in a very close proximity
for any special indoor/outdoor activity, or in any emergency indoor/outdoor sit-
uation, the interfering radio communications and shadowing from different bodies
or BANs (including the body parts of the BAN-of-interest) make it very difficult
for the BAN-of-interest to transfer the collected information to the intended access
point [96].

2.2.3 Routing challenges

Due to limited resources, unstable links, interference and network lifetime, selection
of routing protocols and routing metrics play a critical role in order to find out the

efficient route to the destination in wireless body-centric networks. Both periodic
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and real-time data transfer are required for BANs/BBNs. As stated in [100], even
though the general characteristics of BANs are somewhat similar to mobile ad
hoc networks (MANETSs) [101] and wireless sensor networks (WSNs) [102], the
stringent requirements of BANs/BBNs impose certain constraints on the design of
their networking protocols that leads to novel challenges, which can not be met
through typical WSN/MANET routing protocols.

For example, the frequent topological changes in highly mobile coexisting BANs
particularly occur with group-based movement, rather than node-based movement
in MANETS, which suggests that all nodes in BANs move with keeping their posi-
tion with respect to one another, while in MANET each node moves independently
from other nodes in the network [103]. In fact, the on-body sensor nodes used in
BANs move relative to the coordinator node of the corresponding BAN which is
used as their reference point [104]. As the user moves, the whole network moves
and then may move into (and out of) the range of other networks frequently, which
results in network collision [105]. It is different to the interference events of cellu-
lar /sensor networks where only one or two nodes interfere, and base stations rarely
interfere [96]. The random nature of BAN movement means that network collisions
in BBN can be very short (e.g., people passing on the street) or very long (e.g.,

family members/hospital patients may remain close for hours) [105].

2.2.4 Power Constraints

The management of scarce resources, such as, low-power battery, and low transmit
power considering human body reaction to electromagnetic radiation is one of the
major issues to deal with in these types of networks. BANs have more strict energy
constraints in terms of transmit power when compared to traditional sensor and
ad hoc networks as frequent node replacements can be quite unfeasible, and might

require surgery in some scenarios, for implant nodes [2].

2.2.5 QoS consideration and Context-awareness

Body-centric networks exhibit specific QoS requirements at every single layer: data
reliability, traffic segmentation, data resolution, bandwidth, path latency, routing

maintenance, congestion management, path cost, connectivity robustness, com-
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munication range, throughput and transmission reliability [106,107]. Moreover,
context-aware and adaptive strategies need to be developed where the network
adapt to topological, channel state, and environmental changes in a timely man-

ner.

2.2.6 Network Scalability and Interoperability

The number of people using wireless sensor devices for healthcare and other pur-
poses is rising at an alarming rate [4,108,109]. When the number of nodes increases
in the neighbourhood, scalability issues arise, which affect throughput, latency and
resource allocation of dense networks. Moreover, neighbouring BANs operating in
the same frequency bands are likely to interfere with each other. For instance, as
each member of a BBN can join or leave the network seamlessly, a variable number
of BANs need to be supported by the BBNs to increase the capacity and spectral

efficiency of the network with reduced latency.

2.2.7 Security and Privacy Issues

A number of security and privacy risks [110-113] arises from the advancement of
body-centric communications, specifically in health related applications. For in-
stance, unauthorised access, message disclosure, message modification, denial of
service, compromised node, routing attacks, eavesdropping, and malicious activi-
ties [111]. The networks associated with the user’s health data are prone to po-
tential risks of internal and external intrusions during data storage, access, and
wireless data transmission, which can lead to life-threatening and serious health
consequences. Furthermore, the stringent resource constraints, design, and usabil-
ity of these miniaturised sensor devices derive challenges to implement lightweight

security and authentication protocols with minimal complexity.

As the main focus of this thesis is in reliability and optimised connectivity, we

discuss existing works related to these specific matters in the following sections.
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2.3 Existing Research for Optimising Body-centric

Communications

2.3.1 Research on Cooperative Communications

Cooperative communications is widely used for improving and optimising reliability
and efficiency in body-centric communications. In [114], Chen et al. analysed coop-
erative diversity schemes in an ultra-wideband (UWB) BAN (in a sitting posture)
with a two-stage single-hop transmission model to statistically characterised the
channel parameters of a single-hop cooperative network. Huang et al. [115] inves-
tigated three transmission schemes in a BAN] i.e., direct transmission, single-relay
cooperation, and multi-relay cooperation and studied optimal power allocation with
and without posture state information. They showed that power allocation making
use of posture information can reduce energy consumption. The authors in [116]
investigated an incremental relay based cooperative communication scheme where
they demonstrated that the cooperative schemes improve energy efficiency signifi-
cantly when compared to direct communication. In [117], Arrobo et al. proposed
a cooperative network coding technique for improving throughput and network re-
liability in multiple-input-multiple-output (MIMO) BANs. In [118], the authors
proposed a cooperative BAN environment that supports multi-hop transmission
through cooperation involving both environmental sensors and BAN nodes. Their
solution extends the cooperation at the MAC layer to a cross-layered gradient
based routing solution that allows interaction between a BAN and environmental
sensors in order to ensure data delivery from BANSs to a distant gateway. Arrobo et
al. [119] compared two different approaches — cooperative network coding (CNC)
and cooperative diversity combining (CDC) for BANs — where they found that
CDC provides higher throughput than CNC with lower complexity.

In [120], Dong. et al. showed that cooperative selection combining with two
dual-hop relayed links in an individual BAN provides significantly better co-channel
interference mitigation than single-link star topology BAN communications in case
of distributed multi-BANs coexistence. Dong. et al. [121] also proposed an oppor-

tunistic relaying scheme together with cooperative two-hop communication scheme
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for mitigating interference in a single BAN in case of multiple BANs coexistence.
In [122], the authors presented two-hop relay-assisted cooperative communications,
integrated with transmit power control, based on simple channel prediction for a
single BAN, where they demonstrated that relay assisted power control can reduce
circuit power consumption by approximately 60% from that of constant transmis-
sion at 0 dBm, without much loss in reliability. Wang et al. [123] proposed a
distributed cooperative scheduling scheme for increasing the packet reception rate
(PRR) of intra-BAN communications by reducing the inter-BAN interference for
coexisting BAN.

2.3.2 Research on Cross-layer Optimisation

In the past decade, several cluster-based and cross-layer routing protocols have
been proposed for BANs along with other routing protocols [100]. Some of the
cluster-based routing protocols (e.g. ANYBODY [124], HIT [125]) that have been
designed for BANs aim to minimise the number of direct transmissions from sensors
to the base station. WASP [126], CICADA [127], TICOSS [128] and BIOCOMM
[129] are some cross-layer protocols between Network and MAC layers for BANs.
Amongst these protocols, TICOSS and CICADA consume less energy, whereas
the WASP scheme outperforms others in terms of efficient packet delivery ratio
(PDR) [130]. Also, CICADA performs well among the other protocols in terms of
reducing packet delivery delay [130]. Otal et al. proposed an energy-saving MAC
protocol, DQBAN (Distributed Queuing Body Area Network) for BANs in [131], as
an alternative to the 802.15.4 MAC protocol, which suffers from low scalability, low
reliability and limited QoS in real-time environments. The proposed DQBAN is a
combination of a cross-layer fuzzy-logic scheduler and energy-aware radio-activation
policies [132]. The fuzzy-logic scheduling algorithm is shown to optimise QoS and
energy-consumption by considering cross-layer parameters such as residual battery
lifetime, physical layer quality and system wait time [132].

A number of interference-aware coexistence schemes for multiple BANs have
been proposed in [104,121]. In [121], a cooperative two-hop communication scheme
together with opportunistic relaying (OR) is applied on a single BAN (amongst co-

existing BANs), which improves the outage probability and level crossing rate of on-
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body channels with respect to suitable SINR threshold values. The authors in [104]
proposed an energy efficient and interference-aware channel allocation scheme that
also incorporates an intra-BAN and inter-BAN mobility model for BAN coexis-
tence. A Cross-layer Opportunistic MAC/Routing protocol (COMR) [133] has
also been proposed for improving reliability in BAN, where the authors have used
a timer-based approach with combined metrics of residual energy and receive signal
strength indicator (RSSI) as their relay selection mechanism in a single BAN, and
compared it with Simple Opportunistic Routing (SOR) [134]. In [135], the authors
have proposed an efficient cross-layer reliable retransmission scheme (CL-RRS)
without additional control overheads between physical (PHY) and MAC layers,
which significantly improves frame loss rate and average transmission time as well

as reduces power consumption.

Some WSN routing protocols for low power lossy networks (LLNs) are proposed
in literature. For example, RPL [136] uses a DODAG /rooted topology based on
expected transmission count (ETX) metric which is similar to the collection tree
protocol (CTP) proposed in [137] for WSNs, where the sink node collects data from
different sensors with datapath validation and adaptive beaconing. In RPL, any-
to-any routing is performed with a non-storing mode through the root node. To
improve the performance of RPL, opportunistic routing protocol (ORPL) is pro-
posed in [138], which combines opportunistic routing with a rooted topology, where
any-to-any routing is supported through the common ancestors along with the root
node based on EDC (Expected Duty Cycle) metric. In [139], the authors pro-
posed a reactive distance-vector routing protocol named LOADng, which inherits
the basic properties and operation of AODV (Adhoc On-demand Distance Vector
routing) [140], yet aims to reduce the per packet overhead for route discovery by a
smart route request [141] and expanding ring search [142]. Cooperative multi-path
routing [143] yields better performance than single-path routing by providing si-
multaneous parallel transmissions with load balancing over available resources. We
proposed a new CMR, scheme in [22] for coordinated BANs;, that uses two different
paths (incorporating shortest path routing) which are combined at the destination.
Also, it uses TDMA with low duty cycling to save energy consumption and avoid

interference from surrounding non-coordinated BANs.
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2.3.3 Research on Predictive Characteristics

In literature, there has not been much investigation into characterising predictive
properties, i.e., wide-sense-stationarity (WSS), long-range dependence (LRD) of
body-centric channels. To determine the WSS length /duration of wireless channels,
a parametric approach (Rao test) is proposed in [144] to detect non-stationarity
based on the time-variant auto-regressive (TVAR) model. A parametric unit-
root test is proposed in [145] to parameterise a predetermined structure. Willink
found non-stationarity in multiple-input multiple-output (MIMO) wireless chan-
nels in [146] by investigating the first and second moment with parametric one-way
ANOVA (analysis of variance) and non-parametric time-dependent evolutionary
spectrum analysis, respectively. In [147], the authors investigated WSS for vehic-
ular communications with co-linearity of the local scattering function, where they
found the channels to be strongly non-WSS. Other non-parametric approaches to
identify the stationarity intervals include run-test described in [148], comparison of
the delay power spectral density (PSD) estimated at different time instances [149]
and evaluation of the variation of time-localised PSD estimate [150]. In [99], the
authors used different parametric and non-parametric approaches for testing WSS
of on-body channels and showed that on-body channels have non-stationary char-
acteristics.

The concept of long-range dependence was introduced by Hurst in [151] with
rescaled range analysis for studying the flow of water in the Nile river, which
was further evaluated by Mandelbrot et al. in [152]. LRD characteristics are
vastly investigated in spatial and time series analysis of econometrics and statistical
measurements. However, several works have found LRD characteristics to exist
in different empirical local area, wide area and ad-hoc networks [153-156]. The
authors in [157] investigated the LRD property for bit, symbol and packet level
error process of IEEE 802.15.4 networks, where they found existence of memory in

bit and symbol level error process.

2.3.4 Research on Predictive Optimisation

Body-centric networks are resource-constrained networks that operate in dynamic

environments where global coordination is not possible and the channels experience
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interference and shadowing due to human-body movements, e.g., ambulatory and
postural movements, obstruction by body-parts. Therefore, these networks need to
be self-organised and perform dynamic optimisation for efficient resource utilisation
[158,159]. One of the widely used powerful optimisation tools for such dynamic sys-
tems is a Markov decision process (MDP) [160,161]. The MDP framework [160,161]
is a widely used powerful optimisation model for decision-making in stochastic and
dynamic environments under uncertainty where the outcome partially depends on
the decision made at each decision epoch. In wireless networks, MDPs are gener-
ally used to solve optimisation problem for obtaining desired objectives where the
channels are unstable and resource constrained such as wireless sensor networks
(WSNs). In [162], the authors performed an extensive survey of MDP models
that are proposed for various design, optimisation and resource management is-
sues in WSNs. To state a few, Lin et al. suggested a distributed algorithm for
delay-sensitive WSN in [163] based on an MDP framework to autonomously enable
routing and select transmission strategies to maximise the network utility. Simi-
larly in [164], Hao et al. proposed an adaptive routing protocol for WSNs where
they studied the energy consumption and delay trade-off based on an MDP frame-
work. In [165], the authors presented distributed and centralised channel access
models with hybid CSMA/CA-TDMA based on MDP, to access both contention
period and contention-free period of the IEEE 802.15.4 based single-hop wireless
personal area networks. Some further applications of MDP in WSNs include op-
portunistic transmission policy [166], transmit power control [167], relay selection
for cooperative communications [168,169], energy harvesting [170,171]. Also, a

detailed survey of MDPs in communications networks can be found in [172].

While MDP solutions have been rigorously investigated for WSNs, they have
not been widely studied for deployment in wireless body area networks (BANSs),
or broadly BBNs (wireless Body-to-Body Networks), which falls within a specific
part of WSNs. BANs/BBNs possess more stringent requirements than WSNs or
MANETS as the body-centric networks are highly mobile due to the postural move-
ments and shadowing by body parts of the closely located BANs, and experience
sporadic periods (sometimes very long) of stability over time. The random nature
of BAN movement means that network collisions in BBNs can be very short (e.g.,

people passing on the street) or very long (e.g., family members/hospital patients
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may remain close for hours) [105]. Body-centric networks have strict power con-
straints as opposed to other standard wireless networks due to the management
of scarce resources, such as, low-power battery and low transmit power consider-
ing human body reaction to electromagnetic radiation. Also, as stated in [100],
the frequent topological changes in highly mobile coexisting BANs particularly oc-
cur with group-based movement, rather than node-based movement in MANETS
and the interference events are also quite different to those of cellular/sensor net-
works [96, 105]. The above mentioned factors differentiating BANs/BBNs from
WSNs/MANETS motivate the need for distinct study of MDPs in the field of body-
centric networks. In [173], the authors use an MDP in order to tune a MAC-frame
payload of BANs with a priority-based mechanism to optimize energy consumption
of each sensor node. In [174], the authors use a simple Markov model to optimise
the retransmission strategies of BAN under variable TDMA scheduling based on
the trade-off between energy consumption and packet delivery ratio. In [175], the
authors proposed a partially observable MDP (POMDP) to optimise physical ac-
tivity detection in a BAN based on the energy budget of the sensor nodes. Chaganti
et. al [97] presented a semi-Markov model for on-body fading channels where they
showed that the on-body channels are better modelled via a semi-Markov approach

than a pure finite state Markov (FSM) process.

In [176], the authors use a multi-objective genetic algorithm formulation with
POMDP to maximise the spectrum sensing in cognitive radio while keeping the
sensing overhead within a target value. The authors in [177] presented a compre-
hensive survey on the basics, metrics and relevant algorithms conceived for multi-
objective optimisation in WSNs, where they discussed on optimisation with trade-
offs between different performance metrics. Some other works in literature formu-
lates the multi-objective optimisation by using constrained MDP (CMDP) [178]
where each objective is optimised with constraints on others based on liner pro-
gramming method. The authors in [179] used constrained multi-objective reinforce-
ment learning for routing decisions in cognitive radio networks to minimise average
transmission delay with acceptable packet loss rate. In case of body-centric net-
works, a fair weights scheduling scheme that makes use of IEEE 802.15.6 standard
TDMA and a constrained MDP (CMDP) model to balance the network lifetime
and fairness of a BAN is proposed in [180]. The proposed scheme obtains optimal
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lifetime utilising an optimal policy under different degrees of constraints.

2.4 Research Gaps

Although extensive research has been conducted for optimising body-centric com-
munications in terms of improving reliability and efficiency, some important aspects
have not yet been studied or investigated in terms of enabling BANs coexistence
(or BBNs) as follows:

e Most of the works regarding BAN coexistence in literature focused on im-
proving the communication performance, e.g., reducing interference [121,181,
182], increasing reliability [183], reducing latency and outage [120,184,185]
due to shadowing of an individual BAN when multiple BANs come in to
the vicinity of a BAN-of-interest. However, the inter-BAN communications
or body-to-body (B2B) communications has not been properly investigated
and analysed for improving the connectivity among BANs when building
an independent network connection of BAN entities, which can serve as a
proxy network in different scenarios. Although inter-BAN or B2B communi-
cations is a part of the existing communication architecture of body-centric
networks, this specific type of body-centric communications needs further at-
tention and in-depth research for enabling BAN coexistence at a large-scale

for highly connected systems.

e Very few works, e.g., [122,186-188] for BAN coexistence consider real-life
channel measurements for investigating the performance of BANs. Most
works, e.g., [189-192] analyse the performance of simulated channels pro-
duced by simple traditional channel models, without taking into account the
spatial and temporal variation of the radio channels, as well as mobility condi-
tions of body-centric networks. Moreover, most of the channel models devel-
oped for BANs are activity-oriented (i.e., standing, sitting, walking, running,
sleeping) [31,193-196] or from anechoic chambers (hence avoiding realistic
scenarios) [197-199], which is not appropriate for practical BAN/BBN sce-
narios where the subjects are performing various mixed activities in different

indoor/outdoor scenarios.
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Specifically, in BBNs, the body-to-body communications experience a higher
amount of shadowing from surrounding human body and body-parts for con-
tinuous postural and ambulatory movements that blocks the communication
path time to time. Also, almost all of the experimental works have con-
sidered a single or small number of channels (e.g., on-body channels of a
single subject, inter-body channels between only two coexisting subjects) for
characterising and investigating the performance of body-centric communi-
cations [23,200,201]. Therefore, it is very important to characterise the
body-to-body channels from an adequate amount of real-life data collected
from practical scenarios for multiple BANs coexistence, and employ actual
real-life measurements for investigating performance of designed body-centric

networks optimisation.

e In traditional stack layered communication models, e.g., the OSI model [202],
the independent protocol layers only communicate directly with upper and
lower layers. Hence, layers are not jointly optimised and waste resources,
which is inadequate for resource-constrained networks like BANs, especially
in the case of vital healthcare deployment at large-scale. To remedy this
situation, cross-layer design averts the layered hierarchy by allowing proto-
cols from different layers to exchange information and relevant parameters.
However, most of the cross-layer protocols designed for BANs consider adja-
cent layer optimisation, e.g., physica- MAC, MAC-network layers [203-207].
To improve the network reaction performance (for networks which experi-
ence frequent changes, e.g., BBNs), non-adjacent cross-layer protocols (e.g.,
physical-network layer) are an important option to consider where the up-
ward/downward exchange of information are performed by creation of new

interfaces between non-adjacent layers.

e BBNs are envisioned to be self-organised networks, which require systematic
prediction of channel characteristics. For better modelling and prediction of
channels with higher accuracy, it is very important to characterise predic-
tive behaviour of the channels, i.e., can the channels be predicted? Some
important predictive characteristics of wireless channels are stationarity, in

particular, wide-sense-stationarity (WSS) or second-order stationarity, and
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statistical dependence, i.e., long-range dependence (LRD, or long-memory) of
the channel. In predictive analysis of wireless channels, in literature it is gen-
erally assumed that the time-varying channels are wide-sense-stationary (i.e.,
first and second moments of the channels are time-invariant) [208-212] and
memoryless (i.e., negligible correlation between samples) [210,211]. How-
ever, in real-life the channels are not always wide-sense-stationary, such as
for narrowband on-body channels [99]. Furthermore, the very slowly-varying
nature of body-centric channels indicates possible dependence and significant
correlation between samples. Therefore, it is very important to investigate
and characterise the predictive behaviour of wireless body-centric channels,
particularly B2B channels, to avoid potential errors and deficient implemen-
tation by using standard memoryless models that assume a WSS property,
and also for accurate characterisation and modelling (e.g., shadow fading,

correlation, path-loss) of body-centric channels.

In resource-constrained body-centric networks, it is often not possible to im-
prove network performance by optimising or improving a single objective
or performance metric. For example, increasing throughput will cause an
increase in energy consumption due to a higher active period and transmis-
sion overhead. On the other hand, for reducing power consumption, the
active period needs to be decreased with lower transmit power, which will
cause increased delay and packet failure rate. In existing literature, most of
the works related to body-centric networks concentrate on improving a single
performance metric without considering the effect on other performance met-
rics of the channel, e.g., [117,213,214]. Hence, multi-objective optimisation
is required for jointly optimising different performance metric with suitable

trade-offs for effective use of the scarce resources.

2.5 Summary

In this chapter, we have discussed existing research, studies, and developments

relevant to the scope of this thesis. We also presented the communication structure

and technology used for body-centric networks, along with some major challenges
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for BAN coexistence or BBNs. At the end, we discussed the research gaps found in
the literature directly related to the stated thesis problem of effective optimisation
of body-centric networks, and particularly body-to-body networks. These research

gaps are addressed well in the following four chapters.






Chapter 3

Experimentally-based Two-layer
Optimisation for Distributed
BBNs

3.1 Introduction

Wireless body-centric channels are slowly-varying, which means the channel condi-
tion changes very slowly and remains similar for a longer time period, e.g., hundreds
of milliseconds. As a result, when the channel is in outage, it can remain in out-
age for a very long time that significantly degrades the reliability of the channel.
To avoid this situation, a cooperative path through nearby node/sensor (acting
as relay) can be utilised to reach the destination. For the same reason, coopera-
tive paths are also practical in routing information within a wireless body-to-body
network (BBN) through nearby BANs. Also, due to the resource constraints of
BANs/BBNs, optimised communications is required to avoid unnecessary delay
and outages. In this chapter, we investigate the cross-layer optimisation between
physical and network layers, with cooperative communications in a distributed
BBN, to extend end-to-end network connectivity across co-located BANs with-
out central coordination, and validate the outcomes with experimental analysis.
First, we investigate cooperative receive diversity with on-body sensors and off-

body relays/hubs for sleeping subjects (with a star topology), where we find that

41
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cooperative combining significantly improves the outage probability and continu-
ous latency with two-hop communications for on-body /off-body channels of a BAN
used for monitoring a sleeping person. Then, we introduce two different cross-layer
optimised routing techniques across a BBN — shortest path routing (SPR) and co-
operative multi-path routing (CMR) that incorporates cooperative selection com-
bining, which improves reliability, latency, and energy efficiency of B2B channels.
The methods are applied to an experimental radio measurement dataset! recorded
from ‘everyday’ mixed-activities and a range of measurement scenarios with people

wearing radios. In this chapter, we aim to address the following issues:

e How to improve the reliability of real-life body-centric communications under

significant shadowing with cooperative communications?

e How can the available channels (body-to-body) between coexisting BANs be
efficiently utilised, for improving the reliability of real-life BBNs?

In the following sections, we describe cooperative receive diversity for deployment
in real-life BAN channels for monitoring sleeping people; and the proposed cross-
layer PHY /NET schemes in detail, and discuss the experimental outcomes obtained

from applying those schemes over real-life experimental channel measurements.

3.2 Cooperative Communications for monitoring

a sleeping person

Because of its relatively slow varying and non-stationary or quasi-stationary (not
mobile, nor static) nature [216], the BAN radio channel for monitoring a sleeping
person is a difficult channel to communicate over. Due to shadowing by body parts
and simple postural movements, transmission links may be completely blocked
for very long periods of time (as people move relatively little during sleeping)
[82], which is critical as many patients can incur life-threatening risks during their
sleep. Hence, to improve the reliability of this atypical body-centric channel, we

use cooperatively combined relayed links, e.g., on-body, off-body with two hop

Lavailable in http://doi.org/10.4225/08/5947409d34552 [215]
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communications. We analyse the performance from real-life experimental channels

collected from adult sleeping subjects and we find that

e The cooperative combining with two-hop communications provides up to 7
dB improvement over single/direct link communications, at 10% outage prob-

ability.

e In best-case scenario (at —100 dBm receive sensitivity), the outage probabil-
ity for cooperative communications is much lower (up to 8% less) than the

direct link outage probability.

e 3-branch selection combining (SC) provides a slight improvement in diversity
gain over 3-branch switch-and-examine combining (SwC), in terms of outage

probability.

e With cooperative combining, up to 20% less continuous outage duration
(greater than > 125 ms) is achieved over a star topology communications,

with a receive sensitivity of —86 dBm.

The experimental setup, cooperative schemes, and the performance analysis are

provided in the following subsections.

3.2.1 Experimental Setup for monitoring a sleeping person

Extensive on-body and off-body channel gain data taken over at least 2 hours
per measurement set from eight adult sleeping subjects are used for testing the
relayed cooperative schemes. FEach measurement set contains 7 small wearable
radios operating at 2.36 GHz, of which three are transceivers (Tx/Ry) and four are
receivers (Ry). Radios were placed on different body-parts of the sleeping subject
in bed, some of them were also placed around the bed (illustrated in Fig. 3.1). The
radio locations described in our experiment were chosen as likely communications
locations that spanned the human body by plausible one-hop (star topology) and
two-hop links. The gateway/hub of a BAN is expected to be located on the places
central to the human body where a subject can comfortably wear a device that
is typically larger than the sensor nodes, for example, near the torso, at the hips

or on the chest. The on-body and off-body sensor locations are given in Table
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Legend
W Tx/Rx
® Rx

Figure 3.1: An illustration of a sleeping person wearing transceivers and receivers

Table 3.1: On-body and off-body sensor locations. NTBj,: Next To Bed (head), Ly:
Left wrist, H¢: Hip front, Ry,: Right wrist, Hy: Hip back, L,: Left ankle, NTB;:
Next To Bed (foot); Ty /Ry implies to Transceiver and Ry implies to Receiver

Sensor Locations NTBy Ly H; Ry | Hy | L. | NTB¢
Transceiver /Receiver | Tyx/Rx | Tx/Rx | Tx/Rx | Rx | Rx | Rx Ry

3.1. The wearable radios are described in [217] and the experimental datasets
are available for download in [215]. Each transmitter was broadcasting for 5 ms
in round-robin fashion. Hence, the received signal strength indicator (RSSI), in
dBm, was captured from any given transmitter every 15 ms (3 transceivers were
transmitting). With a Ty power of 0 dBm, each RSSI measurement provides an

equivalent channel gain (magnitude) in dB for each Ty to Ry packet transmission.



3.2 Cooperative Communications for monitoring a sleeping person 45

Figure 3.2: Three-branch cooperative combining: one of the branches is a direct
link (hsq) and the other two are cooperative relay links (with two hops).

3.2.2 System Model

BAN channels are suitable for investigating cooperative receive diversity using re-
lays because of their stability and reciprocity. The channels are considered to be
stable, since 15 ms is significantly less than the channel coherence time for a BAN,
e.g., typically 500 ms, even in a highly dynamic scenario [218]. Also, due to the
reciprocity property, the channel from any T, at position a to Ry at position b is
similar for Ty at b to Ry at a [217]. Effectively, simultaneous measurements based
on channel coherence describe the channel gains for relayed packets from T -Ry .. -
Ry, where a direct link and two relayed links are accounted for. We investigate two
different types of cooperative combining: three-branch cooperative selection com-
bining (SC) and cooperative switch-and-examine combining (SwC), and compare
those with non-cooperative direct link. The three-branch cooperative combining
(one of the branches is a direct link and the other two are cooperative relay links)
is illustrated in Fig. 3.2. The RSSI-based narrowband channel gain (used as a neg-
ative measure of the channel attenuation) statistics are used for result estimation.
For two-hop communications, where every packet at a relay is transmitted to the

destination, the channel gain for one diversity branch can be described as hg., 4
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= min{hsg,,, h. 4}, for any given relay r, where s indicates source (sensor) and d
indicates destination. h, and h, 4 are the channel gains from source to n'" relay

and n'" relay to destination, respectively.

Cooperative Selection Combining For three-branch cooperative selection
combining, three branches (one of the branches is a direct link) are combined at the
destination, where the best branch is selected as the output gain. The equivalent
channel gain at the output of the selection combining (h,.) at time instant 7 can

be calculated as follows:

heo(T) = max {hsd(f), hora(T), hmd(f)}, (3.1)

where hgg is the channel gain from source-to-destination (direct branch), hg,, 4 and

hsr,q are the channel gain of first and second diversity branch, respectively.

Cooperative Switch-and-Examine Combining In three-branch switch-and-
examine combining, a switch to another branch occurs when the channel gain on
the current branch goes below a given threshold, hy at time instant 7 [218]. How-
ever, if the channel gain on this alternate branch is also less than h7, then another
switch occurs to the last branch and, whether or not the channel gain of this branch
is above or below Ay, it becomes the chosen branch. Choosing the switching thresh-
old is important for the relative performance of switch-and-examine combining. In
this work, an optimum threshold of —86 dB is used for three-branch switch-and-
examine combining according to [219], due to optimal switching rate achieved at

this threshold. The equivalent channel gain from the output of switch-and-examine
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combining (hg,(7)) at time instant 7 can be estimated as follows:

;

hsa(T), <=

hera(T), <=

hsrya(T), <=

(hsa(T) > hg)A
(R (T — 1) = hgg(T — 1)) }
V(hsppa(T) < hr)
(hsria(T) = hr)A
(N (T — 1) = hgppa(T — 1)) }
V(hsa(T) < hr)
(hsraa(T) = hr)A
(hapya(T) < h)V
(hsw(T = 1) = hgppa(T — 1))
(hsa(T) < hr)A }
(hsrya(T) < hr)

—

3.2.3 Performance Analysis

We consider outage probability and continuous outage duration as the two main

performance measures for the very slowly time-varying channels of a BAN moni-

toring a sleeping person [193]. We investigate the performance of the cooperative

schemes from agglomerated data (from 8 sleeping subjects) between an on-body

transceiver (located at the hip front) and all other possible nodes from the set-

up (described above). We also examine the same performance measures between

an off-body transceiver (located next to bed-head) and other possible nodes. For

proper estimation of outages, the effect of non-recorded measurements are referred

as incorrectly decoded packets and set to a value less than the radio’s receive sen-
sitivity (= —100 dBm).
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Figure 3.3: Outage probability as a function of receive sensitivity with T, power
of 0 dBm, for direct link (DL), selection combining (SC), and switch-and-examine
combining (SwC), with on-body and off-body transceivers.

Outage Probability

The outage probability is estimated according to the mode of operation described
in equation (3.1) for cooperative selection combining and equation (3.2) for coop-
erative switch-and-examine combining. The empirical outage probability for direct
link (DL) and cooperative combining (with SC & SwC), for on-body and off-body
channels are shown in Fig. 3.3. At 10% outage probability, there is 3 dB and
7 dB performance improvement of cooperative combining over direct link for off-
body and on-body channels, respectively. Also, the best-case outage probabilities
(for both on-body and off-body channels) are almost 3% and 1.2% for cooperative
switch-and-examine combining and cooperative selection combining, respectively.
This implies better improvement over the best-case outage probability of direct
link for on-body (9.1%) and off-body (6.3%) channels. Additionally, this indicates
better diversity gain for 3-branch SC over 3-branch SwC, although switch-and-
examine combining has significantly lower switching rate and reduced complexity

than that of selection combining [219].
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Table 3.2: Empirical result analysis for direct link (DL) and cooperatively com-
bined links (with SwC/SC); RS, OP, and COD imply receive sensitivity, outage
probability, and continuous outage duration, respectively

DL(on- | SwC(on- | SC(on- || DL(off- | SwC(off- | SC(off-
body) | body) body) body) body) body)
ge;t A 91% | 33% | 1L15% || 6.3% 3% 1.17%
COD
> 10s 16.3% 2% 2% || 11.5% | 1.8% | 1.8%
at RS of
—86 dBm
COD
12
> 125ms | o 4% 4% 17% 4% 4%
at RS of
—86 dBm

Continuous Outage Duration

Continuous outage duration provides an estimate of continuous latency, hence is of
significant importance for body-centric channels. Figs. 3.4 and 3.5 illustrate the
percentage of time that continuous outages larger than = seconds (on horizontal
axis) occur with direct link and cooperatively combined links for on-body and off-
body channels, correspondingly. As can be seen in Fig. 3.4, an on-body receiver
(with a receive sensitivity of —86 dBm) will experience outages of larger than
10 seconds for more than 16% of the time in case of direct link; whereas, the
occurrence has reduced to 2% for cooperatively combined links. As per Fig. 3.5,
an off-body receiver (with a receive sensitivity of —86 dBm) will experience outages
of larger than 10 seconds for more than 11% of the time for direct link, while for
cooperatively combined links, outages of larger than 10 seconds will occur less than
2% of the total measured time. In addition, outages of larger than a typical latency
requirement of 125 ms [220,221] occur almost 24% (Fig. 3.4) and 17% (Fig. 3.5)
of the time for on-body and off-body direct links, respectively; while it has been
considerably reduced to 4% for both on-body (Fig. 3.4) and off-body (Fig. 3.5)
cooperatively combined links. The empirical results are shown in Table 3.2, as per

results obtained from Figs. 3.3 to 3.5.
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Figure 3.4: Percentage of continuous outage duration (at x-axis), below a given R,
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with direct link (DL), switch-and-examine combining (SwC), and selection com-
bining (SC)
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3.3 Cross-layer optimised routing across multi-
ple BANs

We now investigate cross-layer optimisation to route information across distributed
wireless body-to-body networks, to analyse the general performance of closely lo-
cated BANs while utilising body-to-body communications. We perform and analyse
the cross-layer optimisation techniques (i.e., SPR and CMR) across the physical
and network layers for two-tiered communications, with on-body BANs at the
lower tier and a BBN at the upper tier to enable real-time, reliable human mon-
itoring and communications across narrowband BANs. The methods are applied
to the experimental radio measurement dataset® with 10 co-located BANs (people
wearing radios) performing ‘everyday’ mixed-activities. We compare the results
of cooperative multi-path routing (CMR) with shortest path routing (SPR) and
other state-of-the-art WSN protocols (i.e., ORPL [138], LOADng [139]). The key
findings, based on empirical results derived from real-life measurements [215], are

as follows:

e Negligible (almost 0%) packet error rate (less than 10%, thus fulfilling the
requirement of the IEEE 802.15.6 Standard [222]) is achieved with reason-
ably sensitive receivers for both shortest path routing (SPR) and cooperative
multi-path routing (CMR) in a dynamic environment associated with mobile

subjects, using the available nodes/hubs as relays.

e CMR provides up to 8 dB, 7 dB, and 6 dB performance improvement over
ORPL3, SPR, and LOADng?, respectively, at 10% outage probability.

e ETX (Expected Transmission Count) or hop count metric (used in SPR,
CMR, and LOADng in a mesh) can perform better than EDC (Expected
Duty Cycles) metric (used in ORPL with DODAG?* topology) in case of any-

to-any routing among BANs.

Zavailable in http://doi.org/10.4225/08 /5947409d34552 [215]

3We have implemented these protocols (i.e., ORPL, LOADng) in MATLAB and applied on
the same measurement dataset (used in this chapter) to compare with SPR and CMR.

4Destination Oriented Directed Acyclic Graph [137,223].
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e CMR outperforms other protocols in case of throughput (packets/second) by
providing 95% successful packet delivery (19 packets/s at a packet transmis-
sion rate of 20 Hz).

e The maximum amount of end-to-end delay is the lowest for CMR (135 ms)
with respect to other protocols and also below the IEEE 802.15.6 latency
requirement (< 250 ms) for non-medical applications [29]. Also, the average
end-to-end delay for CMR (47.5 ms) is an acceptable amount (< 125 ms) for
BAN medical applications [29].

e CMR consumes more energy on average than other techniques due to the
cooperative combining at route-hops, although the maximum energy con-
sumption with CMR is much lower than other protocols (except SPR with

hop restriction).

e CMR produces the lowest amount of average end-to-end delay with respect
to other protocols, when estimated with lower receive sensitivity, e.g., —90
dBm, —86 dBm.

e With less receive sensitivity, e.g., —90 dBm, —86 dBm, the energy consump-
tion of CMR remains relatively similar, while the energy consumption of other
protocols increases significantly due to an increase in packet failure rate and

retransmissions.

e The empirical received signal amplitude through SPR has a gamma distribu-
tion while the empirical received signal amplitude through CMR has a Rician

distribution.

In the following sections, we provide the system model and discuss the experimentally-

based results in detail.

3.3.1 System model

We assume a two-tiered network architecture formed from 10 co-located mobile
BANSs (people with fitted wearable radios) deployed for experimental measure-
ments, where the hubs of the BANs are in tier-2 in a mesh (inter-BAN/ BBN
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Tier-2 network (mesh)

- _sensor/relay :

L4 O‘
P ( - RN oo H P (
4 . : 4