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ABSTRACT

Improvement in technology helped society to live a better life in all aspects. Enhance-
ment of computing environmental capabilities of every new gadgets forced human beings
to get attracted towards it. Healthcare system also got the essence of using better equip-
ment. As per current healthcare scenario, chronic illness largely accounts for death rate
in a developing country like India. These are largely preventable by creating early aware-
ness among people. This created a necessity to regularly check a person’s health statistics.
The demand of continuous monitoring of a patient became one of the main cost factor for
wired structure of healthcare system. Moreover, people became neglected towards health
and only consults a doctor when became ill. This reactive nature can be changed if caring
for health did not demand an extra attention and a cut off from daily routine. Wireless Body
Area Network (WBAN) is a promising solution of shifting the scenario to wireless medium.
This architecture ensures 24/7 self-monitoring of a person without hampering daily activ-
ities. It also provides consultation from a doctor all the time. Additionally, all the medical
history of the person is also digitally present securely without any manual intervention. In
the current era, a person is unaware of its own health status. To facilitate this awareness
WBAN must be cost effective. As it deals with health data, reliability should be ensured to
have an efficient system. Transparency, privacy, access and convenience became the key
factors in this system that can revolutionize healthcare sector. The main contribution of
this thesis is to present several algorithms for efficient routing, many of which are based on
analytical foundation, that can effectively transfer the data in one or more WBAN systems
without compromising a number of QoS parameters. The efficiency and effectiveness of
these algorithms or protocols are evaluated through extensive simulation which measure
several parameters such as energy consumption, transmission power, stability of a network,
delay, throughput (PDR) , lifetime of a network, SAR etc. Considering the stringent QoS
requirement for a WBAN it has been observed that the current state of the art, though pro-
vides numerous solutions, but none of them jointly optimize these parameters. So, there
is always a trade off between between one and another. The Healthcare sector based on
WBAN deals with critical health data. Classifying the data into proper categories and rout-
ing them accordingly is one of the major task in this thesis. We have also identified that
SAR is an important parameter that cannot be ignored at any point while dealing with sen-
sors which are on the human body. Many of our proposed protocols attempt to overcome
these shortcomings and prove to be much better than a naive algorithm implementing the
WBAN IEEE 802.15.6 based CSMA/CA technology.
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Chapter 1

Introduction

1.1 Background and Objectives

“To keep the body in good health is a duty...otherwise we shall not be able to keep our mind
strong and clear.”
–Buddha

Global trend of increasing population growth rate is 0.49% and death rate is 7.309%. In
India, population having age 65 years and above (%in total) was reported to be 6.20% in 2020,
according to the World Bank Collection of Development indicators [1], [2]. The burden of
chronic diseases is rapidly increasing worldwide. Mostly, diseases like cardiovascular dis-
ease, obesity and diabetes leads to untimely demise. The worrying trend is that they have
started to appear earlier in life. Further, these chronic diseases do not show any symp-
toms while in infant stage. Healthcare system in India is reactive in nature; that means,
people do not maintain a regular health checkup, rather prefer to be ill, then cured. WHO
had projected that by 2020 above 70% of deaths would be caused by the chronic disease in
developing country like India.

Chronic ailments are largely preventable diseases if they can be sensed or detected in
their early stages. According to modern wired centralised healthcare scenario, patients
are only able to get medical treatment and diagnosis after being physically present at any
health center or hospital. This hinders privacy and mobility of the patient. It also ensures
a high out of pocket cost for travelling along with medical expenses across rural and urban
India. Availability of service becomes useless if is not utilised by commons overcoming all
barriers. This brings into sharp focus the WHO theme of 2018, which calls for “Universal
Health Coverage-Everyone, Everywhere.” This ensures that availability of service must be
guaranteed with quality of continuous care. Further, they even addressed that progress
cannot be limited to only rural area. Basic healthcare facilities should also be there in
primary healthcare sectors which was still lacking according to [3] till 2012.

The increasing gap between demand-supply in basic healthcare system urges a smart
health ecosystem which ensures technology-enabled patient engagement strategies that
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Figure 1.1: Patient Centric Care

improvise prevention of disease, rather than curing them. This demands an urgent shift
from disease-centric healthcare system into patient-centric one as given in Figure 1.1 [4].
A person actively participating in making a healthy society is a patient-centric approach.
Here, the patient, along with family and friends get involved in decision making method to
cure a disease .

1.2 Research Motivation and Approach

Advancement in technology promises an improvement in current healthcare practise by
shifting the paradigm from wired (as depicted in Figure 1.2) to wireless nature of com-
munication system (shown in Figure 1.3). As patients become active participants in these
types of models, transparency, privacy, access and convenience become key elements in
functional healthcare ecosystem. Every individual should be able to monitor his/her vi-
tals 24/7, rather than critical period. This makes them aware of their health conditions.
Awareness instigates to promote a healthy lifestyle among communities that is both proac-
tive and preventive. Wireless Body Area Network (WBAN) has been one of the promising
technology that has capability to cater all these features.

For patients getting treated for chronic diseases, regular check ups are very important
to get details regarding condition of patient or early detection of relapse of the disease.
Treatment plan is dependent on ‘what-to-monitor’, ‘when-to-monitor’ and ‘how-to-adjust’.
Specialised bio-sensors can be used to continuously monitor physiological parameters of
patients that can prevent them from severe effect of any emergency situations as shown in
Figure 1.3. In this architecture, healthcare system becomes proactive and predictive. Being
proactive towards your health indicates prevention of the disease rather than curing them.
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Figure 1.2: Wired Healthcare Scenario

Figure 1.3: Wireless Healthcare Scenario
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Figure 1.4: Features of Universal Health Coverage

WBAN can keep an eye on its hosts 24X7 unobtrusively as they communicate in wire-
less fashion. Sensors in this architecture are miniaturised, non-repetitive and highly re-
source constrained. EachWBAN enabled person is equippedwithmultiple sensors attached
in, on, or around the body. Each body vital is monitored continuously using an individual
sensor. These values give an awareness to the user about his own health status. Thus, these
sensors must be in a working condition for the maximum time to capture data and transfer
them without eating up the battery power too much. Communicating data from the source
sensors to the coordinators must be handled efficiently to have a clarity of the analysis. We
must also give an equal importance to the power with which the sensors are transmitting
because the heating effect of the sensors affect human tissues. The sensors, thus, must al-
ways abide by threshold values of thermal effect. As this thesis deals with impact of WBAN
on healthcare sector, delayed delivery of data is strictly forbidden. So, efficient communi-
cation can only be possible if we satisfy quality of service parameters simultaneously. This
is the pillar of success to shift the healthcare system paradigm from wired to ubiquitous
wireless system.

WHO defines Universal Health Coverage (UHC) “as a system with a motive of equity
in access through promotive, preventive, curative and rehabilitative" health interventions
as shown in Figure 1.4. WBAN-based healthcare approaches must satisfy the following
features to be acceptable.

• Affordable
The cost of the proposal must be minimal. This considers all people including the
poorest and most vulnerable. This assures financial protection of the system.

• Accessible
Healthcare system should be designed in such a way that resources are available and
it is accessible for every entitled person. This ensures equity of the system.

• Acceptable
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Quality of service(QoS) must be maintained for the system to be acceptable. WBAN
plays a vital role in maintaining QoS for health data. In this thesis QoS is defined in
terms of efficient use of energy to minimize interference, SAR and delay enhancing
throughput and lifetime of the network.

• Available
Full range of good quality health service must be available to the user all the time.
Users should access its data anytime anywhere without any hindrance.

Figure 1.5 and Figure 1.6 depict the relationship between QoS parameters, performance
metrics with the research objectives. Once the broad research objectives are identified, they
are elaborated latter in this chapter and the final outcomes are described latter. For each of
these objective, a separate chapter has been dedicated. In these chapters, a proper survey
has been conducted on related state of art literature and these are analyzed to identify the
research gaps. Finally, new methods are compared latter in these chapters to bring out the
novelty and contribution of the thesis.

1.2.1 Research Approach

In this thesis, we have addressed a few problems in healthcare scenario. Studies lead us
to pin point the issues which should be addressed immediately to have a better system.
WBAN is an emerging technology that has a promising approach to revolutionize medical
sector. This can only be achieved if we can effectively communicate health data through
this system.

In our work, we have followed a deductive research approach where we start with grip-
ping existing theories relevant to the area of interest. Then test its implications with data.
The flow of this type of method is shown in Figure 1.7.

Figure 1.8 shows a flow diagram of how this thesis has been addressed.

Initially we have recognised that medical sector should be proactive rather than reactive
nature to have a better health status of every individual. WBAN has the potential to address
the issues of current healthcare system if its communication is handled efficiently to effec-
tively transfer health data. Thorough study of WBAN standard protocol (IEEE 802.15.6) has
been carried out. Investigations were done on desirable properties of WBAN for designing
communication protocols. We have also studied why the existing wireless protocols are in-
appropriate in this architecture. After reviewing current literature on the area of interest,
we have clarity on the research gaps that need to be addressed. This helped us to iden-
tify open research problems and propose our research objectives. To verify and validate
our proposal we have simulated our models by implementing protocol stack in a simulator
called Castalia 3.2.

It is a simulator for low power embedded devices like Wireless Body Area Network,
Wireless Sensor Network. This OMNeT++ based simulator provides a platform for re-
searchers to simulate and test their protocols in realistic wireless channel and radio model.
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Figure 1.7: Flow of Deductive Research Approach

Figure 1.8: Research Approach

Because of its highly parametric nature, various platform characteristics can also be exper-
imented for particular applications.

Performance of our proposed schemes have been evaluated usingmetrics like consumed
energy, stability period, delay, throughput despite interference, Specific absorption rate
(SAR) and lifetime of the network. This leads to analyze our system and conclude with
future directions.

1.3 Thesis Outline and Main Contributions

Objective of this thesis is summarised as follows.

We aim to design QoS efficient mathematical models and relay based WBAN routing
protocols. Number of relays are optimally chosen and strategically placed that pragmati-
cally utilizes remaining energy of sensor nodes. This cooperatively minimizes interference,
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delay, SAR and hop count of network . Thus,throughput (in terms of PDR), network sta-
bility and lifetime is maximized. We further propose a cooperative WBAN network called
Body-to-Body Network (BBN) that efficiently suggests a quarantine strategy to minimize
epidemic spread.

This thesis comprises chapters which are outlined as follows.

• Chapter 1 provides a vivid introduction on the current healthcare structure. It iden-
tifies the gaps and motivates us to change the sector from wired to wireless using
WBAN architecture. introduces research background and objectives of the thesis fol-
lowed by motivation and a flowchart describing the accompanying approach. It also
lists our relevant publications.

• Chapter 2 provides an overview of IEEE 802.15.6 protocol. It discusses about archi-
tecture, components and challenges faced while designing an efficient WBAN com-
munication system. Background knowledge relevant to the thesis is discussed which
is essential to understand state-of-art and issues related to it.

• In Chapter 3 [5], a Multi hop routing protocol for WBAN has been proposed that
is efficient in terms of transmitting power, Packet delivery Rate (PDR) and network
lifetime. Our approach introduces extra relay nodes. Some relays and sensor nodes
act as forwarders based on amulti factor cost estimation function. Some of the factors
are power of the node, velocity of the receiver, remaining energy and present position
of a node from the coordinator. Simulation studies show that the proposed protocol
maximizes network life time and increases packet delivery.

• Chapter 4 [6] focuses on enhancing stability period, packet delivery ratio (PDR) and
the remaining energy of the network by decreasing the end-to-end delay. Here, we
have incorporated an extra sink node to increase the probability closeness of the co-
ordinator. The concept of anycasting has been modified to implement in a WBAN
topology consisting of 8 sensors and 2 coordinators on the human body. The per-
formance of the proposed protocol is compared with other state-of-the-art proto-
cols, like anycasting in dual sink approach (ACIDS), link-aware and energy-efficient
scheme for body area networks (LAEEBA) and destination-assisted routing enhance-
ment (DARE). The results show that the modification delivered better quality of ser-
vice (QoS) results in terms of stability period, packet delivery ratio and end-to-end
delay, compare to DARE and LAEEBA and in few cases for ACIDS.

• The objective of Chapter 5 [7] is to reduce interference among multiple WBANs by
optimizing their power to transmit. This helps in increasing throughput. The method
is to assign available bandwidth fairly. We have used an analytical model to find the
threshold of data. The formulation is based on Linear Programming Problem (LPP).
We employed a bio-inspired solution using Particle SwarmOptimization (PSO). Simu-
lation results show that the proposed solution converges quickly. It also outperforms
802.15.6 and other existing state of the art algorithms in terms of throughput, packet
delivery ratio and retransmission of packets in high mobility scenarios.

• Chapter 6 [8] handles QoS issues like adverse effects of heating of the implanted sen-
sors on human tissues along with energy constraints and interference issues jointly
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by designing a topology which has an optimized number of relay nodes and then
proposes an efficient routing algorithm. Relay nodes are incorporated to frame the
backbone of the connected wireless network so that all sensor nodes are coupled
with at least one relay node and none of the nodes in the network remain isolated.
In the proposed method, the remaining energy of the in-vivo sensors are dissipated
intelligently and homogeneously so that network lifetime is enhanced without com-
promising reliability. Moreover, in our method, multicasting has been used to reduce
transmission of unnecessary packets. Our design also leads to minimum hop count
from body sensors to the sink node. The effectiveness and feasibility of our proposed
approach has been evaluated and analyzed through numerous simulations. The anal-
ysis illustrates the efficacy of the proposed solution in terms of delay, network life-
time, energy efficiency, SAR and throughput.

• In Chapter 7 we have investigated the best location to deploy a relay node on a hu-
man body. We assume that an adaptive decode and forward relay node (R) can move
linearly between the source (S) and the destination (D) nodes. Moreover, the assump-
tion is that a relay node can be deployed linearly and that the body part of a human is
a flat surface and hard. We have investigated the most energy-efficient data payload
size based on the optimally placed relay location. The impact of such a deployment
on different system parameters, such as distance (d), payload (L), modulation scheme,
specific absorption rate (SAR), and an end to end outage

• In Chapter 8 [9], early detection of epidemic is achieved by using multiple cooperat-
ing WBANs that leads to a network called Body-to-Body Network (BBN). We have
also proposed quarantine strategies by minimizing contact between different staged
WBANs based on their health status. An unsupervised learning algorithm is used
to efficiently divide the area into non-overlapping clusters minimizing inter-WBAN
interference. We have considered two test case scenarios based on how the WBANs
are distributed in BBN architecture. Castalia-3.2 simulator is used to evaluate routing
protocol in BBN network. Performance of our system is assessed based on network
parameters like Packet Delivery Ratio (PDR). Results ensures that our method guar-
antees low epidemic spread of disease in enclosed area by enhancing throughput and
minimising interference of our stable system.

• In Chapter 9, we conclude by summarizing the contributions and the limitations and
highlighting some direction open issues for future research.
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Chapter 2

Review of Related Concepts and Tech-
nologies

2.1 Introduction

This section provides a comprehensive study of Wireless Body Area Network technologies.
It also provides the key features of the new technology along with their crucial limitations
and assumptions. We also touch upon the issues of routing and congestion which are es-
sential for the subsequent chapters. However, specialized survey per contribution has been
detailed in individual chapters.

2.2 Overview of Wireless Body Area Network

Today’s ’on-the-edge’ world is fast and truly emphasizes on ’time is money’. In this busy
world, human beings pay least attention to regular health checkups unless it is called for.
Naturally, it takes a toll on both health as well as wealth. So, the necessity of continuous
health monitoring without hindering normal routine of a person is the call of the hour. This
demand is being supplied by a special wireless network calledWireless Body Area Network
(WBAN). Applications on sports, remote health monitoring, self monitoring health, multi-
media and many others got attracted by the unconstrained freedom of human movement
while the vitals being monitored. To absorb the potential of WBAN, data needs to be com-
municated efficiently. By the term efficient in this thesis emphasized on delivering data
from sender to receiver within threshold time, maintaining energy level of individual sen-
sors. This must be maintained to ensure safety of human tissue due to negative effect of
heating. Special attention should be given to make sure that interference from other signals
do not disrupt data.

To understand the problems clearly, we must first have a clarity of the WBAN system.
This is described in details in the following sections.
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Figure 2.1: A Typical WBAN architecture

2.3 Components of Wireless Body Area Network

A typical WBAN architecture consists of the following components.

• sensors that measure biological parameters.
Each parameter is measured using a single sensor. No backup sensor is used to collect
and transmit the data. Thus, each alive and working sensor indicates continuous
monitoring of that health parameter.

• a coordinator on the body that collects all the vitals
Generally a coordinator is connected with the sensors in a star topology. Transmis-
sion of data directly to the sink requires extra power that may be hazardous in case
of WBAN. Thus, multihop star topology is most used in this type of system.

• an Access Point that acts as a gateway From every coordinator, data is transmitted to
the access point for further sociability. This helps data to be collected, transmitted,
analyzed and accessed almost in real time.

• Remote server that transmits data to intended users. From the access points, remote
doctors or any intended person can access the health data. He analyses and transmit
his decision to the user in real time. Thus, a person can have an eye on his health
without hindering day-to-day activities.

Figure 2.1 depicts the orientation of the components in a 3-tier format based on [10].
Communication details amongst the components are described in the following section.

2.4 Communication Architecture

WBAN sensor nodes are placed on the body or implanted inside the skin. They are generally
placed in a star or multi-hop topological fashion covering the entire human body. They are
connected with the coordinator using wireless communication channel. After receiving,
the coordinator categorizes the sensors based on received data traffic. There are generally
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3 types: on-demand, emergency and regular (see Figure 2.1). This forms Tier 1 architecture,
also called Intra-WBAN communication.

The coordinator, which is also called sink, acts as a gateway. It transmits accumulated
data to the access point in a wireless manner. This phase is denoted as Tier 2 or Inter-WBAN
in the architecture.

Then comes Tier 3 which is termed as Beyond WBAN. In this zone, data is being trans-
mitted from access points to the intended users where analysis and decisions are taken.

WBAN plays a revolutionary effect in the medical field. A person equipped withWBAN
can continuouslymeasure andmonitor the biological vitals without affecting regular sched-
ule. The greatest advantage is that the person no longer needs to stay in hospital bed, but
can freely does her normal routine without paying any extra cost for hospital bed and
miscellaneous expenses. This surely improves quality of life, ensuring diagnosis of health
issue at initial stages. Fig 2.2 depicts the role of WBAN architecture in our daily life. This
depicts a WBAN enabled person doing daily chores is remotely monitored and is always
aware of his health status. Thus, uncertainty is decreased which guarantee a better healthy
environment.

To utilize the potential of WBAN, we must take care of its pot holes. The following
section describes the challenges and corresponding state of art technologies.

Figure 2.2: Basic Architecture of WBAN

2.5 Challenges, Trends, and Emerging Technologies

Essence of WBAN technology can only be tasted if and only if its effectiveness can be en-
joyed by both individuals and healthcare providers. With every advancement in technology
sweeps in its own challenges. The major goal towards progress of WBAN is to prevail the
basic challenges while solving problems. The basic challenges of WBAN are described as
follows.

• Restricted Energy:
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WBAN sensors are operated using batteries . They are small and easily portable.
Implanted batteries demand a strict power management to ensure efficient usage.
The miniaturised sensors cannot sustain more than a month [11]. Efficiency of the
system is highly dependent on battery power usage and thus, becomes a challenging
issue.

• Damage of tissues due to overheated Nodes:
Heating up of the sensors may become injurious and hazardous to human tissues.
Thus, the system should be carefully designed to minimize the temperature rise.

• WBAN Routing:
According to the state of art, WBAN routing can be segregated into various types like
thermal aware (nodes’ temperature should bewithin permissible limit), delay tolerant
(data should get delivered timely), cluster based (number of hops maintained while
data being transferred), Cross-layered (multiple layers are optimised in a WBAN to
fulfil application specific criteria), Quality-of-service( application specific and user
specific criteria are satisfied). ([12],[13], [14], [15] and [16]).

– Cross Layer Routing:
According to some researchers ([12], [17]) cross layer routing protocols are not
suitable forWBAN applications. In this types of protocols, energy is not utilised
homogeneously among all the nodes in the system. As a result of this, hotspots
are formed. Thus, some nodes are unable to participate in the network. This sit-
uation is dangerous in WBANs, because a single node is responsible to capture
and transmit a specific health parameter. Moreover, the overhead of such com-
plex system is impractical for such resource constrained systems like WBAN.

– Thermal aware routing:
Detecting a hotspot is a costly affair. This is hazardous as increase in ther-
mal temperature of a node beyond a threshold value negatively impacts human
tissue. Thus, researchers ([17] [18]) prioritise thermal aware WBAN routing
protocol. Nodes consume energy due to radiation. This energy increases the
temperature and may cause damage to sensitive areas of the body [19]. This in
turn affect body tissues surrounding the sensor nodes [20].

– Cluster-based Routing:
Routing algorithms should be designed keeping in mind that temperature rise of
a node must not damage body tissues. These protocols incur high energy during
network operations. However, cluster based approaches are the most suitable
for WBAN architecture. This is because of its inherent nature of load balancing
among the nodes where the cluster or forwarder relays participate to manage
the heating effect of the network.

• Security:
Security issue is as challenging as any other in wireless body area network. There
can be mainly two types of attacks. When links between two nodes are compro-
mised active attack is caused where data is captured. This data is then modified and
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sent back to the receiver. Here, the receiver is not conscious of it being attacked by
insignificant malignant data. On the contrary, when data is being silently snooped
authoritatively, the user is affected by passive attack. Here also, the user is unaware
of its data getting leaked and being available to others. To handle these issues some
of the techniques like biometric, mutual authentication, key management are used
as mentioned in [21]. Biometric technique obtained about 82% of reliability and 78%
of accuracy where as key management scheme [22] obtained 79% of reliability and
81% of accuracy. Mutual authentication scheme [23] also obtained 89% of reliability
and 85% of accuracy. Compared to other techniques mutual authentication scheme
achieves higher reliability. Most of the current studies deals with security issues of
the wireless network link but asWBAN deals with health data, the data itself is highly
vulnerable and should be secured in near future. Mutual authenticationmay also play
a vital role in maintaining security in wireless body area network.

• Quality of Service (QoS)

WBAN applications are not restricted to medical scenarios. They are broadly utilised
in non-medical cases also. These applications are real life and life threatening situ-
ations demanding to follow specific criteria to guarantee the delivery of data. The
end users of this system are either clients or providers. Various applications demand
different QoS requirements. A WBAN enabled person would prefer a comfortable
wearable device that would be easy and safe to use in term of radio frequencies. They
would also accept it in daily life if and only if it is not bothering their daily activities
or movement while monitoring the vital stats. They will not get bothered about the
details of it. Whereas aWBAN service provider would be careful in terms of accuracy,
precision, security, delay, bandwidth. throughput, communication reliability, power
consumption etc. Provider would ensure the Quality of service not only to the user
but all the users of three tiers of WBAN. Thus, the different forms of categorisation
of the term ’Quality of Service’ is given in following Figure 2.3 [24].

• Mobility

WBAN nodes are placed on human body. Data is collected from the sensors attached
on or implanted in human body. Though sensors themselves are not mobile, but,
movement of a person is not restricted. So, the nodes must follow protocols that
are aligned and compatible with human body movements. Environment factors also
affect the mobility of the nodes.

2.6 IEEE 802.15.6 WBAN Standard

IEEE 802 established a Task Group called IEEE 802.15.6 with an agenda of standardization
of WBAN [25]. This standard specified recent WBAN Physical layer (PHY) and Medium
Access Control (MAC) layer.

Frequency bands available and used by different countries are summarised in Figure 2.4
[26].
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Figure 2.3: QoS taxonomy in WBAN
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Figure 2.4: Frequency Band of WBAN

2.6.1 Physical Layer

WBANphysical layer establishes a reliable link between a sender and a receiver. The sender
transmits binary data through this link. This activates and deactivates radio transceiver.

Narrowband PHY (NB) NB focuses on communication with on body wearable nodes and
implanted nodes inside the body. Figure 2.4 shows different channel numbers of opera-
tion bands. Any WBAN devise must support transmission and reception in one of these
frequencies available. Figure 2.5 shows PLCP header and PSDU. PLCP stands for physical
layer convergence protocol and PSDU stands for physical service data uniot. Only Gaussian
Minimum Shift Keying (GMSK) technique is used between 420 MHz 450 MHz.
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Figure 2.5: Modulation parameter for Physical Layer
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Figure 2.6 shows the format for the PPDU [27]. PLCP preamble, the PLCP header, and
the PSDU are the three main components which are listed in the order of transmission.

Figure 2.6: Structure of NB PPDU

Ultra Wideband PHY (UWB)

The preamble synchronization header (SHR), physical layer header (PHR) and physical
layer service data unit (PSDU) are clubbed to form UWB PPDU as illustrated in Figure 2.7
[27]. Roubustness of a WBAN with high complexity low power consumption can be tuned
using suitable design of UWB PHY.
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Figure 2.7: Structure of UWB PPDU

Human Body Communication PHY (HBC)

The human body is used as a communication medium between devices on and around
the body using HBC communication. Standard defines that the band of operation is cen-
tered at 21MHz, data rates distributed in 164.1 kbps, 328.1 kbps, 656.3kbps, and 1312.5kbps
respectively. The HBC packet frame format is shown in Figure 2.8 [27].

2.6.2 MAC Layer

IEEE 802.15.6 standard for WBAN systems. Each WBAN comprises a sink or a coordinator
along with some sensors called nodes ranging from 0 to a fixed mMaxBANSize. This ar-
chitecture comprises nodes that connect with the coordinator either with star or multihop
star topology. In case of multihop transmission, relay nodes are incorporated to transmit
data from a sender to the coordinator. This relay can be a health sensor node or it can also
be a fixed node that just acts as an intermediate forwarder. According to the standard, the
channel is divided into Beacon period of super frames of equal length for transmission of
data frames. Each super frame contains allocation slots of equal duration that varies from
0 to 255. The coordinator is responsible to transmit the beacons to define the boundaries
of the super frame and also to allocate slots for non beacon mode where the boundaries of
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Figure 2.8: Structure of HBC PPDU

the super frames are defined by polling frames. The coordinator shifts or rotates the offset
of the Beacon period, shifting the schedule allocation slots.

Efficient slot allocation by the coordinator is a very difficult task as network resources
are constrained. To solve the slot allocation problem in WBAN, two different design de-
cisions were taken for MAC protocols. They are: super frame structure (SS) and multiple
access (MA) scheme also called Scheduling Access Scheme. In MAC superframe structure,
there are various formats of data frames and several schemes for MA. Typical access meth-
ods like TDMA, FDMA, Aloha, Slotted Aloha and CSMA/CA are available. The following
sections present the Mac frame format 2.9, and different communication modes 2.10 and
access mechanisms that are defined in the standard.
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Figure 2.9: IEEE 802.15.6 MAC 802.15.6 Frame Format

As stated in [28], an efficient MAC protocol for WBAN must oblige the following QoS
parameters.

• Energy EfficientWBAN sensor nodes are battery operated. There is no backup sensor
for a particular physiological data. Hence, energy of the nodes must be utilised in the
best possible way to enhance the lifetime of the network.

• Scalability: WBAN enabled patients may add or remove sensors in the network based
on the parameters they are monitoring. This process needs to be performed easily
without affecting the ongoing WBAN network.

• Interference Mitigation: Due to high mobility and various other ambient wireless
communication, channel conditions of WBAN network deteriorates significantly. An
effective MAC protocol must take care of interfering signals to deliver an efficient
network.

• Throughput: This parameter is application dependant. But, in this thesis, as we are
dealing with healthcare scenario for WBAN, data loss may result in a lamentable
scenario. MAC should be designed to achieve high throughput.

• Latency and Reliability: Health data received after stipulated time window is as bad
as data not received. Further, data generated by sensors must concur with the data
received. WBAN should be also capable of delivering highly reliable and less delayed
data to cater emergency cases.

Authors in [29] have classified MAC protocol design into two levels. The first level is
based on MAC schemes that have seven genres. Each of this can further be classified into
sub genres based on how a slot is allocated.
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First level categorization of WBAN MAC Protocols

• TDMA based MAC

• TDMA with Frame Slotted Aloha or FDMA MAC

• CSMA/CA with TDMA based MAC

• CSMA/CA with Aloha MAC

• Slotted Aloha MAC

• Hybrid Approaches based MAC

TDMA based MAC protocols are divided into two types. In predefined time slot, each
sensor waits for its particularly allotted slot. This approach fails in emergency data trans-
mission due to low reliability with high latency. In case of predefined allocation based on
prediction, the coordinator allocates slots based on types of data. Data generally falls into
either low grade (like temperature, respiratory), medium grade (like ECG, blood pressure)
and high grade (like EMG, capsule endoscope). Though this scheme can handle single sen-
sor emergency case, but for real life scenario, when multiple sensors try to send critical
emergency data, it fails.

In CSMA/CA with TDMA based slot allocation MAC protocols, sensors consume high
energy during contention period. Clock synchronization experiences a high delay in data
transmission which can be fatal during an emergency. Synchronization overhead pays a
hefty loss in the overall performance.

U-MAC [30] and AC-MAC [31] use CSMA/CA with Aloha based slot allocation MAC
protocols. Reliability of data in terms of delay and collision gets affected. Thus, it is not
acceptable for critical data. In AC-MAC [31] several channels carries health data in a dis-
tributed manner. But as emergency data gets prioritised, general monitored sensors takes a
back seat during channel contention. This restriction increases the reliability of receiving
critical data by lowering energy consumption.

HR-MAC [32], A-MAC [33] use Slotted Aloha based slot allocation MAC protocols. HR-
MAC [32] consumes low energy to allocate slots to sensors. This protocol fails when two
sensors have similar critical data at the same time. A-MAC [33] does not specify patient’s
data. So, high energy is consumed during contention period to access the slot. The problem
of allocating slot still persists in this. Thus, permission-based slot allocation is an optimal
solution.

In TDMA with Frame Slotted Aloha based MAC protocols, sensors have long waiting
period to access its predefined time slots. These sensors are instructed to hibernate in sleep
mode and periodically wakes up to check the network. In case of critical situations, it is
preferable to generate an alert command towards the coordinator. While this process solves
the conflict of allocation of slot between two vitals.

TDMA with FDMA based MAC protocols show that nodes transmitting non critical
data use transmission method, whereas nodes that transmit delay sensitive emergency data
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Figure 2.10: Different MAC Communication Structures

generate alert command to notify the coordinator. This achieves low energy usage and high
reliability as transmissionmethod is dependent on type of data the patients want to transfer
during that slot. Moreover, alert based system provides minimum energy usage. But, it fails
to solve the problem of slot allocation for two equally prioritised nodes generating alert.

As none of the above mentioned mac protocols satisfy the QoS level, researchers opted
for hybrid mode while allocating slots to achieve better results. As mentioned in [34],
mostly TDMA and CSMA/CA are used as hybrid mode. Both of them optimally allocate
slots for general monitoring of patients. However, during critical data transmission, con-
tention and preset slots cause higher collision, re-transmission of lost packets. This results
in energy wastage along with poor data reliability.

Current state-of-the-art suggest that researchers are paying attention to adaptive mac
routing protocols to have an efficient WBAN. In this section some of the prominent works
are highlighted along with their note-worthy features. The strengths and flaws of the men-
tioned protocols are also discussed.

2.7 WBAN Routing Protocols

Routing protocols play a vital role to makeWBAN systems energy efficient. It is responsible
for deciding the path through which data will be transferred from a source to a destination.
The factors on which the scattered nodes are chosen in a path must be logical and should
depreciate energy of individual nodes pragmatically. The design principles of routing pro-
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tocol is a pivot point in system performance. This signifies the importance of the study of
WBAN routing protocols. The analytical study gives us the ability to critically design an
efficient WBAN routing protocol.

In the literature, WBAN routing protocols are classified in the following categories.

2.7.1 Classification of Routing Protocols

Routing protocol defines a set of rules to transfer data from a source to a destination in
the best possible way maintaining the criteria for a particular application. This ensures
efficient and reliable communication between nodes of the network. Unlike other wireless
networks, WBAN deals with health parameters. As these sensors are attached on humans,
for ease of movement and biological issues, only one sensor is allotted to capture and trans-
mit a particular type of data. So, functionality of a sensor for a maximum amount of time
efficiently is a challenging task. Based on the vast state of art, WBAN routing protocols are
classified on the following basis. This study helps us to provide a clarity on pros and cons
of each variety of routing protocols that guides us to design a better effective and efficient
routing protocol.

QoS Based Routing

Different applications demand various QoS. Wellness of a person cannot tolerate delay or
inconsistent data. So, WBAN protocols must be designed as QoS aware. A solution that pro-
vides energy efficiency and QoS awareness simultaneously is still in active research [16].
QoS aware routing protocols have different modules to cater to multiple metrics. Main-
taining equilibrium along with satisfactory outcomes among the modules must go hand-
in-hand with energy efficiency. Medical application based WBAN must comply with QoS
metrics like throughput (PDR), reliability, delay, energy consumption, Specific Absorption
Rate (SAR) etc. Some of the current QoS based WBAN routing protocols are discussed as
follows.

Reinforcement learning based routing protocol RL-QRP was proposed in [35]. It sup-
ports biomedical sensor network with enhanced quality of service. This protocol uses two
Matrix to evaluate its policy. The body sensor nodes use a distributed Q learning algorithm
with location information to find out the optimal routing of the data from the sender to the
receiver. This protocol does not maintain network state information. The roots are approx-
imated and explored based on experience. Initially, results are not up to the mark but with
time this protocol gives better results. But, this protocol does not emphasize on the energy
metric during optimal route finding policy.

Authors in [36] proposed a localised multi objective routing for biomedical networks.
In this protocol the end to end delay and packet reception ratio are improvised by classi-
fying the input data into four categories. Data is segregated based on the type of traffic
based on their reliability, delay sensitivity and criticality. There are neighbour managers
maintaining the neighbourhood table and packet classification for handling data based on
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the four different modules of traffic. In this protocol a blind duplication of the packet is
done towards sinks. As a result, the network is crowded with overhead packets degrading
the overall performance of the network. This also makes the protocol an unscalable one.

Authors in [37] described DMQoS protocol which is data centric and multi objective.
The proposed method is a distributed flexible mechanism to optimise the quality of service
along with energy in a multi hop body sensor network. They have used modular design
architecture that uses several traffic classes. This paper estimates the parameters based
on simulation experimentation. So this method should be validated and verified building
an analytical model that would be able to dynamically select the optimal values which is
realistic to different situations with respect to medical applications of wireless body area
network.

Authors in [38] proposed QoS aware peering routing on a framework like an EPR [39]
routing algorithm for delay sensitive data. In this approach, author has classified data into
two categories. Throughput sensitive data are called ordinary packets and emergency data
are delay sensitive ones. QPRD protocol is divided into seven modules- data packets from
other nodes are received by the MAC receiver module. Packet classifier module categorises
the packet as hello packet or a data packet. The routing servicemodule classifies the packets
into its genre (ordinary or delay sensitive) after receiving them from the upper layers. It also
finds the best fit path for packets belonging to several classifications. The queueingmodules
receive data packets in their corresponding queues. The received packets are stored in the
queue in first come first serve method by the MAC transmitter module store that follows
CSMA/CA approach. In this approach, the network size has to be very small whereas the
network topology changes frequently.

Thermal Aware Routing

A thermal aware routing protocol for WBAN is discussed in [40]. Here, each node selects
a minimum hop route to sink. Children nodes select an optimal route whenever the tem-
perature of the parent node crosses the predefined threshold. Thus, the parent node often
becomes inactive which is not desirable in WBAN. [41] proposes a low-delay, multi-hop,
spanning tree structured WBAN routing algorithm called CICADA that applies Time Divi-
sionMultiple Access (TDMA) protocol to schedule transmission to nodes. The nodes within
the vicinity of the source node act as forwarder nodes or parent nodes, whose functional-
ity is to gather data from their children and forward them to sink. Parent nodes tend to
deplete their energy faster due to extraneous traffic load of the children nodes as in [40].
[42] discusses a routing protocol which supports topological changes by store-and-forward
mechanism. This increases the probability of reliable delivery of data to the sink node. In
this mechanism, every intermediate node stores data packets which consumes more energy
and causes longer delay. [43] proposes a solution for energy efficient routing by deploy-
ing some nodes which do not act as sensors.Though this protocol increases the network
lifetime, deployment of extra nodes becomes costly.

A clustering based protocol called a Self-Organizing Protocol for Body Area Networks
(ANYBODY) is proposed in [44] which restricts the sensor nodes to transmit data directly
to the sink. Moreover an efficient network is maintained by changing the selection criteria
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of cluster heads in this protocol. The overhead of cluster formation is high in the context of
WBAN. [45] proposes a protocol by integrating store and forward scheme with Transmit
Power Adaption (TPA). As nodes are aware of their neighbours, links are stable and mini-
mum energy is needed for transmitting data. A similar method is proposed in [19] which
also uses Transmission Power Control (TPC) scheme. Dropped packets are re-transmitted
in response to Automatic Repeat Request (ARR). ARRs are generated when the link quality
becomes poor. The throughput of the network increases in these cases at the expense of
energy consumption by re-transmitting the lost packet. [46] and [47] use creeping waves
to relay data packets to minimize energy consumption of nodes. Here, reflections from sur-
rounding environment interfere with the transmission of health data; thus, reliability be-
comes an issue. In [48], the author proposed a delay tolerant protocol. Since body sensors
are highly resource constrained, the store and forward mechanism used in [48] consumes
unnecessary additional energy. A review of WBAN protocols may be fond in [49].

Cross Layer Routing

Transfer of information among the adjacent or non-adjacent layers of the protocol stack is
termed as cross layering. This concept of information sharing has been applied in various
WBAN routing protocols between network and MAC layers to enhance the performance
of the system as a whole. Some relevant state of art protocols are discussed hereafter. Au-
thors in [50] proposed a communication protocol called Biocomm for medical applications.
Authors have proposed an efficient cross layer design to prevent formation of hotspots.
This results in improved energy consumption reducing congestion in the network. It has
been compared with Shortest hop routing, hotspot preventive routing. A later variation,
Biocon-D was proposed that performed better in comparison to HPR. It reduces average
packet delivery time, but fails to prioritize QoS based packet prioritisation in such in-vivo
networks.

CICADA or Cascading Information retrieval by Controlling Access with Distributed
slot Assignment is proposed in [51]. This protocol guarantees collision free transmission
of data towards the sink by generating a distributed network tree structure. This protocol
maintains low energy consumption as they put nodes in sleep mode when unused. They
also provide minimal delay and remain neutral to mobility.

TImezone coordinated sleep scheduling (TICOSS) citeruzzelli2007energy improvises IEEE
802.15.4 by slicing the network into time zones resulting in better lifetime.

Authors in [52] proposed wireless autonomous spanning tree protocol (WASP) that uses
a cross layer approach to set up a spanning tree that controls traffic in the network. To
reduce power consumption, network delay and packet loss rate, this prototype is effective.
Authors have compared this with CSMA fixed routing .protocol,

Cluster based Routing

Energy constrained nodes of a WBAN system demand efficient energy usage to enhance
network lifetime. This leads to cluster based routing that minimizes power consumption
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and maximizes network lifetime.

Authors in [53] proposed a Cluster Based Body Area Protocol (CBBAP) to enhance the
system performance by 25%. Coordinator is placed at a distance, whereas a gateway is
placed at the centre of sensing nodes. Low Energy Adaptive Clustering Hierarchy (LEACH)
is adapted by CBBAP using Cluster Head (CH). CBBAP outperforms LEACH protocol in
terms of practical applications.

Authors in [54] proposed a cluster based routing approach that regulates the transfer
of data directly from nodes to the coordinator. This protocol also ensures efficiency by
altering the criteria for cluster head selection.

Authors in [55] proposes a multiple criteria based cooperative routing protocol called
Energy-efficient Harvested Aware clustering and cooperative Routing Protocol for WBAN
(E-HARP). A new cluster head is selected in every round to pragmatically utilize the load of
the nodes of the network. Cooperation helps in minimizing redundant data in the network.
In comparison with EH-RCB [56], ELR-W [56],Co-LAEEBA [57], and EECBSR [58] E-HARP
improves network stability, lifetime of the network, delay and throughput.

2.8 Coexistence and Interference in WBANs

Overview

WBAN operates in 2.4 GHz using wireless technologies. The close proximity of other tech-
nologies operating in the same band degrades the performance of WBAN. Reliable transfer
of data from a source to a destination without getting tampered demands mitigation of such
interference. Based on the type of wireless technologies within the radar, WBAN interfer-
ence is classified into the following types as shown in Figure 2.12. Taxonomy of interference
is shown in Figure 2.11.

• intra interference: Transmission from different sensors present on a single WBAN
cause overlapping of data.

• inter interference:
When other WBANs and 2.4 GHz wireless devices are close then inter WBAN takes
place. When two or more WBAN sensors in close proximity affect data transmission
of each other, it is called mutual inter WBAN interference. The impact of wireless
technologies on a WBAN operating in the same band is called cross inter WBAN
interference. Various parameters like protocols, power settings, packet sizes, modu-
lation schemes etc are different for the wireless operating nodes. Thus, completely
mitigating cross layer interference in real life situations is almost impossible.

Three types of mitigation schemes are used to nullify the effects of interference.

• Analytical method
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Figure 2.11: Interference Taxonomy in WBAN

Figure 2.12: Different Interference in WBAN
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Figure 2.13: Mutual interference mitigation schemes

Figure 2.14: Cross interference mitigation schemes

• Simulation method

• Experimental method

Interference Mitigation Schemes

Based on the type of overlapping, different interference mitigation schemes (mutual and
cross) are available in the literature. They are discussed below.

The mutual interference mitigation scheme is further categorised as shown in Figure
2.13.

Cross interference mitigation scheme is categorised as shown in Figure 2.14.

Different approaches towards interference mitigation are discussed below.

Power Control Approach
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Power consumption is one critical parameter that determines the efficiency of the sys-
tem. Various mitigation schemes based on neuro-fuzzy, learning algorithms, game theory
etc have been proposed. The PAPU [59] algorithm provides a trade of between network
utilisation and efficiency by coordinating with the transmission power to reduce interfer-
ence. It has a very low convergence time but is not very useful. Author in [60] proposed
a fast converging mitigation method Fuzzy Power Controller (FPC). When compared with
others it provides better performance with respect to power control and convergence irre-
spective of the number of interfering nodes. [61] is a lightweight Reinforcement Learning
(RL) algorithm. It is robust to interference. SINR is used to evaluate the method. The pro-
posed power allocation algorithm in [62] guarantees QoS requirement using optimal power.
A trade off between energy consumption and throughput is used in the Bayesian game ap-
proach [63] that provides a quick convergence time. A balance among utility and power
makes a non-power control game reliable [64]. Complete network interference that is both
mutual and cross are considered in BR-SIM [65] and SORT-SIM [66]. They provide good
channel allocation and perform better than PAPU [59] in terms of SINR in a moderately
dense WBAN network.

MAC Approach

In MAC approach, throughput is increased along with efficient power consumption re-
sulting in enhanced reliability of the system. Continuous Frame Transmission (CFT) [67]
method increases battery life of medical devices by reducing re-transmission in overlap-
ping environments. Medium inter frame space(MIFS) is used to identify interference. Here,
status of a channel is determined before frame transmission begins, or it waits for MIFS
interval to avoid collision. As a packet is only sent when the channel is free, the probability
of collision decreases. Hence, more energy is consumed in this method. Authors in ([68],
[69], [70], [71], [72]) and [73] concentrated on enhancing QoS to have a better reliability
of operation. A special parameter is used to decide the performance of the system as men-
tioned in [74] and [73]. We have also seen in [75] that dynamic coexistence management
scheme manages the coexistence of WBANs in a distributed manner. Decreasing the delay,
the transmission rate improves by 25%. Reliability increases at the cost of power consump-
tion. A system that does not adopt this DCMmethod has a data loss of 40% which can even
cause the system to shutdown. MAC scheduling presented in [76] prove that the proto-
col avoids critical packet loss. Adaptive CSMA method is implemented using dynamically
changing frame length with respect to the interference level as shown in [70]. A better
throughput is achieved irrespective of the number of overlapping WBANs with a minimal
power consumption satisfying QoS. In comparison to other protocols, MAC protocols [70]
have about 14% better performance. Authors in [77] uses fairness as a performance metric
that increases energy efficiency with no complexity. The DDS–PPM method can eliminate
inter user interference and narrow-band interference. Authors in [78] proposed a protocol
called Analytical Hierarchy Process (AHP) that‘reduces latency and improves reliability
by mitigating interference. An energy efficient protocol called MC–MAC [79] enhances
throughput of the system by minimizing delay. Allocation packets in [71] are based on
super frame interleaving. The schedule in scheme [80] reduces interference with a greater
reliability in the ISM band.
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Cognitive Radio Approach

In cognitive approach interference mitigation is based on experimental measurements the
parameters focus your are throughput are consumption and mobility. the CR algorithm
that is implemented in HCVP [81] minimizes interference. It considers heterogeneous net-
work and provides a good spectrum sharing. It is based on Programmable SoC processor.
Authors in [82] proposed Adaptive cognitive enhanced platform (ACEP). This protocol uses
low power Programmable associate chip and reduces packet drop rate. This enhances the
channel utilisation. The schemes is assessed by Interference mitigation factor (IMF). In [83],
CRNs are deployed in hospitals and in novel framework tomanage interference is proposed.
It uses adaptivemodulation data rate and duty cycle to preserve the link quality. This allows
multiple nodes to operate simultaneously in presence of other wireless operating systems.
In [84] authors designed novel receivers specifically for WBANs. This reduces wake up for
false signals. The author has also proved that radio WUR has a good sensitivity and can be
operated at various frequency. It consumes 10-100 less power consumption compared to
WUR. Author in [85] proposed Cognitive Receiver Initiated Cycled Receiver (C-RISER) that
operates under high ISM band in the presence of dense WBAN network. In case of WBAN
the coordinator is the only receiver. So that effectiveness of the protocol is well suited for
WBAN users.
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Energy efficient WBAN Routing Algo-
rithm

3.1 Introduction

There are many routing protocols for wireless sensor networks (WSN) but they are not
appropriate for WBAN due to their restricted abilities and usage [86], [87], [88] [89] [90].

• Unlike WSN, the monitored environment of WBAN is deployed with fewer or lim-
ited number of non-repetitive sensor nodes whose sizes are much smaller than WSN
nodes.

• WSN nodes are usually static but mobility is a challenging issue in WBAN [91] that
directly affects reliable data delivery which is an important measuring parameter for
health data.

• Some WBAN nodes are implanted in human body. Hence, their effect on human
tissues must also be considered. This aspect is not a major concern for WSN routing.

WBAN routing protocols are divided into intra body communication and inter body com-
munication [92]. Intra body communication deals with sending of sensed data from a body
sensor node to the coordinator. The second one describes how coordinators relay the sensed
data to the Access Gateway. This chapter focuses only on the first case which can be han-
dled in two ways: single hop and multiple hops.

In single hop, the sensed data can be delivered directly from source to the coordinator
which is the destination. In multi hop delivery, the source sensor node forwards the sensed
data to other intermediate sensor nodes to finally deliver data to the coordinator.

Though different WBAN routing schemes have already been proposed, they are not
efficient enough to manage and relay critical health data reliably and efficiently. Thus,
communicating health data in a WBAN from a source to a destination reliably, maintaining
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thermal threshold of human tissue, experiencing sustainable delay, enhancing throughput
and network lifetime is still a major challenge. In case of opportunistic protocol, whenever
the coordinator goes beyond the transmission range of the node, the relay nodes collect
health data from its children nodes. Suppose that a body sensor is placed around the wrist
of the human body which needs to send its collected data to the coordinator positioned
around the waist of the body. Whenever the person moves his hands, the wireless connec-
tion between the sensor on the wrist and the coordinator on the waist gets disconnected.
Precious power of the body sensor nodes and relay nodes are Unnecessarily consumed due
to link failure causing higher packet drop.

This chapter proposes an efficient routing protocol for WBAN that minimizes energy
consumption and increases the throughput of reliable critical health data delivery. Inspite
of the sensors being fixed on the body it moves as the human body moves as a whole or at
different postures [91]. The performance of the proposed protocol has been evaluated by
two parameters: energy consumption and packet delivery.

Two major characteristics of the proposed algorithm are as follows.

• In the proposed scheme energy utilization is uniform among the nodes of the net-
work; thus, each node has more stability and they remain alive.

• Higher throughput of the network is achieved as each node consumes minimum en-
ergy in a homogeneous fashion resulting larger stability period and prevention of
hotspot.

Section 2 briefly discusses several routing algorithms and M-Attempt in particular, a ther-
mal aware WBAN routing protocol. Section 3 describes details of the proposed method.
Performance evaluation of the proposed protocol is discussed in Section 4. Finally, we con-
clude in Section 5.

3.2 Related Works

Some thermal aware routing protocols for WBAN [40], [41], [40], [42], [43] have already
been discussed in the earlier chapter. Some clustering-based protocols calledA Self-Organization
Protocol for Body Area Networks (ANYBODY) [44], and the other protocols [45], [19], [46],
[47], [48] have also been discussed in the earlier chapter.

3.2.1 Overview of M-Attempt

M-ATTEMPT [92] is a thermal aware routing protocol for heterogeneous WBANs. Critical
data or on-demand data is sent as real traffic by direct communication. For delivery of
normal sensed data, multi hop communication is used. Heat generated by the implanted
sensor nodes may cause tissue damage. So, these nodes are to be identified. M-Attempt
identifies these “Hot-spot” links and avoids routing through them. Mobility of body parts
lead to disconnection of links already established.
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M-ATTEMPT handles both mobility support and energy-management. During deploy-
ment, nodes with high data rate are placed on less mobile body parts. During initialization,
all nodes broadcast Hello messages. This Hello message contains neighbours information
and distance of sink nodes in form of hop-counts. In the next phase, routes are established.
M-Attempt assumes that each node has information of all other nodes and sink’s posi-
tion. Thus, energy efficient routes with less number of hops can be established easily. For
handling emergency, first critical data are successfully sent to sink and only then other pro-
cesses are executed. During such scenarios, the implanted nodes can communicate directly
with the base station.

Additionally, all sensor nodes are capable of communicating directly with the sink node
when demand arrives from sink. Whenever temperature becomes higher than a threshold, a
node disconnects itself from its neighbour for a while. The original route can be established
only after temperature becomes normal. If the temperature of a node reaches threshold after
it receives a data packet, it returns the packet to the sender. The sender identifies this link
as Hot-spot. Once a route is established, the sink node prepares a Time Division Multiple
Access (TDMA) schedule for communication.

3.3 Proposed System Model

The proposed protocol introduces a type of nodes in the network called ‘relay nodes’ that
are responsible only for forwarding data towards the coordinator. Thus, energy dissipation
of body sensor nodes for transmitting health data is reduced. Further, this protocol prevents
formation of hotspot using energy of the nodes in a uniformmanner. When the coordinator
is within the range of some node, data is directly transmitted. Discovery of neighbours is
done first in our approach. Then, appropriate forwarder based on a cost function is chosen
to send data from sender to receiver.

3.3.1 Neighbour Discovery Procedure

The aim of the neighbour discovery is to establish the neighbour table of sensor nodes and
the fixed nodes. Sensor nodes and fixed nodes build their neighbour tables to store informa-
tion of the neighbours after it scans the strength of the receiving signals in its transmission
range. Initially the interested sensor node sends a hello message to scan the strength of the
receiving response from other nodes by running a timer. Figure 3.1 shows the format of
the response from other sensor nodes which provides information about parameters like
node id, current location, velocity vector and remaining energy. However, responses from
fixed non-sensing node comprise only node id and residual energy. Location is represented
by x and y coordinate values. Multiple responses corresponding to the same node id for a
single request is ignored. Requesting sensor node stores the value of its neighbours in its
information table. Every node in the network is assumed to be aware of the location of the
coordinator.

After this procedure, each node is literate about their corresponding reachable nodes
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Figure 3.1: Response Table

in the network. The body sensor nodes do not send beacon packets periodically. Only
when the nodes are ready to send data, they just exchange a message with a set of its
immediate next neighbour to check if the destination sequence number in its neighbour’s
table is greater or equal. If it is so, then it also changes its table accordingly presuming
that the neighbours table information is updated and sends the data via the updated route.
In other words, body sensors are intelligent enough to know that it has to send data to
coordinator at nth time. Then, it may do the beaconing at (n-1)th time only. Thus, excess
bandwidth is not consumed due to unnecessary periodic beaconing. A sensor node does not
send beacons to all its one hop neighbours; it sends them only to those nodes in its one hop
that has a velocity vector within a certain threshold with respect to the combined position
of the source node and the coordinator. This feature further enhances energy efficiency of
the algorithm.

Forwarding Procedure

The final destination of data packets within WBAN network is the coordinator. As men-
tioned when the source and coordinator are close, it transmits data to the coordinator di-
rectly. Otherwise, it sends data to one of the neighbour sensor node or the fixed non-sensing
relay nodes. The mechanism of neighbour selection impacts the performance metrics of the
whole network in the following ways.

• Energy consumption by varying with traffic load affecting network lifetime, stability
period and residual energy of the network.

• Latency or delay by varyingwith traffic load effecting throughput and delay tolerance
of the network.

Firstly, distance from a neighbour node and the coordinator is considered. Less distance
can reduce the number of hops for critical health data delivery and will also consume less
power and thus its adverse thermal effect on human tissues will be nominal. As a result,
the average packet delay is also reduced. Secondly, the relative velocity is also considered.
If a neighbour sensor node is moving with a threshold velocity towards the coordinator,
then it is capable of getting selected to forward the data to the coordinator. Thirdly, the
residual energy is also taken into account to enhance the stability period and the network
lifetime. Either the sensor node or the fixed non-sensing relay node having larger residual
energy will be preferred for getting selected as a forwarder. Moreover, movement pattern
and coordinate of the neighbour nodes are known. So, instead of searching all its neigh-
bours, it will only find a forwarder from a set of its neighbours who are aligned towards
the coordinator.
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Parameter Value
No. of Nodes 8

Transmit Power -15dBm
Simulation Time Limit 51sec

Start-up delay 1sec

Table 3.1: Simulation Parameters

Significance of fixed relay nodes is worth mentioning. Suppose, there are a few nodes
(e.g., Heartbeat sensors) which are mostly near the coordinator. In this case, these nodes
are affected while prioritizing between the task of sensing and forwarding its own data
and relaying other nodes’ data. Thus, remaining energy of these nodes are depleted sooner
hampering the longevity of the network. To solve this problem, we have assumed that other
than the body sensor nodes, there are some fixed non-sensing nodes that are just capable
of relaying the data towards the intended destination or other intermediate body sensor
nodes. Thus, the nodes (e.g., heartbeat sensors) do not get paralyzed due to the burden of
relaying. Based on all these parameters, the source node calculates a cost function of other
nodes within its proximity and selects a node with the least value as the most appropriate
forwarder. The cost function of ith node is computed by Equation 3.1.

C(i) =
d(i)− v(i)

R.E(i)
(3.1)

where d(i) indicates the distance between the ith node and coordinator, v(i) indicates the
speed of the node i towards the coordinator, R.E(i) indicates the residual energy of the
i-th node. Residual Energy is computed by the difference between the energy of a node
at a given instant and the energy of a node at the initial deployment. Lesser the distance
between the transmitter and receiver nodes, lesser the power is required to forward the data.
Thus, energy dissipation will be low and as a result the temperature rise in the network will
be under control.

3.4 Performance Evaluation

The simulation parameters are tabulated in Table 3.1. 8 nodes are deployed on the body in
the simulation environment. Their positions are tabulated in Table 3.2. The performance
of the proposed protocol is assessed by the following metrics.

• Network Lifetime: It is determined by the time until the last node dies.

• Stability Period: It is the time till its first node die.

• Throughput: The total number of packets successfully received by the coordinator.

• Residual Energy: It is the amount of left over energy of the nodes.
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Node Position
Node 0 Belly
Node 1 Head
Node 2 Between Left side

of Chest and Neck
Node 3 Chest
Node 4 L-Wrist
Node 5 R-Wrist
Node 6 L-Ankle
Node 7 R-Ankle

Table 3.2: Position of Nodes

We have simulated the proposed algorithm in Castalia 3.2 simulator. We have compared
the results with two existing WBAN algorithm, M-ATTEMPT, and CICADA (Cascading In-
formation retrieval by Controlling Access with Distributed slot Assignment) and one WSN
algorithm LEACH. We have chosen M-ATTEMPT as a thermal-aware WBAN routing algo-
rithm. CICADA is chosen as another popular WBAN routing algorithm LEACH is a classic
WSN routing algorithm. We chose it to show general inappropriateness ofWSN algorithms
in WBAN routing. As M-ATTEMPT algorithm is temperature aware, we have taken a spe-
cific case of M-ATTEMPT algorithm and simulated it. The M-ATTEMPT algorithm looks
for hot-spot and bypasses the data from the hotspot and forwards the data via a different
path. The dynamic nature is not shown here. Rather, we have taken a particular route in
which there is no hot-spot node present. The data rate is measured in packets/sec. We
have taken different data rates as inputs to see different outcomes in terms of data pack-
ets received at the coordinator node as output. The low data rate is taken for normal data
delivery and the high data rate is taken for critical data delivery.

Figure 3.2 plots number of data packets received at the coordinator node for different
data rates. The proposed algorithm shows the best result among the other algorithms. For
high data rate, number of received packets is more in our case which is desired for high
throughput.

The graph in Figure 3.3 shows that the remaining energy is higher in the proposed
algorithm. The remaining energy is measured in Joules. WSN algorithm i.e. LEACH is low
performing among the other algorithms. The initial energy is chosen as 18720 Joules. We
have taken a high data rate to highlight energy dissipation.

The details of received packet (at the coordinator) show the effect of interference. This
received packet count will not match with the graph in Figure 4 as that graph shows the
output from the application module. The graph in Figure 3.4 shows the number of packets
received at the coordinator without interference and in presence of interference. When we
are using the proposed routing algorithm, the number of received packets is comparatively
much higher. It is to be noted that this graph provides details of the number of packets
received at the coordinator node, i.e., node 0 for a particular data rate i.e. 120 packets/sec.
Such cases where data rate is high may happen during critical conditions. We have also
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Figure 3.2: Packet received at coordinator varying data rate

Figure 3.3: Remaining Energy wrt increasing Node
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Figure 3.4: Number of packets received despite Interference

compared the growth of the cost function of our proposed protocol as compared to M-
Attempt. This is shown in Figure 3.5.

The upper curve of the graph in Figure 3.5 is for M-Attempt and the lower curve is for
proposed algorithm. The graph shows that the growth of cost in M-Attempt is more than
the growth of cost in the proposed algorithm. This is so because in case of link breakage in
M-Attempt, alternate path is chosen. For that, remaining energy and hop count changes.
So, overhead is dependent on the remaining energy and the hop count. Again, for critical
data single hop is chosen. So, hop count decreases and as a result more energy is used to
transmit. Thus, remaining energy reduces and cost increases.

Figure 3.6 plots the overhead of the proposed algorithm and M-ATTEMPT. It can be
seen that the number of topology changes are much less in the proposed algorithm. This
is because every node whose temperature crosses a threshold leads to link disconnection
and topology change in M-ATTEMPT. The proposed algorithm considers topology change
only when body parts move.

3.5 Conclusion

In WBAN, there are heterogeneous sensor nodes which collect data and transfer it to the
coordinator. The coordinator collaboratively transfers it to the Access Point which in turn
sends the data to the doctors and paramedics via the internet. In the proposed protocol
a node uses information such as location, id, velocity and remaining energy of its neigh-
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Figure 3.5: Growth of cost function

Figure 3.6: Overhead Comparison
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bours to compute a cost function. Using the proposed cost function, each node selects an
appropriate forwarder node. It has been shown via simulation that the proposed algorithm
provides enhanced stability period and longer network lifetime than M-ATTEMPT.
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Chapter 4

Impact on WBAN QoS for Twin Sinks

4.1 Introduction

We have already talked about WBAN technologies, WBAN components and the communi-
cation architecture. As already discussed, sensor nodes sense and transmit data via a wire-
less communication channel generally towards a sink node called coordinator or gateway
node. This coordinator further forwards the data to a Personal Digital Assistance (PDA)
which convey the data to a remote location based on the required application.

In WBAN, the maximum energy lost by a node is due to data transmission from sensor
to sink. So, it is required to utilize the transmission energy pragmatically. This demands
energy efficient routing protocol which support mobility. Though a lot of communication
protocol is available in Wireless Sensor Network (WSN). There are some fundamental dif-
ferences in WBAN with respect to network requirements. They are are already discussed
in the Chapter 3. We just highlight here two salient distinctions.

1. Varying bandwidth of communication through body rather than space

2. Strict constraint for power consumption

These boundaries call for different set of protocols in WBAN. Usually, in WBAN archi-
tecture, a single sink is responsible to collect data from the sensors. Thus, sensors either
have to increase power to maintain star topology to send their data directly to the sink or
can relay the data towards the sink. Enhanced power for direct transmission will dissipate
their energy faster resulting in low stability period. Forwarding the data will increase the
hop count and hence, delay increases due to extra processing and relaying by other inter-
mediate sensors. Moreover, the forwarder sensors also get over burdened and tend to lose
already limited energy for this relaying process. To solve the problem of ‘sensor-node-as-
forwarder’, special nodes called relay nodes can be incorporated. This solution still causes
delay in data delivery which is fatal in case of emergency situations.
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Another way to efficiently utilize the energy of the nodes is to use dual sink in the
WBAN architecture. This is a common approach in WSN to forward the data to the nearest
sink [93] in an Anycast manner. Though this approach is common in WSN, it is not so
popular in WBAN systems. Therefore, we explore this approach and observe how the basic
QoS parameters of WBAN like “Packet Delivery Ratio (PDR)", “end-to-end delay", stability
period and energy consumption get affected.

In WBAN, high mobility leads to poor reliability. For efficiency in WBAN operations,
the issue of optimum placement of the gateway nodes is also taken into account in this
paper.

The chapter is organised as follows. Section 2 presents the related works specific to this
work. The protocol for the proposed model in the next section. It is followed by simulation
results in section 4 and conclusion is section 5.

4.2 Related Works

Different researchers have put their best to overcome the challenging requirements of
WBAN. In paper [94], authors have used relay based cooperation to transmit critical data in
emergency situation. Every intermediate node keeps a copy of the packet to reduce packet
drop. This increases delay of the networkwhich is unappealing. A protocol calledDAREhas
been proposed in [95] which creates a scenario of a ward having eight patients. Each one of
them is encompassed with seven sensors to monitor their vital parameters. This protocol
is only aligned to optimize the net energy consumption, ignoring equally important other
QoS parameters of WBAN. Authors in [96] have proposed a mathematical model to select
cluster head in order to balance the energy utilization and enhance stability period. But,
due to high mobility of WBAN, this protocol also failed to establish a benchmark. Multiple
sink nodes have been used in different sides of a soccer game by the protocol THE-FAME
[97] to measure the fatigue of the players. In this protocol direct transmission id enforced
when the threshold is reached. This depletes the energy level of a node completely due to
high power usage. As a result the node tends to ’die out’ faster.

Authors in [34] put forwarded a protocol called LAEEBA where they have used both
direct and multi hop communication based on path loss component to minimize only the
energy consumption of the node. Authors in [57] have revised the LAEEBA protocol and
proposed Co-LAEEBA. Cooperative knowledge of the path loss component, residual en-
ergy and intermediate distance between the sender and the coordinator helped to find a
feasible route to the destination. Both [34] and [57] have unsatisfactory PDR for WBAN. In
paper [92] a renowned thermal aware WBAN routing protocol called M-Attempt has been
suggested. It looks for hotspot, bypasses data from the hotspot, and forwards data via a
different path. Moreover, it supports mobility. But it keeps a node inactive which is below
the threshold. Thus, data for that particular sensor becomes inaccessible. This may turn
fatal in emergency situation.

Author in [98] initiated the modification of WBAN architecture by introducing dual
coordinators. But they did not take into account the favorable placement of them on human
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body. Moreover, data is transferred to both the coordinators if in LoS of the sensor. This
resulted in energy wastage and early dead node formation. The optimum placement of the
coordinator in WBAN is a crucial issue which affects the PDR of the system. Few attempts
have been made in the past to solve this problem.

In [99] relaying and cooperation were the two mechanisms used to maximize the net-
work lifetime. They have not optimized the relay nodes. Thus, the positioning of relay
nodes was fixed. [100] and [101] solved the problem of relay optimization using integer
linear programming model. They have also proposed a routing algorithm minimizing the
installation cost and energy consumption. However, in WBAN relaying is not an optimal
solution because of high mobility of the patients. [102] and [103] designed their experi-
ments to maximize the PDR of the system. The interval between the data communication
of each node is considered as 8 seconds which is not appropriate in WBAN. [104] and [105]
have used a mesh WBAN network where the subject was instructed to walk for 3 seconds
in order to carry out the simulation. This duration was too less to represent the impact of
their architecture on humanmobility. None of the researches dealt with the ideal placement
of twin coordinators on human body.

4.3 Proposed Protocol

4.3.1 Assumptions

Based on the following assumptions we have proposed a routing protocol.

1. All nodes possess group mobility only i.e, nodes possess a similar moving pattern as
groups.

2. All nodes are intelligent enough to calculate their residual energy

3. All nodes can smartly compute link reliability between itself and neighbouring nodes

These assumptions ensure that nodes moving similarly get engaged to a closer relay or
coordinator, providing a more stable topology. Intelligent nodes guarantees that they will
not engage themselves in any route

4.3.2 Network Topology

In a WBAN, network mobility of a person is not restricted, though the parameters need to
be strictly maintained. A WBAN has a single sink which collects vital signs from different
sensors either in single hop or multi hop fashion depending on the presence of it within the
transmission range of the sender. Thus, solitary coordinator gets overburdened and the risk
of single point failure gets immensely higher using the traffic model of [106]. According to
this traffic model, using a single coordinator, the trade off between star and tree topology is
difficult as the later outperforms in terms of throughput, whereas the former is better in low
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end-to-end delay. So, we have proposed an architecture comprising of twin coordinators
C1 and C2 with eight sensors. To find the optimum position, we have placed the gateways
in two different set of positions on the body based on the Line-of-Sight (LOS). We have
evaluated the performance metrics of WBAN for both the experimental setups to conclude
that the second set of positions of the coordinators are better than the first.

4.3.3 Different Phases of the proposed Protocol

• Initialization Phase
Initially both the coordinators C1 and C2 send ‘HELLO’ message having their Id and
location. This location is fixed by the user as the coordinators are static. On receiving
the packet, sensor nodes record them and broadcast their Node-Id, Packet-Id and
residual energy level. Thus, all the nodes get aware of their neighbours.

• Next Hop Selection:
When none of the coordinators are within the range of the sender, a node is selected
having maximum cost based on Equation 4.1. To evaluate Equation 4.1 the equations
4.2 to 4.10 are used [107]. The node having maximum cost based on the equations is
selected as next hop if and only if none of the coordinators are within direct range of
the sender.
When both the coordinators are in direct range of sender, then it uses Received Signal
Strength Indicator (RSSI) model of [108] to calculate Equation 4.11. The coordinator,
whose Pr value is maximum is chosen as receiver.

Costij = CE ∗ (Eres,j

Einit,j

) + CL ∗ LRij (4.1)

LRij = (1− λ)LRij + λ ∗ (Txsucc,ij

Txtotal,ij

) (4.2)

Eres,i = Einit,i − Econ,i (4.3)

Econ,i = ESB + ESC + ETx (4.4)

ESB = LRij ∗ TSB (4.5)

ESC = NC ∗ [PRx−Tx ∗ TRx−Tx + TC ∗ PTx + PTx−Rx ∗ TTx−Rx] (4.6)

ETx = TTx ∗ PTx (4.7)

EDB = LRij ∗ TDB (4.8)
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EDC = (R + 1) ∗ [PRx−Tx ∗ TTx−Rx + TC ∗ PTx + PTx−Rx ∗ TTx−Rx] (4.9)

ED = EDB + EDC (4.10)

Pr = Pt(
1

d
)n (4.11)

Figure 4.1 refers the notations used for the proposed algorithm.

4.4 Routing

The flowchart of the proposed routing algorithm is given in Figure 4.2

4.5 Performance Evaluation

4.5.1 Setting and Configuration

The performance of the proposed protocol is studied and comparedwithACIDS [98], LAEEBA
[34], and DARE [95] in CASTALIA simulator [109]. Two main experiments are performed
to assess the network. In each experiment, 8 sensors were deployed in 3×3 meter square
body area with two coordinators. In Experiment 1,the first coordinator (C1) is located at
the right lumbar and the second coordinator (C2) is situated at the left lumbar as shown in
Figure 4.3. In Experiment 2, position of C1 remains unaltered whereas C2 is placed at the
right collar bone instead of the left lumbar as shown in Figure 4.4. The simulation param-
eters used are shown in Table 4.1. The IEEE standard 802.15.6 is used for MAC layer and
CSMA/CA mechanism is used.

4.5.2 Performance Metrics

To evaluate the performance of the proposed routing protocol, following metrics are used.

1. Stability Period:
The duration of the operation of the network before the first node depletes all its
energy is termed as stability period. In WBAN only one node is allowed to collect
one particular physiological parameter. There is no backup for any node. If a node
dissipates its entire energy and dies out, then its functionality will be stopped. This
may be fatal inWBAN. Thus, high stability period is essential in this type of network.
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Figure 4.1: Notations used for Proposed Protocol

2. End-to-End Delay:

The time lag between sender node sending the packet and receiver node receiving it
is termed as delay. As WBAN deals with health related data, delayed delivery may be
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Figure 4.2: Flowchart for Proposed Algorithm

Figure 4.3: Setup for Experiment 1
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Figure 4.4: Setup for Experiment 2

Tx-Rx, Rx-Tx 0.02 s
Tx (power consumption) 3 mW
Rx (power consumption) 3 mW
Minimum supply voltage 1.9 V

Wavelength (λ) 0.135 m
Frequency (f) 2.4 GHz

Initial Energy (Eo) 18720 J
Battery capacity 560mAh

Table 4.1: Simulation Parameters

Page 50 of 150



Impact on WBAN QoS for Twin Sinks

fatal. Thus, decreasing delay is a crucial factor in WBAN.

3. Packet Delivery Ratio:
It denotes the ratio between the number of packets sent by the sender to the number
of packets received by the coordinator. The higher the PDR value, better it is. This
is because this type of network handles health data. So, packet drop is not desired at
all.

4. Remaining Energy:
The amount of energy left from the initial energy in a node is called remaining energy.
This is a deciding factor whether the node can participate in the network. If a node
gets inactive. the value of some health parameter will not be gathered. This may turn
out to be disaster. So, energy of the nodes in WBAN should be used pragmatically.

4.5.3 Simultion Results

Figure 4.5 shows that the proposed protocol performs considerably better than LAEEBA
and DARE. Its performance is at par with ACIDS till 9 × 103 seconds in the Experiment 1
and then outperforms ACIDS algorithm as well. In the Experiment 2, the number of active
nodes in the network is much higher for the proposed protocol than ACIDS. This result was
expected as in the proposed protocol each sensor sends the data to one of the coordinators
with greater RSSI value unlike ACIDS which sends the data twice.

Figure 4.5: Stability Period wrt Time

Minimizing delay in WBAN is a much required QoS as it deals with human vitals. Ac-
cording to Figure 4.6, LAEEBA and DARE has higher end-to-End delay as they deal with
only single sink. The presence of dual coordinators lower the delay both in ACIDS and the
proposed protocol as most of the sensors are in direct communication range of the coor-
dinators. In Experiment 1, initially ACIDS performs better than the proposed protocol. In
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the proposed protocol there are some extra calculations needed to send data to one of the
coordinators. So, delay of the proposed protocols is initially higher than ACIDS, but later,
they are almost at par. In Experiment 2, position of the second coordinator is better. Hence,
the delay decreases.

Figure 4.6: End-to-End Delay wrt Time

As ACIDS and the proposed protocol provides superior stability period compared to
LAEEBA and DARE, their PDR is much higher in both the experiments as shown in Figure
4.7. In the Experiment 1, the proposed protocol is seen to be at least as good as ACIDS till
6 ∗ 103 seconds. Later, as the number of dead nodes in ACIDS increases, the PDR value
decreases. In Experiment 2, the position of C2 is more favourable than Experiment 1. So,
number of active nodes is higher. Thus, PDR of proposed protocol is significantly elevated.

Figure 4.7: Packet Delivery Ratio wrt Time

Page 52 of 150



Impact on WBAN QoS for Twin Sinks

As shown in Figure 4.8, DARE is the most energy efficient protocol whereas LAEEBA is
the least in the list. DARE does not consider other basic parameters of WBAN like stability
period, delay and throughput. Thus, energy parameters of others are comparatively lower
as they come in trade off with the other parameters as well. In the proposed protocol, a
sender sends the data to any one of the coordinator unlike ACIDS. So, it uses energy much
more effectively as compared to ACIDS in both the experimental setups.

Figure 4.8: Remaining Energy wrt Time

4.6 Conclusion

This research focuses on increasing stability period, PDR and remaining energy while de-
creasing end-to-end delay by introducing dual coordinators in the network model. A mod-
ified concept of Anycasting is used to route data from a sender to the coordinator. We
implemented the concept using two coordinators and eight sensors on human body.

To have an optimum position of the coordinators, we have simulated using two different
configurations. We have compared the proposed protocol with state-of-the-art protocols
like ACIDS, LAEEBA and DARE for both the setups.

Simulation results show that the setup of Experiment 2 is more favourable for the pro-
posed protocol. It outperforms LAEEBA, DARE and atleast as good as ACIDS in terms of
PDR, stability period and end-to-end delay. Due to availability of more than one coordina-
tor, the sender can send data to the appropriate one. Thus, topologically most of the nodes
come in star fashion to the sink. This results in better efficiency of the proposed protocol
than others.

In some cases ACIDS performs better than the proposed one because of extra processing
it has to do to choose between multiple sinks. But, overall performance is much better than
that of ACIDS algorithm.
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Chapter 5

A Bio-inspired Algorithm to Mitigate
Interference in Multi-WBAN Scenario

5.1 Introduction

This chapter focuses on reliability and quality of service defined in terms of Bit Error Rate
(BER) and Packet Delivery Ratio (PDR) for the messages delivered. It is shown that the
proposed protocol ensures increased throughput of the network in terms of higher PDR
value. Further, as WBAN sensor nodes are energy constrained, we have ensured the right
balance of performance and power consumption by mitigating inter-WBAN interference
effectively.

In order to ensure maximum throughput of health data packets, this chapter utilizes
an emerging promising technology of wireless communication called Overlay Cooperative
Cognitive Radio(OC-CR). This technology solves the problem of limited crucial spectrum
allocation.

The contributions of this chapter are summarized as follows:

1. Allocate the available frequency channels fairly based on the criticality of the health
data to be transmitted.

2. Optimize the transmission power in order to achieve higher channel gain by the cog-
nitive users.

3. The proposed algorithm effectively avoids collision and hence enhance the through-
put of the system.

4. Number of retransmissions to reframe the network as quick as possible is much less
as compared to General 802.15.6.

5. The proposed algorithm outperforms 802.15.6, [110], and [111] in terms of probability
of collision and throughput.
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The chapter is organized as follows: Section 2 discusses the current state-of-the-art in
this domain followed by an elaborate Design Model formulation of the proposed work.
The proposed solution based on Particle Swarm Optimization (PSO) is discussed in section
4. In Section 5, the simulation results of the proposed algorithm are shown followed by
Conslusion in Section 6.

5.2 Related Works

Research on enhancing reliability in WBAN by mitigating inter-interference is an active
area. Categorization of interference is already discussed in detail in Chapter 2. In this
section, we shall elaborate some algorithms which are specific to this work. There could be
some repetitions which we have deliberately incorporated for easy reading.

Authors of [112] pointed out via experiments that increasing the number ofWBANs ad-
versely affects their PDR. This further degrades by mounting the data rate of the nodes in
the network. Though the problem was well defined in that paper, the solution to this prob-
lem was not addressed. [113] analyzed co-channel interference among non-overlapping
WBANs. In this paper, authors computed the least “network distance" which will have
an acceptable level of Signal-to-interference-plus-noise ratio (SINR). They showed that the
range of the least "network distance" is 7 to 12.5 metre. However, this solution restricts
human mobility which is not desirable.

Different MAC schemes were investigated in [114] with respect to probability of colli-
sion, SINR and BER. This chapter showed that TDMA outperforms CDMA in co-channel
interference mitigation with respect to BER and SINR. But FDMA is known to be the best
solution for interference easing in uncoordinated WBANs. [115] discussed Cognitive Ra-
dio based intra-WBAN and inter-WBAN architecture and related issues. It presents an
overview of these architectures. [76] used naive-Bayesian-supervised learning method to
detect and predict coexisting WBANs. Packet Reception Ratio (PRR) and SINR are used for
measuring parameters. But the issue of Quality of Service (QoS) is not addressed in this
chapter.

According to the current state-of-the-art, different schemes to reduce inter-WBAN in-
terference include power control strategies, MAC-based, Cognitive radio-based techniques
and Ultra-wideband (UWB) based, Signal processing-based approaches. As WBAN sensors
are energy constrained, reducing power consumption tones down transmission range and
energy usage. As a result, this approach lowers the possible interference area and thus
enhances the throughput and lifetime of the network. Proactive Power Update (PAPU) is
discussed in [59] that applied game theory to find the optimum transmission power. Similar
to [59], [64] proposed a game theory-based Power Control to maximize system throughput
while minimizing power expenditure. Here nodes with high power usage are penalized. A
reinforcement learning based on game theory is proposed in [116] for interference mitiga-
tion. In this paper, WBAN users transmit at the maximum data rate and the payoff function
of one of the users is taken to be the reward function to select the best responding player.
Whenever there is a change in the network, this reward function is updated and informed
to every node in the network.
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In [59], [64], [61] and [116], huge amounts of periodic message exchange takes place
in the proposed algorithms to update the status of all nodes in the network. As WBAN
nodes are highly mobile and energy constrained, this acts as an unbearable overhead for
the lifetime of the network. [60] describes a Fuzzy Power Controller (FPC) system model
that determines the level of transmission power based on SINR, current power of interfer-
ence and a feedback channel of the current transmission power. The convergence time of
the genetic-fuzzy system is based on the stability of the network. As WBAN is a dynamic
system, the number of iterations needed to converge is very high. In [117] Bluetooth and
acoustic wave technology are used to develop dynamic interaction graph in social network.
Implementing this algorithm in a WBAN node is highly impractical because of energy re-
quirement. In addition, the time to detect the distance between twoWBANs using acoustic
wave is not acceptable in this type of network. Moreover, accurate detection of the wireless
channel state is still a research problem. [63] elaborates another scheme to lessen intrusion
by maximizing the payoff of each WBAN. In reality, mapping each WBAN to a set of ac-
tions based on its type is a challenging issue. [118] describes a Cross Layer Interference
Management (CLIM) scheme in which a WBAN adapts to another transmission rate and
power whenever it detects interference. This scheme fails in a crowded network.

In [70] a QoS based MAC scheduling scheme has been described for healthcare moni-
toring. This approach considers coexistence of multiple WBANs. The interfering WBANs
coordinate among themselves to schedule their transmission time. This is done by ex-
changing information among them. As WBAN users are highly movable, within the short
duration of stability of the network, these extensive information exchanges become unre-
alistic. [119] uses a combination of CSMA/CA and TDMA to develop an Asynchronous
Inter-Network Interference Avoidance (AIIA) algorithm. They have taken into account a
lessmobile network. In this method, some sections of a definiteWBAN’s active super-frame
[120] are dedicated for coordination. Though it has better results in terms of coordination
time, network capacity remains a challenge. [67] depicts a Continuous Frame Transfer
(CFT) of radio module with ultra-low power characteristics. It senses the channel to con-
trol the transmission time. Thus, energy is greatly conserved in this method by limiting the
number of retransmissions.

In Random Incomplete Coloring [111] authors have considered a hard assumption of
perfect super frame synchronization to mitigate inter WBAN scheduling by graph color-
ing. In both of [67] and [111], delay is not considered at all which is a crucial parameter
in healthcare. Two layer MAC (2L-MAC) protocol [68] uses a polling mechanism to avoid
collision while transferring data. If the delay of the responder is higher than a threshold
value, it switches to a backup channel. But neither channel’s wobbliness nor the mobility of
WBAN has been addressed. The end-to-end delay is also very high in a medium dense net-
work. [110] mitigates interference by adaptive techniques based on Interference Mitigation
Factors (IMF). Although the procedure is quite simple, it fails to assign priority of WBANs
in different practical situations. Moreover, as in the IMF mechanism, there is no scanning
of the channel; thus, collision in the physical layer is highly probable. [111] considered all
nodes in a WBAN as a whole and all nodes in the sameWBANmust work in the same time
slot. This assumption is too unrealistic in health care domain.

A Clique Based WBAN Scheduling (CBWS) [121] is proposed to overcome the above

Page 57 of 150



Chapter 5

problem. Each node in a WBAN has the capability of sleep or wake up. This enhances
the network lifetime. But this protocol did not consider the channel quality or the priority
of any WBAN coordinator based on the type of data. In [110] an Adaptive Inter network
InterferenceMitigation takes care of priority of each sensor node for orthogonal scheduling.
This ensures the signal QoS at the receiver’s end. But the end-to-end delay of the signal is
considerably high because the sensor nodes can propagate in only one slot and then must
pass the time for their next round. [73] describes anotherMAC approach called Cooperative
Scheduling (CS) that has a high spatial reuse because they form clusters to lessen collision.
However priority of sensor nodes and user mobility are not addressed. This approach takes
a huge time to converge.

5.3 Design of the proposed algorithm

5.3.1 System Model

In this chapter, data generated from the body sensors are classified as Throughput-Sensitive
(TS) and delay-sensitive (DS) based on their urgency of delivery. The WBAN coordinators
which have DS data are classified as Primary User (PU) by the AP for that particular super
frame transaction and the remaining WBANs participating in the network are Secondary
users (SU). Thus, the tag of PU and SU dynamically changes in the network based on the
type of data a WBAN intends to transmit.

At a particular time frame, channel gain is maximized by minimizing hindrances, main-
taining coordination and collaboration among the network components. To deliver critical
data with the best effort to the intended AP, the entire bandwidth available is distributed
among the PUs only. The spectrum utilization of the PUs is not constrained so that the
earliest delivery of critical data is possible. Here, a non-negotiation scheme is followed to
optimize performance and quick convergence. However, each SU is aware of the possible
collision with other users in the network by exchanging information among them.

This negotiation method enriches our proposed scheme to support dynamic environ-
ment. The average human torso is less than 3m by 3m. The longest distance an user has
to cover to reach its AP is the diagonal of a 3m*3m square, which is 3

√
2 m. To cover this

distance, if an AP is not within the transmission range of the PU, it tends to increase its
power; this is extremely undesirable in WBAN as it will not only dissipate energy faster,
but also cause higher interference. To diminish the effect of interference, the SUs intend to
utilize the gaps in transmission in the spectrum dedicated to a particular PU. Since multi-
ple SUs compete to use the underutilized spectrum, possibility of collision exist. To solve
this problem, AP makes a pseudo 2-Tier architecture. AP acquires appropriate informa-
tion about the transmission power of the SUs and makes Actual-Level (AL) groups with
the conflicting SUs. Any member of a group cannot be allocated in the same spectrum
for that particular time frame. Thus, they form different Virtual-Level (VL) groups on the
basis of the spectrum in which they are being allowed to transmit. In order to lessen the
transmission power of the PU, these SUs forming VL groups may also act as relay nodes.

Page 58 of 150



A Bio-inspired Algorithm to Mitigate Interference in Multi-WBAN Scenario

Total available bandwidth B
Number of PUs at time ’t’ P
Number of SUs at time ’t’ S

Bandwidth allocated to ith PU Bi(PU) = B/P

at time ’t’
Available resource information 1/0

at time ’t’ Ai,j (t) =1, when jth SU cannot use
ith PU’s channel at time ’t’
because it is already been

utilized by ith P
=0 otherwise

Channel assignment 1/0
at time ’t’ Xi,j (t) =1, when ith PU channel is

assigned to jth SU at time ’t’,
=0 otherwise

Transmission power of jth SU on Ti,j (t)

ith PU channel at time ’t’
Maximum transmission power TxSmax

of sth SU
Channel gain of jth SU if it is Gi,j (t)

allocated to use ith PU channel
at time ’t’

Maximum transmit rate of jth SU on ri,j (t)

ith PU channel at time ’t’
Energy transmitted per bit/ Noise Yb

(SINR)

Table 5.1: Notation

5.3.2 Formulation of an Optimization Problem

The notations used in the formulation are presented in Table 5.1.

The assumptions used in this chapter are as follows:

1. ΣBi(PU) less than or equal to The logical bandwidth of the wireless channel.

2. Σ Xij less than or equal to 1 ; 1 less than or equal to i less than or equal to P and 1
less than or equal to j less than or equal to S;
This indicates that at the most one SU is allowed to cognitively utilize a channel of a
PU at time ‘t’.

3. The WBAN is under Additive White Gaussian Noise (AWGN) network using BPSK
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amplitude modulation to maintain a tradeoff between the delay and the throughput
of the received health data.

Maximum Transmit Rate of the jth SU on ith PU channel at time ‘t’ is given by Equation
7.14.

ri,j (t) = Bilog2(1 + (Ti,j (t).Gi,j (t)/Q(
√
2Yb) (5.1)

where Q(x)= (1/2π)
∫∞
x

e
−x
2

Thus, the optimization problem to maximize throughput of an SU can be written as follows.

Max
∑

S
j=1

∑
P
i=1X ij(t).rij(t)

To complete the mathematical model, the following constraints must be satisfied.

P∑
i=1

ri,j (t) ≥ r0 (5.2)

P∑
i=1

Ti,j (t) ≤ TxSmax (5.3)

0 ≤ Ti,j (t)∀1 ≤ i ≤ Pand∀1 ≤ j ≤ S (5.4)

Equation 7.15 illustrates that the transmission rate of the cognitive users must not go
below the threshold value r0. This ensures fairness in the spectrum allocation. Equation
5.3 refers to the transmission power constraints. It guarantees that the total transmission
powers of all the SUs allocated in PU’s channel must be less than or equivalent to the
maximum transmission power of the SU’s. This makes sure that the transmission power of
the SUs are bounded. Equation 5.4 assures that the transmission power of a SU allocated to
a PU’s channel must not be negative. The channel allocation takes a discrete value, while
the power constraint is of continuous nature. This represents a Mixed integer non-linear
problem (MINP). Because of the complexity in solving this type of problems, this has been
transformed into a Continuous Non-Linear Programming Problem (NLP).

5.4 Solution based onParticle SwarmOptimization (PSO)
Technique

The optimization problem formulated is an NP problem. So the problem has been modeled
by a biological evaluation process called Particle Swarm Optimization (PSO) [wu2014low]
[73].

PSO is conceptually simple and is easy to implement. Its control parameters are robust
and computationally it is much more efficient compared to other optimization techniques
such as Genetic Algorithm(GA). In GA information are being shared among chromosomes.
So the whole population moves like a single group towards an optimal area. PSO uses a
uni-directional information sharing mechanism because only global best solution gives out
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the information to others. In every evolution, it tries to converge towards the best solution.
Hence PSO tends to converge to the best solution quickly.

In PSO, each solution is denoted by a particle that has a position vector and a veloc-
ity vector. According to the aforementioned problem, a particle signifies a possible power
and bandwidth allocation of the conflicting SUs at time ’t’. The allocation focuses on in-
terference mitigation by fair assignmnt of spectrum to avoid collision and thus enhances
throughput of the system.

Moreover, PSO simulates the behaviour of flocking of bird. In our problem, incompatible
SUs randomly explore frequency channels to propagate TS data to the intended receiver at
time ’t’. None of the SUs have any idea of the best channel. They only have the knowledge
of the distance to the best solution in each iteration. All particles (SUs) determine their
searching speed and direction within the search space based on their respective velocities.
The performance of each particle depends on its fitness function which is determined by the
objective function. The position of the particles at the convergence point gives the solution
to the problem.

5.4.1 Notation

Notation used in this chapter for PSO technique are as follows.

• Q is the Number of particles.

• Position of particle i(1 ≤ i ≤ Q) at the tth iteration is denoted by
Pi(t) =

[
Pi1(t), Pi2(t), Pi3(t), .....PiD(t)

]
where D is the number of dimensions to represent the particle d ∈ D

• Pi(t) is a probable solution.

• Velocity of particle i(1 ≤ i ≤ Q) at the tth iteration is denoted by
Vi(t)ϵ

[
Vi1(t), Vi2(t), Vi3(t), .....ViD(t)

]
where V _iD(t) ∈

[
−Vmax, Vmax

]
• Local Best Solution of the particle i until the tth iteration is
Pbi(t) =

[
Pbi1(t), Pbi2(t), Pbi3(t), .....PbiD(t)

]
• Global Best Solution of the particle i until the tth iteration is
Pg(t) =

[
Pg1(t), Pg2(t), Pg3(t), .....PgD(t)

]
The value of every bit in the particle is randomly generated in the initial phase. This
scheme reduces the search space efficiently and thus the convergence time gets re-
duced.

• In every iteration the Velocity is updated as followsVid(t+1) = wVid(t)+c1r1[PbiD(t)−
PiD(t)] + c2r2[PgD(t) − PiD(t)] where c1 and c2 are constants lying between 0 to 1.
These are used to control the amount of variation in velocity. r1 and r2 are used to
add randomness in the algorithm to explore the algorithm for varying degree.w is
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used to vary the priority of previous values and the current value. Too high a jump
may cross the global maxima while too less a jump may take a long time to converge.
Thus, we focused on balancing between exploration and exploitation in the evolu-
tionary computing technique.

• In every iteration the position is updated as follows.
Pid(t+ 1) = Pid(t) + Vid(t+ 1)

• The fitness function is calculated as follows.
Fi,j(t) =

∑
S
j=1

∑
P
i=1X ij(t).rij(t) - the number of times the constraints has been vio-

lated.

5.4.2 PSO-based Spectrum Allocation Algorithm

1. 1. Propagate resource allocation matrix L, Channel Information matrix Gi,j , dimen-
sions of each particle and the total number of population to SUs and subsequent APs.

2. 2. Initialize the number of iterations t = 0 and randomly generate Vi(t) and Pi(t)
whereViD(t) ∈ {−Vmax, Vmax} and thus acquiresPi(t) = {Pi1(t), Pi2(t), Pi3(t), .....PiD(t)}
for each i(1 ≤ i ≤ Q)

3. 3. Associate each Pid(t) (1 ≤ i ≤ Q) to Ti,j(t) where (i, j) is the dth element with
Ai,j(t) = 1

4. 4. Compute Fitness Function of each particle in the population using the equation
Fi,j(t) =

∑
S
j=1

∑
P
i=1X ij(t).rij(t) - the number of times the constraints has been vio-

lated
Find Local Best solution Pbi(t) =

[
Pbi1(t), Pbi2(t), Pbi3(t), .....PbiD(t)

]
and Global Best Solution Pg(t) =

[
Pg1(t), Pg2(t), Pg3(t), .....PgD(t)

]
where b indicates the particle with highest fitness value

5. 5. Set t=t+1
and Update Velocity Vector using Vid(t + 1) = wVid(t) + c1r1[PbiD(t) − PiD(t)] +
c2r2[PgD(t)− PiD(t)]
If the current value Vid(t) ≥ Vmax, set Vid(t) = Vmax

If the current value Vid(t) ≤ −Vmax, set Vid(t) = −Vmax

6. 6. Update Position Vector using
Pid(t+ 1) = Pid(t) + Vid(t+ 1)

7. 7. Computer Fitness Value of each particle in the population
For each particle i, if Fitness Value≥ Local best value, set the current fitness value as
the local best solution i.e Fi,j(t) =

[
Pbi1(t), Pbi2(t), Pbi3(t), .....PbiD(t)

]
For each particle, if Fitness Value≥ Global best value, set the current fitness value as
the Global best solution i.e Fi,j(t) =

[
Pg1(t), Pg2(t), Pg3(t), .....PgD(t)

]
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Figure 5.1: Convergence Graph for Transmission Power 1.5

8. 8. If t = max iteration value, then stop and output the Global best value[
Pg1(t), Pg2(t), Pg3(t), .....PgD(t)

]
to Pi(t)

Else goto Step 5

5.5 Simulation Results

To assess the proposed algorithm, it is simulated in Matlab. It is evaluated based on a cog-
nitive radio system having 12 primary users and 10 secondary users using 6 MHz available
bandwidth. The matrix of resource information is generated randomly. For a wireless link,
the average channel gain of a cognitive user is randomly generated between 0 and 0.02. The
interfering noise is 0.6 mW. The total number of particles in the population is considered
to be 20. To conflow the amount of variation velocity possible, the variables c1 and c2 are
taken as 2. The maximum velocity is assumed to be 5. The different transmission rates
considered are 500 bps, 1500 bps and 3000 bps. To compare the transmission power, we
have taken into account two cases with 1.5 mW and 2.5 mW.

The QoS parameters used for assessing are defined as follows.

• Convergence
Mathematically, convergence is the property of approaching a limit more and more
closely as an argument (variable) of the function increases or decreases as the number
of terms of the series increases.

• Throughput
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Figure 5.2: Convergence Graph for Transmission Power 2.5

Figure 5.3: Throughput of 802.15.6
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Figure 5.4: Throughput of Proposed Algorithm

Figure 5.5: Overhead Comparison Graph
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Figure 5.6: Probability of Collision

Figure 5.7: System Throughput Probability compared to Colouring based Inter-WBAN
scheduling
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Throughput is defined as the ratio of data packets received successfully at the desti-
nation to all the packets originated from the sources.

• Overhead

The amount of resources used by every sensor node in the network such as band-
width, energy etc.

• Collision probability

Probability of collision is defined as the likelihood ofmore than one device attempting
to send a packet on a network at the same time.

Both Figures, Figure 5.1 and Figure 5.2, demonstrate that the proposed algorithm gives
very good near optimum results after 2500 iterations. From the figures we can also conclude
that the throughput of the system does not vary only with the transmission rate. It is
constrained by the power with which users are transmitting. Thus, cognitive users having
higher channel gains are seen to be using more channels dissipating more power than users
having less channel gain but more available power. Hence, the latter category can capture
the remaining channels to transmit data. As a result, overall performance of the system
improves increasing the throughput of the system.

Figure 5.3 shows graph of throughput vs. the number of nodes using a standard al-
gorithm implemeting 802.15.6. It shows that as the number of nodes in the network in-
creases, the probability of failure increases. Figure 5.4 shows that using our Overlay CR
algorithm, the transmission success rate is almost constant irrespective of presence of in-
terfering nodes. From the last two graphs we can conclude that the number of packets
delivered to the receiver using our algorithm is at least 20% more than that of any standard
802.15.6 algorithm. This shows that our algorithm outperforms the general one to mitigate
interference and hence increases reliable packet delivery.

The overhead of the proposed algorithm is also depicted in Figure 5.5 based on the
number of retransmission of packets. From the graph it is clear that the number of retrans-
missions of packets in the proposed algorithm is comparatively much less than 802.15.6.
This is also predictable since the SUs that have high remaining energy act as relay nodes;
thus, the network becomes stable very fast even in the presence of high mobility.

Figure 5.6 compares the proposed algorithm with [110]. The probability of collision in
[110] is much higher than the proposed one because the [110] considered adaptive schemes
that performs better only in low populated channels. When the number of competitive
users increases, the performance of their algorithm degrades. The proposed algorithm per-
forms better in real life scenarios where the population varies dynamically.

Figure 5.7 demonstrates the system throughput of the proposed algorithm compared
to [111]. As [111] maintained a perfect superframe synchronisation, there is no scope to
support dynamic change in the environment. Thus, priority of health data has not been
taken into account. On the other hand, our proposed algorithm prioritized the users as SU
and PU. So the throughput of our system is better in terms of PDR.
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5.6 Conclusion

In this chapter, we have proposed a bio-inspired model-based algorithm to mitigate inter-
WBAN interference. In our algorithm, we have applied the concept of Overlay-CR system.
AsWBAN deals with a highly dense and frequently changing network, we have considered
a AWGN network. To verify and validate the model, we have proposed an algorithm using
PSO. Performance of the algorithm has been measured through simulations in MATLAB.
Simulation results suggest that with 1.5 mW transmission power, when the transmission
rate is nearly 3000 bps, the throughput of the system slows down. This result is expected
because higher transmission rate ends up in data loss. But when the transmission power
is increased to 2.5 mW and the transmission rate is 3000 bps, the throughput of the sys-
tem increases by at least 20% as compared to the general 802.15.6. Moreover, the number
of retransmissions of packets in the proposed algorithm is comparatively much less than
802.15.6 in high mobility scenarios.
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Chapter 6

Routing Algorithm using Optimized Re-
lays for Enhanced WBAN Lifetime

6.1 Introduction

WBAN comprises implanted, on-body or around the body sensors that monitor [122], [123],
[124], [125], [126] and wirelessly transmit health data to a sink node called the coordinator.
Deployment of a large number of implanted sensor nodes impose several challenges in
positioning, maintaining and efficiently routing critical health data [86], [123], [87]. We
have seen many challenges that WBAN systems face. Here, we list several other challenges
that will be addressed in this chapter.

Electric and Magnetic Field (EMF) radiation is generated during transmission of data
packets. This radiated energy gets transformed into heat. As a result, human tissues around
the body sensor nodes may get damaged. If the temperature rise of the sensors is very high
in a short span, tissues may get burnt or even cells may get mutated and that may lead
to malignancy. The amount of heat absorbed by human tissues is measured by Specific
Absorption Rate (SAR). SAR value is preferred to be less in WBAN. This can be ensured by
optimizing the number of transmitted packets in the network. To achive higher success rate
with limited transmission of packets, we cannot incorporate large number of relay nodes.
The higner number of relay nodes will negatively effect the SAR value as the radiating
field of them may get overlapped, damaging the tissues therein. Thus, optimization of
the number of relay nodes is crucial to avoid tissue damage, enhancing the lifetime of the
network by avoiding the formation of hotspot.

When more than one node comes in transmission range of one another, the risk of
packet collision is higher. SinceWBAN deals with health data, packet loss due to collision is
not affordable. Data packets lost due to interference must be retransmitted, which increase
the number of packets in the network and also deplete the remaining energy of the nodes.
So, Signal-to-Interference-Noise-Ratio (SINR) should be increased to guarantee the Quality
of Service (QoS) in WBAN.
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Moreover, in-vivo sensor nodes are energy constrained. So, their battery power must
be pragmatically utilized to enhance the lifetime of their functionality. This demands min-
imum energy consumption while performing activities. Relay nodes may take the respon-
sibility of only forwarding data from the source towards the destination [127], [128], [129],
[130], [131]. Thus, energy of the sensor nodes for relaying other’s data is saved. How-
ever,optimum number of relay nodes should be deployed on the body for this task to ensure
its positive effect overshadows.

Most researchers have focused on these issues individually. Several works have been
done on WBAN routing based on energy efficiency [92, 132], interference [133], temper-
ature awareness [131, 134]. But these protocols do not simultaneously focus on adverse
effects of heating on human tissues, energy constraints and intra-WBAN interference. The
objectives of the chapter are as follows.

1. Optimizing the number of relay nodes and positioning them in the network in such
a way that the temperature rise of individual sensor nodes in the network is within
a threshold value.

2. Minimizing installation cost.

3. Minimizing hop count for transmission of data packets from sender to the sink node
that leads to low latency.

4. Network lifetime enhancement by homogeneously utilizing the remaining energy of
the sensor nodes.

5. Minimizing energy consumption of the nodes which in turn minimizes specific ab-
sorption rate (SAR).

6. Minimizing intra-WBAN interference for reliable data transmission.

This chapter first aims to design a topology which has an optimized number of relay
nodes and then proposes an efficient routing algorithm. Relay nodes are incorporated to
frame the backbone of the connected wireless network so that all sensor nodes are coupled
with at least one relay node and none of the nodes in the network remaining isolated. In the
proposed method, the remaining energy of the in-vivo sensors are dissipated intelligently
and homogeneously so that network lifetime is enhanced without compromising reliability.
Moreover, in our method, multicasting has been used on to reduce the unnecessary packet
transmissions. Our design also leads to minimum hop count from body sensors to the sink
node.

The chapter is organized as follows. Section 2 discusses the state-of the-art solutions
for the problems mentioned. Section 3 describes our WBAN design model using Mixed
Integer Linear Programming (MILP)[135] [19] . Simulation results are discussed in Section
4. Finally, we conclude in Section 5.
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6.2 Related Works

This section discusses the state-of-the-art solutions for the basic WBAN QoS parameters
such as energy-efficiency, thermal awareness and interference mitigation. Authors in [130]
have surveyed different WBAN research projects and its corresponding technologies, ap-
plication scenarios etc. They have pointed out several open issues that still need to be ad-
dressed before applying WBANs for enabling ubiquitous monitoring of humans. Our work
tries to address most of the issues simultaneously to provide an efficient WBAN model.

In [136], authors have proposed multipath routing for energy efficient recovery from
failure in WSN. Simulation results show that braided multi paths have about 50% higher
elasticity to independent failures. It also claims that the overhead for alternate path main-
tenance is better. However, this is just not adequate while dealing with critical health data
inWBAN. Along with these issues our proposed model also takes into account various QoS
parameters with equal importance to provide a better model. Similarly in [89] a compre-
hensive study onWBAN has been carried out. Authors in [89] have defined the term “green
technology” as energy efficient techniques used in WBAN. Several energy efficient routing
algorithms [137], [138] have been proposed. With respect to one of the QoS parameters,
an optimal design of energy-efficient and cost-effective WBAN, energy-consumption was
emphasized in [139]. The authors in this work have proposed a model to optimize relays
to be deployed and for data routing towards the sinks. This minimizes network installation
cost and thus energy consumed by wireless body sensor nodes and relays are also reduced.
But, unlike our model, they failed to consider thermal issues, multicasting, interference
mitigation and optimization of hop-count. In order to select next hop dynamically, the au-
thors in [132] have proposed a routing protocol that uses maximum benefit function. They
have considered energy, throughput, bandwidth and hopcount as the parameters to opti-
mize. The approach dynamically adjusts the weight of the maximum benefit function to
achieve timely and reliable transission of emergency data. Also, the QoS requirement of
the periodic data is satisfied by this approach. But they did not consider the impact of the
maximum benefit function on the SAR, which is a pivotal parameter in WBAN. Further,
their approach did not consider the issue of interference that is crucial in case of reliable
health data delivery system. Our proposed system considers these issues together. Authors
in [140] ensured a reduction in the number of control packet on physical layer by reducing
energy utilization. They have used block acknowledgment policy for data packets to get
efficient power consumption in WBAN and prioritizing nodes according to transmission
power and contension window size.

In [141], authors have proposed a Cooperative Energy Efficient and Priority Based Re-
liable Routing Protocol with Network Coding for WBAN. In this proposal, high priority
nodes are non-cooperative and uses single hop communication with sink for data trans-
mission. All other non-prioritized sensor nodes participate in the system as data generator
and cooperative relay node forwarder. They have used enhanced Cuckoo Search Optimiza-
tion Algorithm for relay node selection based on parameters like residual energy, distance
between sender and sink and path loss. Similar to [132], their approach also bypassed two
crucial factors - SAR and interference. Their method resulted in high throughput, but the
appearance of dead nodes in the network is quite early compared to our proposed protocol.
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Hence, the overall throughput of our system is better compared to [141].

Authors in [129] considered a star topology structure where each node has constant
distance from the sink or the coordinator node. But they have not considered the fact that
due tomobility issues distance of the nodeswill change. This stringent constraint is handled
in our model. In [128], authors have introduced a term ’link breakage rate’ with respect to
mobility. The link breakage rate is quite high in WBAN topology due to movement of the
patient. The energy consumption is also directly proportional to link breakage rate. Thus,
the overhead due to the number of topology changes is also high as it is directly proportional
to the link breakage rate [128]. We have proposed a system where this parameter is taken
care of.

Wireless communication among implanted body sensors use radio signals that generate
electric and magnetic fields. This absorbs antenna radiation and consumed power in node’s
circuitry causing rise in temperature. This have adverse effect on human tissues by reducing
flow of blood [142], abnormal growth of different organs etc. Thus, SAR is defined as a
measurement of the absorption rate of radiation energy by human tissue per unit weight.
SAR = σ|E|2/2ρ W/Kg [142] where σ is the electrical conductivity of human tissue, E is
the induced electric field due to radiation and ρ is human tissue density. In [131], authors
used Particle Swarm Optimization algorithm to identify proper positioning of relay node to
route data from source to destination having minimum SAR and improvised success rate of
packet transmission. But, they failed to shed light on the interference caused by colocated
components. This issue is resolved in our model and is compared with [131] as shown in
Figure 6.11.

All the thermal aware WBAN routing protocols primarily aim to reduce the rise in
temperature of implanted body sensor nodes. The basic metrics used are network rise in
temperature, packet drop, delay, throughput, hop count and energy requirement. TARA
[143] is the first thermal aware WBAN routing protocol to focus on overheating issue of
implanted body sensor nodes. Though it performs better than Shortest Hop Routing (SHR)
algorithm with respect to temperature rise reduction in the network but its withdrawal
strategy increases the number of hop count and thus, energy consumption and packet de-
livery delay increase. LTR [144] and ALTR [144] were designed to overcome the problem of
latency in TARA. They performed better in terms of energy consumption, Packet Deliver
Ratio (PDR), delay and rise in network temperature. However, both these protocols do not
guarantee that the direction of transmission of packets is always towards destination as
they only address temperature rise in body sensor nodes. Moreover in ALTR, packets may
be transmitted through hotspots instead of being dropped if hop count of packets crosses a
threshold value. This results in significant temperature rise of the nodes. To overcome the
disadvantages of LTR and ALTR, LTRT [138] handles temperature rise and delay together
by focusing on end-to-end route temperature.

However, the average temperature rise metric used in LTR, ALTR and LTRT does not
imply that the temperature of an individual node may not rise abruptly. Suppose a scenario
where the remaining energy of all nodes in a network are not homogeneously used. In that
case, a node may have actually exceeded its upper value of threshold temperature. But, be-
cause of the other nodes in the network, the average temperature may appear to be within
safe limits. Thus, these over heated individual nodes remain hazardous for human health.
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So, these algorithms are not appropriate for WBAN applications. To avoid this problem,
TARA uses maximum temperature rise metric of the network which is more suitable. Our
proposed model differs from these temperature aware WBAN routing algorithm by con-
sidering temperature rise of individual nodes rather than average of them. This makes the
system more reliable, stable and safe.

In 2013, a thermal aware routing algorithm M-Attempt [92] which has been elaborated
in Chapter 3.

Authors in [134] have proposed a trust and thermal-aware routing protocol for WBANs
that is considering trust among the nodes as well as temperature of the nodes to isolate
misbehaving nodes. The approach minimizes creation of frequent hotspots by evenly dis-
tributing traffic load in the network. IsolatingWBAN nodes from a network, results in data
loss. These data are health parameters. Loosing them may be dangerous. Thus, our pro-
posed system aims to maximize throughput by keeping all the nodes integrated within the
network.

Most papers in the literature on interference mitigation deals with intra-WBAN inter-
ference and inter-WBAN interference. Signal to noise plus interference ratio is a metric
which is used as a measure of the rate of information transfer in wireless communication
systems. It is mathematically formulated as follows:

SNIR= Pr / (N0 + Σ i ̸= r Pi) where N0 is the additive noise power, Pr is the preferred
received power and Pi is the unwanted power received from interfering relay node i. Com-
monly TDMA or CSMA are used. But, both these methods fail to mitigate collision when
the traffic load condition is high. In high occupancy channels, most collisions occur while
applying CSMA/CA in WBAN [145]. To diminish the negative effect of CSMA/CA Clear
Channel Assessment (CCA) is preferred. However, CCA is ineffective in WBAN as its heat-
ing impact on human tissue is high [146]. TDMA is the other alternative as it solves interfer-
ence problem. But, it consumes extra energy of the sensors to collaborate and synchronize
control packets. In our manuscript we aim to solve this issue and effectively enhance the
network lifetime which is calculated based on Equation 6.1 as given in [147].

Lifetime =
E(N)

Average of Total number of events
(6.1)

In [148], authors presented a dynamic power assessment method which is intelligent
enough to determine the transmission power required to send a packet through wireless
link. The sender sends this power value to the receiver along with data packet. The receiver
node adjusts the sender’s power value after measuring the received power. This process
is inefficient for WBAN as it consumes a lot of receiver node’s energy for processing the
sender’s power. But, the delay incurred in this process is not considered. Our approach also
deals with delay which is a vital WBAN parameter. Authors in [133] have proposed a tree-
based WBAN topology using a set of relay nodes with stable commmunication. To reduce
the effect of interference, two techniques from the literature called adaptive data rate and
the adaptive duty cycle are used. This technique is also unproductive in WBAN because
of the complexity of the receiver and the huge number of sensor nodes in the network.
Further, nodes cannot periodically monitor the wireless channel conditions. Though this
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technique mitigates intra-WBAN interference, their method leads to number of packets
being dropped. As a result, this algorithm has low throughput which has been taken care
of in our system.

In [149] author has proposed a system to identify the elderly position in order to support
pressure ulcer prevention. They have analyzed the self movements to make prognostica-
tions for bedsores and plan the caregivers interventions to decrease their burden in order
to prevent bedsore. They tried to achive the goal by only leveraging the RSS measurements
already available on small wireless communication devices. But the adverse effect of other
parameters related to wireless communication on health related issues are not being taken
care of in this work. Though it seems to be fine wrt indoor sensors, but in case of in-vivo
sensors, SAR, delay and throughput should be taken into account simultaneously to design
a realistic WBAN model.

In [147] authors have proposed protocol that chooses optimum routing path by deter-
mining the temperature of sensor nodes and by defining two threshold limits (minimum and
maximum). It also considers the critical data signals to be sent when the temperature of
node exceeds the admissible threshold limit. Here, the sensor nodes also act as relay nodes.
Number of events encountered by each node is comparatively higher than our proposed
algorithm.

Authors in [150] proposed a thermal aware, energy efficient and reliable routing pro-
tocol named thermal and energy aware routing where thermal and energy aware routing
considers the weighted average of three costs while selecting the routing path: energy con-
sumption, heat dissipation, and link quality (between communicating nodes).Here, packet
collision is reduced by lowering RSSI. 70% of the nodes become heated due to which they
have to transmit the data via alternative path to ensure throughput of the system. This
resulted in high link breakage rate compared to ours.

6.3 Design of the proposed solution

In this section, we discuss the topology of WBAN that is considered in this work. Then,
we shall develop the mathematical equations for the objective function and the constraints
one after another. The objective function jointly minimizes the number and deployment
cost of the relay nodes, energy consumption of the sensor and relay nodes, temperature
rise of the sensor and relay nodes, hop count, angle between the sensor and the relay node,
and specific absorption rate. It also maximizes the signal to interference and noise ratio.
This objective is subject to some constraints like minimum connectivity of the nodes, flow
balance for a relay node for all traffic towards the coordinator, capacity constraints of the
forwarder nodes, integrity constraints for binary decision variables, temperature threshold
value constraint of the nodes, electrical conductivity threshold value constraint, channel
gain limit constraints etc.
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6.3.1 Topology of WBAN

Let there be |S| number of WBAN sensor nodes located at some fixed positions on the body.
Generally, in WBAN, there can be any number of sink or coordinator nodes, denoted by
N. The relay nodes are installed at feasible positions called the candidate sites denoted by P.

Our proposed model considers a single coordinator, though it has the potential to serve
multiple sink nodes. The sensitivity and position of all the organs in the body are considered
equal to maintain the individual threshold of temperature rise of the nodes in proposed
model. The effect of even one sensor going beyond threshold temperature is adverse and
highly unwelcome.

6.3.2 MathematicalModellingUsingMixed Integer Linear Program-
ming (MILP)

Our model has 3 types of nodes with different functionalities.

1. sender: These sensor nodes have the capability of sensing and sending vital stats.

2. relay/forwarder: These nodes have the duty of receiving and transmitting data from
sender or other relays to the sink nodes. They are incapable of sensing data.

3. destination/coordinator/sink: These nodes act as gateway of the body. They are the
collectors of all the sensed data. Thus, they can only receive data from other compo-
nents of the body.

The functionalities of the three types of nodes in themodel are different. The parameters
related to energy consumed by each type is thus distinct. Our proposed model has three
possible use cases.

1. Usecase I:

Figure 6.1: Usecase I: Sender transmits packets directly to the receiver

According to Figure 6.1, total energy consumed is dependent only on the sensor and
receiver nodes. The parameters involved are the volume of traffic generated (traf(i)),
number of packet loss due to transmission (α(i)), energy consumed by the transmitter
to transmit via the link between the sender and receiver (Eamp(nij)) and the distance
between the two nodes (Dij).
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2. Usecase II:

Figure 6.2: Usecase II: Sender transmits packets to the receiver via a relay node

In case of Figure 6.2, the sensor node is not within the direct range of the coordinator.
So, the data reaches the destination via a forwarder node. Total energy consumed in
this case is the sum of the parameters involved for cost of relay node installation
(cost(j)), energy consumed by sensor nodes to relay data to forwarder node (Eq.6.3),
consumed energy by the forwarder node to receive data from sensor node (Eq.6.4)
and relay it to the coordinator node and the energy consumed by the coordinator to
receive the data from the forwarder node (Eq.6.7).

3. Usecase III:

Figure 6.3: Usecase III: Sender transmits packets to the receiver via two relay nodes

In Figure 6.3, the first relay node needs to use another relay node to transmit data
from the source to the destination as the destination is not within direct range of the
first relay node. Unlike Figure 6.2, the first relay node consumes energy to receive
data from sender and transmit data to second relay node (Eq.6.5). The second relay
node consumes energy for receiving data from the first relay node and transmitting
it to the coordinator (Eq.6.6).

Our work uses the propagation and energy models as given in [139]. Accordingly,
packet loss is modeled in several equations (Equation 3, Constraints 5, 6, 7 and 8) to build
the objective function and the constraints.

Objective Function

To build a WBAN, all relevant parameters need to be considered together. The proposed
objective function, cooperatively minimizes the deployment cost of the relay nodes, energy
consumption of the sensor and relay nodes, temperature rise of the sensor and relay nodes,
hop count, angle between the sensor and the relay node, interference and noise. This objec-
tive is subject to some constraints like minimum connectivity of the nodes, flow balance for
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a relay node for all traffic towards the coordinator, capacity constraints of the relay node,
integrity constraints for binary decision variables, temperature threshold value constraint
of the nodes, channel gain limit constraints etc.

Our objective function is to minimize the following factors:

1. Relay node Installation Cost
Σjcost(j)zj (6.2)

cost(j) is the cost of deploying forwarder node at the jth relay node. zj is the jth relay
node installation variable i.e., it decides if the jth relay will be deployed or not.

2. Total Energy Consumed by all sensor nodes to relay data towards a forwarder node

Σi,j(traf(i)− α(i))xij(ETX + Eamp(nij)D
nij

ij (6.3)

traf(i) is the traffic generated, α(i) is the packet loss due to transmission from sen-
sor i towards the coordinator. xij is the WBAN sensor assignment variable i.e., the
connectivity from the ith WBAN sensor to the jth forwarder node. ETX is the energy
needed by the transmitter. Eamp(nij) is the energy consumption for transmitting data
from the node i to a relay node j. Dnij

ij is the distance between the ith WBAN sensor
node and the jth relay node.

3. Total Energy Consumed by all forwarder nodes to receive data from a sender node

(ΣjfTotal(j) + Σjlfjlbjl)ERX (6.4)

Node j is connected to the coordinator node. fTotal(j) is the total traffic of data
through the forwarder node j towards the sink. fjl is the amount of data transmitted
through the link of the jth and the lth relay node. bjl is the connectivity parameter
for the intermediate forwarder node i.e, the jth forwarder node. ERX is the energy
needed for the receiver to receive one bit of data.

4. Total Energy Consumed by forwarder nodes to transmit data to another forwarder
node

Σjlfjlbjl(ETX + Eamp(njl)D
njl

jl ) (6.5)

Eamp(njl) is the energy consumed for transmitting data from the relay node j to
another relay node l. Dnjl

jl is the distance between the jth relay node and the lth relay
node.

5. Total Energy Consumed by forwarder node to receive data from other forwarder node

((Σjlfjlbjl)− w1(ΣlΣj ̸=l qjl + n0))ERX (6.6)

w1 is the multiplying factor for white noise power at the receiverm. qjl is the channel
gain between transmitter j and receiver l. n0 is the white noise power at the receiver
m.
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6. Total Energy Consumed by forwarder node to transmit data to coordinator

ΣjfTotal(j)(ETX + Eamp(njk)D
njk

jk ) (6.7)

Node j is connected to the coordinator node. Eamp(njk) is the energy consumed
for transmitting data from the relay node j to the coordinator. Dnjk

jk is the distance
between the jth relay node and the sink node k.

Thus the objective function is as follows.

Min {Eq.6.2 + Eq.6.3 + Eq.6.4 + Eq.6.5 + Eq.6.6 + Eq.6.7 + Σi tsi + Σj trj + Σi hopik + Σi

|angle|ik + w2(Σm(((1/B)Σn ̸=m qnmPn) + n0))}

where i ∈ S; j,l ∈ P; k ∈ N; m ∈ (P ∪ N) and n ∈ (S ∪ P)

1. Σitsi is the sum total of the temperature rise in all sensor nodes.

2. Σjtrj is the sum total of the temperature rise in all relay nodes.

3. Σihopik is the sum total of all hop counts between the ith sensor and the kth coordi-
nator.

4. Σi|angle|ik is the sum total of all angles between the ith sensor and the kth coordina-
tor.

5. w2(Σm(((1/B)Σn ̸=m qnmPn) + n0)) is the sum of interference and noise of all relay
nodes and the coordinator node. w2 is the weight factor for the interference and the
noise. B is the bandwidth of the channel. qnm is the channel gain between transmitter
n and receiver m. Pn is the transmission power of the node n.

Constraints

1. Σjxij > 0; j ∈ P and ∀ i ∈ S
For each sensor node i, there is at least one relay node j in the network. This ensures
the minimum connectivity of a sensor node to a relay node i.e, at least one relay node
will be connected to every sensor node.

2. Σixij > 0; i ∈ S and ∀ j ∈ P
For each relay node j, there is at least one sensor node i in the network. This ensures
the minimum connectivity of a relay node to a sensor node i.e, at least one sensor
node will be connected to one relay node.

3. Σlbjl > 0; l ∈ P; ∀ j ∈ P and j ̸= l
For each relay node j, there is at least one relay node l in the network. This ensures
the minimum connectivity of a relay node to another relay node i.e, at least one relay
node will be connected to another relay node.
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4. xij ≤ zjaij ; j ∈ P and ∀ i ∈ S

This makes sure that WBAN sensor i is under the coverage of the forwarder node j
if and only if the forwarder node is deployed at the jth position of the candidate site
and theWBAN sensor i is connected to the forwarder node j. aij is theWBAN sensor
coverage parameter i.e., the ith WBAN sensor node has a link with the jth forwarder
node.

5. Σi(traf(i)− α(i))xij +Σl(flj − fjl)−w1(Σl ̸=j qlj + n0)− fTotal(j) = 0; i ∈ S; ∀ j
∈ P; l ∈ P and j ̸= l

It ensures the flow balance for the relay node j for all traffic towards the coordinator.
Σi(traf(i)−α(i))xij total data generated byWBAN sensor node i for the coordinator.
Σl(flj − fjl) shows the difference between the received and transmitted packets at
jth forwarder node. flj is the amount of data data transmitted through the link of the
lth and the jth relay node. w1(Σl ̸=j qlj + n0) is the packet loss due to interference
and noise. qlj is the channel gain between transmitter l and receiver j. fTotal(j) is
the total amount of data sent through j towards the coordinator.

6. fjl ≤ Σi(traf(i)− α(i))bjlzj ; fjl ≤ Σi(traf(i)− α(i))bjlzl; i ∈ S; ∀ j ∈ P; l ∈ P and
j ̸= l

It signifies that the link between forwarder node j and k exists iff the forwarder nodes
at j and k are deployed and they are connected. zl is the lth relay node installation
variable i.e., it decides if the lth relay is deployed or not.

7. Σl flj = min(vj - Σi (traf(i) - α(i)) xij , datalforward); i ∈ S; ∀ j ∈ P; l ∈ P and j ̸= l

Σi(traf(i)− α(i)) is the total amount of data input from all the sensors to the relay
node j. Σlflj is the total amount of data input from all relay nodes to the relay node j.
For every forwarder node j, the total amount of data serviced by the node is the sumof
the two parts already explained and should never exceed its capacity vj . Dataforward

l

is the amount of data to be forwarded by the node l.

8. fTotal(j) ≤ Σi(traf(i)− α(i))cjzj ; i ∈ S and ∀ j ∈ P

If the forwarder node j is not covered by the coordinator, it forcefully nullifies data
flow between the jth forwarder node and the coordinator. Total data from the relay j
to the coordinator node should be less than or equal to the total data inflow into the
relay node j minus the packet loss. cj is the coverage parameter of the coordinator
for the jth forwarder node.

9. xij , aij , bjl, zj ∈ 0,1; ∀ i ∈ S; ∀ j ∈ P and ∀ l ∈ P

This ensures the integrity constraints of binary decision variables.

10. 1 ≤ tsi < (105 - tsicurr); ∀ i ∈ S

The temperature rise of the ith sensor node should be less than (105 - tsicurr)0F. 1050F
is taken as the maximum temperature that a normal human being can sustain. tsicurr
is the current temperature of the sensor i.
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11. 1 ≤ trj < (105 - trjcurr); ∀ j ∈ P
The current temperature rise of the jth relay node should be less than (105 - trjcurr)0F
as 1050F is taken as the maximum temperature that a normal person can sustain.
trjcurr is the current temperature of the relay j.

12. 2 ≤ hopik ≤ 3; ∀ i ∈ S and ∀ k ∈ N
The number of hops between the ith sensor node and the kth coordinator node should
be either 2 or 3. This is required in order to reduce delay of health data delivery.

13. 0 ≤ |angle|ik ≤ 90; ∀ i ∈ S; ∀ j,l ∈ P and k ∈ N
The angle between the ith sensor node and the kth coordinator node should be be-
tween 00 and 900. This constraint makes certain that health data should only be sent
towards the direction of the intended coordinator node.

14. 256 ≤ qnm ≤ 300
The channel gain between transmitter n and receiver m should be greater than 256
and less than 300. The channel gain has been set based on the knowledge of signal
to interference and noise ratio as mentioned in [117] and [59].

15. Dnij

ij = D
njl

jl = D
njk

jk = q
−1/4
jk

This constraint is used to calculate the distance between the nodes.

Decision Variables

The decision variables are |P | i.e., the number of relay nodes, aij , bjl, xij , zj , D
nij

ij , Dnjl

jl ,
D

njk

jk , angleik, fjl, flj , fTotal(j) and qjl.

6.3.3 Solution of the MILP using Python

A program has been developed in Python to solve the MILP. We have taken the value of
the parameters from the papers [139], [117] and [92]. The values are given in Table 6.1. It
is seen that the formulation gives optimum solution for 2 relay nodes i.e. |P | = 2. If the
number of relay is 1, we are getting an infeasible solution. While testing with 3 relay nodes,
no optimum solution was obtained. This can be justified as follows. Average human struc-
ture is 6 feet. WBAN sensors transmit data with less power in order to avoid interference
and manage their remaining energy pragmatically. Again, increasing the number of relay
increases the deployment cost. Thus, the optimum number of relay nodes is 2.

6.3.4 Physical Positioning of Relay Nodes, Sensor Nodes and Coor-
dinator

In the proposed WBAN design, deployment of an optimum number of relay nodes mini-
mizes its installation cost. The design leads to minimum temperature rise for sensor nodes
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cost(j) 10 momentary units
traf(i) 110 bits/sec
α(i) 10 bits/sec
ETX 16.7 nJ/bit

Eamp(nij) 1.97 nJ/bit for nij=3.38
ERX 36.1 nJ/bit
|N | 1
|S| 7
vj 770 bits/sec
B 128
Pn 1.556 microWatts
n0 0.0389 microWatts
w1 0.01
w2 1000

Initial energy of a node 0.5 J

Table 6.1: Simulation Parameters

and relay nodes. Thus, the overall temperature rise of the patient will get checked.

6.3.5 Proposed Routing Algorithm

The proposed algorithm is based on the following steps.

i. Sensor nodes (Sn) that wishes to send data to the coordinator (Cn), first sends an RTS
with adequate power level so that its nearest relay node (Rn) can receive it. This
relay node sends an acknowledgment immediately. If the coordinator also receives
the RTS, it will also send an acknowledgment. If the sender sensor node receives
acknowledgment from both the relay node and coordinator, it sends data packet to
the relay node with the assumption that along with the relay node, the coordinator
also receives it. This is depicted in Figure 6.4.

ii. If the sensor node has only received acknowledgment from the relay node, sensor
node sends data packet to the relay node. The relay node transmits the packet with
an adequate power so that either the coordinator node or the relay node which is one
hop away from the coordinator receives it. After the coordinator has received the
packet, it sends the Pack,c back to the sending relay node as shown in Figure 6.5.

iii. If the sensor node has not received thePack,r orPack,c within a predefined time period,
it repeats the entire procedure.
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NODES POSITION
Sensor 1 head
Sensor 2 neck
Sensor 3 chest
Sensor 4 left arm
Sensor 5 right arm
Sensor 6 stomach
Sensor 7 left knee
Sensor 8 right knee
Sensor 9 left foot
Sensor 10 right foot

Coordinator waist

Table 6.2: Physical positioning of nodes

Figure 6.4: System Model of Usecase I

Figure 6.5: System Model of Usecase II and III

We have shown the flowchart of the system in Figure 6.6.
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Proposed Routing Algorithm

Input: Distance between sensors and relays
Distance between relays
Distance between relays and coordinator node
Power level of sensors
Power level of relays

Output: Hopcount
1: for each sensor
2: if (the power level of a sensor is such that it can send to the nearest

relay node)
then

3: send data to the nearest relay node;
4: if (the relay node found in step 2 has enough power to send to

the coordinator node) then
5: send data to the coordinator;
6: report the hopcount as 2;
7: else
8: find the nearest relay node from the relay node found

in step 2;
9: if (the power level of the relay node found in step 2 can send

to this relay node) then
10: send data to the nearest relay node;
11: if (the relay node found in step 9, has enough power to

send to the coordinator node) then
12: send data to the coordinator;
13: report the hopcount as 3;
14: endif
15: endif
16: endif
17: endif
18: endfor
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Figure 6.6: Flowchart of Proposed System

6.4 Simulation Set-up and Performance Evaluation of
the Routing Algorithm

The deployment of body sensors is depicted in Table 6.2. Relay nodes are deployed one by
one on the body based on the maximum coverage and LOS (Line of Sight) of sensor nodes
and coordinator in such a way that they form the backbone for transmission from any
sensor node to the coordinator and all sensor nodes are connected with at least one relay
node. We have evaluated the proposed algorithm by simulating the same in MATLAB. The
metrics used to evaluate the performance of the proposed algorithm are as follows:

1. Number of topology changes of the network

2. Number of hops

3. Network lifetime of the system

4. Throughput of the system
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5. Specific Absorption rate (SAR)

6. Average temperature rise

6.4.1 Parameters

We have seen in section 6.3.3 that the formulation gives optimum solution when number
of relays is 2. So, the number of relay nodes (|P |) is taken as 2 for the experiments. The so-
lution of MILP in Section 6.3.3 gives value of the different decision variables (section 6.3.2).
These values are taken as input of the routing algorithm to run the experiments.

6.4.2 Simulation Results of the Proposed Routing Algorithm

We have taken the parameters as fixed values for our simulation run. Due to mobility,
the exact positions of sensor nodes, relay nodes and the sink change in every iteration
altering the network topology. Each position is considered as a round. Generally, there is
a pattern in human mobility. Thus, variations in alteration of network topology is limited,
but frequent. Figure 6.10 shows the number of packets delivered to the sink in 10 ∗ 103

rounds. The MILP solution gives us the optimum value of our decision variables for all
rounds. The number of sensors is taken as 12 in Figure 6.8.

Overhead of the Proposed Routing Algorithm

The overhead of an adhoc network routing protocol is due to frequent topology changes.
Rate of topology changes depends on link breakage rate of the network as mentioned in
[151]. The proposed algorithm is independent of the previous network topology while
sending its current data. In Figure 6.7, we have compared the overhead of the proposed
algorithm with M-Attempt algorithm [92] and [140]. M-Attempt is chosen for comparison
as it is a renowned protocol. However, the proposed algorithm incurs less topology changes
thanM-Attempt algorithm [92]. Authors in [140] used block acknowledgment to reduce the
overhead due to control packets and thereby achieve efficient power consumption. For each
posture, every sensor node will broadcast control packets. All nodes reply after receiving
a control packet from another node. Link table is updated (by incrementing the number of
links) if ACK is received. A node with maximum “link” value in the link table send data to
the sink node in the selected posture. Frequency of human mobility is high. So, the link
breakage rate remains high in this case as well. This results in very high overhead in terms
of average packet transmission as shown in Figure 6.7 for [140]. In the proposed protocol,
forwarder nodes are used to maintain a well connected system. From the figure Figure 6.7
we can conclude that the overhead of the proposed algorithm is much less than that of [92]
and [140].
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Figure 6.7: Number of Control Packets

Hop Count Minimization Graph

In Figure 6.8, the number of hop counts from each sensor node to reach the coordinator is
shown. In the proposed routing algorithm, the sender always sends data intelligently with
the motive of delivering data to the intended receiver at the earliest. This result shows that
83.33% of sender nodes can send their critical health data to the destination node in two
hops. Thus, we can claim that latency of delivery for critical health data is low.

Enhancement of Network Lifetime

The network lifetime is taken to be the time duration till the last node in the network is
alive. This is interpreted in terms of remaining energy of the network with respect to num-
ber of rounds. All nodes in the proposed algorithm send data if and only if their power
level is above the threshold. Thus, the remaining energy of all nodes in the network are
homogeneously utilized enhancing the network lifetime. [92], [132], [133] and [147] are
some of the current state-of-the-art algorithms that aim to enhance network lifetime. The
graph in Figure 6.9 shows that the proposed algorithm has better network lifetime than its
competitors. As the total energy of the network completely drains out in less number of
rounds in M-Attempt [92], it has very poor lifetime. In [132], the high priority data is trans-
mitted first. As packet loss is more in [132], less packets are received at the receiver. Hence,
energy consumption is less in each round than the proposed algorithm. In [147], authors
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Figure 6.8: Number of Hops
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Figure 6.9: Network Lifetime with increasing nodes
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have limited the transmission rate of heated nodes only for critical data. In our protocol,
the responsibility of forwarding data is handled by various relay nodes well connected with
the sensors. So, the energy of the sensors are primarily used for data collection and for-
warding its own data. Hence, unlike [147], remaining energy of a node in our system is
comparatively higher, enhancing the lifetime of our network using Equation 6.1. Accord-
ing to Figure 6.9, when the number of nodes is initially less, the lifetime of our network
outperforms than the rest. But, as it increases, its lifetime is almost as good as [147].

Number of Packets Delivered to the Coordinator

Figure 6.10: Number of packets delivered per round

M-Attempt algorithm [92] has a very poor throughput as shown in Figure 6.10. In [92],
packets are transferred to the destination avoiding hot spot but the algorithm has high over-
head because of huge topology changes as shown in Figure 6.7. So, latency of data transfer
becomes high and throughput becomes low. In the proposed algorithm, more number of
packets are delivered to the coordinator per round as shown in Figure 6.10. So, it . This
protocol takes multiple parameters of the network into account, such as residual energy,
transmission efficiency, available bandwidth and the number of hops to the sink to con-
struct a benefit function that delivers the best next hop. The protocol in [132]also fails to
deliver the best throughput as it encounters dead nodes at an earlier stage because nodes
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do not utilize their energy homogeneously. Further, this protocol [132] lack thermal aware-
ness of the system. In [141], authors have proposed an algorithm that considers distance,
energy, and path loss as the major parameters to decide which among the existing nodes
can function as the relay node. Initially, this protocol performs at par with our proposed
scheme, but after 4000 rounds, our proposed scheme works better. This is because our
method considers relays only as forwarders which enhance the throughput of the system
as shown in Figure 6.10.

Packet Success Rate in comparison with the PSO Algorithm

Figure 6.11: Packet success rate

Figure 6.11 depicts that the average packet success rate per round in our algorithm is
better than [131, 132]. Figure 6.11 shows that our proposed algorithm has around 91%
success rate if there is no interference. The packet success rate of [131] is around 85%
in the same scenario. In presence of interference, our protocol supports a packet success
rate of around 87%. As the throughput in [132] is less than the proposed algorithm, the
packet success rate is less. It needs to be mentioned here that in [131] the packets were
distributed per node in a non-homogeneous manner. Our algorithm ensures that all nodes
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are uniformly utilized for packet forwarding and consequently packet success rate becomes
higher.

Specific Absorption Rate in Comparison with PSO Algorithm

Figure 6.12: Specific Absorption Rate

Figure 6.12 shows the SAR of each sensor node of the network. SAR signifies the ab-
sorption rate of human tissues. The higher the value, the heating effect of the tissue is more.
Lower SAR value is desirable for this type of network. Though our proposed routing algo-
rithm has SAR value within the threshold, it has little more SAR value than the algorithm
mentioned in [131]. This is because our algorithmminimizes interference by increasing the
distance between the nodes and chooses an optimum distance between the nodes. Whereas,
the existing algorithm given in [131] is not mitigating interference by increasing the dis-
tance between the nodes. Thus, the distance between the nodes may not be smaller than
the distance obtained by [131]. As a result, energy consumption of our approach increases
by a little amount due to inteference mitigation. Hence, the SAR value increases a little
than the approach given in [131].
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Average Temperature Rise wrt Data Rate in comparison with current state-of-the-
art

Figure 6.13: Average Temperature Rise wrt Data Rate

Figure 6.13 indicates the average temperature rise of different protocols at various data
rates. In [143], average temperature rises to find an alternate path using retransmission
in presence of hotspot on the route. Moreover, the packet withdrawn policy also has a
negative effect on it. TTRP [134] has used weighted system to distribute the packets evenly
in the network, minimizing the creation of hotspot. In our approach, individual sensor and
relay has a temperature threshold. Our proposed routing algorithm preforms at par with
[134] when the data rate is low. During high data rate, our proposed algorithm outperforms
[134] as we have prevented the formation of hotspot.

6.5 Conclusion

In this work, a novel approach has been proposed to optimize the number of relay nodes
which effectively minimizes the overall deployment cost of the network keeping the tem-
perature rise within a threshold value. Our proposed routing algorithm cooperatively min-
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imizes energy constraint, thermal issues and intra-WBAN interference. Evaluation results
show that the average remaining energy of the body sensors are high for our routing algo-
rithm. It also maximizing the PDR, throughput and network lifetime. Further, this routing
algorithm ensures delivery of more than 83.33% critical health data from the sensors to the
coordinators in just two hops. It has also been shown that it outperforms current state-of-
the-art in terms of average temperature rise of the network.
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Achieving Energy Efficiency and Impact
of SAR in aWBANthroughOptimal Place-
ment of the Relay Node

7.1 Introduction

Wireless Body Area Network is one of the most promising in the health-care and assisted
living paradigm. A WBAN node has a very tiny lithium (Li-ion) battery for both in, on,
or around the body communication. The battery lifetime is small and cannot always be
changed unobtrusively. This is one major obstacle to the large-scale deployment of WBAN.
AWBAN architecture comprises sensors that send its data along with forwarding others to
a centrally located point called the coordinator. As we have already mentioned these sen-
sors are energy-constrained. Transmitting other parameters become tedious and energy-
consuming. So, this job is being transferred to a special node called to relay that functions
only by forwarding the health database from sensor to coordinator if required. Now, with
the introduction of relays in the network, the major concern is where to deploy them to
have efficient communication. Deployment of relay (R) nodes optimally between the source
(S) and the destination (D) is one of the prime solutions to address the issue of maximizing
the network lifetime.

Authors in [152] reduced the energy consumption of cooperating WBANs by using
an optimal packet size. They did not consider any particular MAC protocol. Authors in
[153] evaluated optimal packet sizes for different WBAN communication scenarios. They
concluded that based on the acknowledgment policy used, packet size selection has to be
considered for energy-efficient communication in WBAN. Delay incurred because of the
selection process has not been mentioned. In [154], WBAN nodes incur variable path loss
caused by shadowing as the nodes aremobile. In [155] authors constrained the outage prob-
ability and allocated optimal power to improve the energy efficiency of WBAN. Authors
have compared the outage performance and energy efficiency of star topology in WBAN in
[156]. They have considered both single and multi-hop relay cooperative schemes. Authors
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in [157] evaluated the impact of different components like beacon order, super-frame or-
der, and back-off exponent on network performance inWBAN. In [158], the authors further
studied the influence of the position of the coordinator, the formation of the tree for an asso-
ciation, and guaranteed time slot allocation on a network. The authors in[159] considered
beacon collisions while forming a piconet by more than one device.

The WBAN is mainly used for the collection of biomedical data based on tiny sensors,
the authors [160] discussed different aspects of information security in wireless body area
networks, but they have ignored the energy optimization of WBAN networks. Similarly in
[161] the authors discussed the performance issue of WBAN networks without considering
the importance of SAR on body network. Here the authors [162] applied WBAN networks
and different machine learning algorithm approaches to take the valuable information to
predict the early information of the coronavirus.

All the cooperative network enhances reliability at the cost of data rate and energy con-
sumption [163]. The connectivity-based mechanism adapts transmission power for each
link and performs well for a distributed network [163]. In a star topological network like
WBAN where the number of nodes is less, this mechanism is unfruitful. The overhead
delay incurred in the PRR-based network in [164] is unsuitable for a healthcare network
like WBAN. The RSSI-based prediction model of [165] is inappropriate for WBAN due to
the high link breakage rate for mobility. The link-state which is defined by path loss, fad-
ing, and shadowing in WBAN changes dynamically due to motion in the human body. In
[166], the authors performed experiments to measure RSSI variation for different postures.
The authors varied the transmission power by comparing the average RSSI value with a
predefined threshold determined from the experiments.

In [64], a game-theoretic approach is used. This is impractical in WBAN as it requires
extensive packet exchanges among themselves. Authors in [167] proposed a heuristic ap-
proach to enhance WBAN network lifetime by using a few relay nodes. Since the posi-
tions of the relays are fixed beforehand, the total cost of the network is not minimal. In
[168], authors considered human mobility while determining stable links for a relay-based
WBAN structure. Similar to [167], the number of relays is fixed and their positions are
pre-determined and static. This is a major problem in optimizing the overall network cost.
Zhang et al. In [169] developed a reliable routing protocol to enhance the network life-
time by dynamically calculating the coordinates of relay nodes. However, the cost is not
minimized due to a fixed number of relay nodes.

In [100], authors have proposed another framework to minimize the relaying cost while
maximizing energy efficiency. They also have considered only stationary positions for re-
lay nodes. Later, in [101] authors have considered different body postures for a realistic dy-
namic approach. In [170] the authors investigated the optimal location of the relay based on
two-hop WBAN scenarios but they neglected the optimal payload and the thermal impact
on the human body.

The thermal impact of sensors on human body tissues cannot be neglectedwhile design-
ing for WBAN. The successful design of WBAN and its impact on the healthcare domain
will be realistic only when we consider effects of SAR on human body. [171], [172] repre-
sents some current state of the art on the investigations of SAR. These papers have studied
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the physical design of the antenna and the effect of EMF radiation on the human body.
Whereas in [173] the authors work with TCDMA-based algorithm techniques to achieve
better throughput and packet delivery ratio [174] without considering the effect of SAR on
the human body.

In [172], the authors investigated the effect of different input powers of UWB antennas
on SAR value. It is observed that tissues with high water content (like muscles and fat)
get heated up faster. During packet transmission, the distance between the source from
the observing point and transmission power significantly affects the rise in temperature
causing the SAR level to cross the threshold. Improvised MAC and routing layer along
with intelligently designed physical layer can reduce the impact of SAR and [175] focused
on human body communication (HBC). They compared various models of the human body
like the Muscle Model, 2/3 Muscle Model, and Layered human body model to analyze the
Finite Difference Time Domain (FDTD). The authors in [176], propose a MAC protocol that
opportunistically schedules transmission based on the predicted channel fluctuation.

Figure 7.1: A Linear WBAN System Model.

Though a lot of research work is still on, there is no significant contribution to the
impact of positioning relay node deployment in WBAN architecture.

The contribution of this chapter is as follows.

• Find the best location of the relay for on-body WBANs based on the linear and non-
linear model.

• Investigate the effect of different design parameters; like distance (d), payload (L), an
end to end outage probability (O), and different modulation schemes in the WBAN
network.
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• Analyze the process to mitigate the harmful effect of a specific absorption rate (SAR).

In this chapter, we examined the optimal relay location for energy-efficientWBANs. We
justified the reason for the importance of optimal relay deployment instead of the middle
position between two nodes for the linear and non-linear system models. We have con-
sidered a non-cooperative system model and its works over well accepted Rayleigh fading
channel as shown in Fig.1.

The remaining chapter is structured as follows. The background information on the
proposed work is described in Section II. The proposed energy power consumption model
is explained in Section III, which is followed by analytical and simulation results in Section
IV. Lastly, Section V concludes the article.

7.2 Related Works

We have considered a linear topology of a single source (S) and destination (D) node pair in
our WBAN network. Positioning the deployment of a relay (R) node in between these two
is the primary objective of this chapter. As in-vivoWBAN nodes are installed to the uneven
structure of the human body, we have also examined the best location of the relay-based
on a non-linear 3D coordinate topology model.

In the process, we have shown that the energy consumption of the sensor nodes is re-
duced and hence lifetime of theWBAN network is enhanced if the relay nodes are deployed
correctly. As the sensors are battery-operated, the power model plays a vital role. We have
analyzed the positive impact of the prime deployment of the relay, like enhancing the bat-
tery lifetime and minimizing the effect of harmful specific absorption rate (SAR), which
deals with the effect of radiation on body tissues. In this section, we also touch upon the
communication model, the law related to battery power usage, and specific absorption rate,
a metric that is used to measure the effect of radiation on body tissues.

7.2.1 The Communication Model

As per IEEE 802.15.6 standard, devices can be operated in various frequency bands using
various channels. On-body sensors can transmit data in frequency bands 13.5, 50, 400, 600,
900 - 950 MHz, 2.4, 3.1 –10.6 GHz using CM3 Radio channel link to the coordinator across
tissues in the human body. In this chapter, CM3 is used in a 900 - 950 MHz frequency band
for communication between the on-body sensor and the coordinator. We also note that
the volume of traffic towards the coordinator in a WBAN is more than the volume of data
in the opposite direction [177]. So, we have adopted half-duplex communication in this
work. In a WBAN, sensors perform in a duty cycle mode comprising ACTIVE, SLEEP, and
TRANSIENT modes [178]. Switching time from sleep to active mode is negligible as the
duration of active mode [177] [179] is much more.

The ACTIVE mode time (Tac) depends on the frame format of IEEE 802.15.6 as shown
in Figure 7.2 along with the size of payload (L) and ACK/NACK frames. We have assumed
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Figure 7.2: Standard Physical and MAC Frame Format of 802.15.6

a stop and wait for ARQ protocol. Once a data packet is sent, the receiver will send either
an ACK frame if it has received the packet successfully or it will send a NACK frame. After
transmitting the sensed data, the transceiver switches to SLEEP mode for a duration of
Tsl time. So, the energy required to transmit a frame is the sum of ACTIVE mode power
consumption (Pac), transition period energy (Psl) from both sleep mode to active mode and
reverse, and SLEEP mode power consumption. We have neglected the very small value of
SLEEP mode power consumption [180].

7.3 Linear and Non-Linear WBAN System Model

Primarily we have investigated the optimal relay location for a simple linear three-node
model shown in Fig. 7.1, where the relay position (dSR, 0) is located in the same line between
the source (0, 0) and destination (d, 0). Based on this model, we have examined the best
deployment location of the relay, determining optimal payload as well as analyzed SAR.
Due to the uneven structure of the human body, linear relay node deployment is practically
difficult to implement. We examined another topology to investigate a non-linear relay
deployment position and investigate an optimal relay position based on the 3D coordinate
system [101]. The relay position can change in three directions. Based on the coordinate
system, position of source is taken as (0, 0, 0) and that of destination is (0, 0, d) as shown
in Fig. 7.3. This indicates that source and destination nodes are placed d distance apart
in terms of the depth of human tissue. Optimal relay location not only can maximize the
network lifetime of WBAN but, it can also reduce the possibility of damaging body tissue
by energy assimilation. In our non-linear system model, theX-axis represents the distance
between the source (S) and the destination (D). The relay can be deployed based on the
Y -axis from −d to +d distance. The distance of two nodes is calculated using Euclidean
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formula
√

((x1−x2)
2+(y1−y2)

2+(z1−z2)
2). X and Y -axis represent the coordinates of a

2D plane. Z coordinate represents the third dimension to represent the depth of the human
body as shown in Fig. 7.3 and Fig. 7.4. This depth of the human body is correlated to body
position and movement. We have examined the optimal location of the relay considering
all three axes and provided guidelines to deploy the relay at a prime location to maximize
WBAN lifetime and minimize SAR.

Figure 7.3: 3D Representation of Non Linear WBAN System Model

7.4 ENERGY CONSUMPTION MODEL

Based on the Physical and MAC protocol used in WBAN and the assumptions mentioned
in the earlier section, the energy consumed to complete one cycle (including ACK/NAK) of
frame transmission is given by 8.1.

EF = PacTac + 2PslTsl (7.1)

Here factor 2 is taken for the transition period (Tsl) considering both the source and
destination node.

The power consumed in ACTIVE mode is a combination of power amplifier power PPA

and constant circuit power PC according to the following expression [178].

Pac = PPA + PC (7.2)
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Figure 7.4: 2D (X-Y axis) Representation of Non Linear WBAN System Model

The power amplifier power depends on the transmission power Pt, the ratio of peak to
average ratio (PAR) and drain efficiency ρ in the following manner.

PPA =
PAR

ρ
Pt (7.3)

In theWBANon-body networkmodel, the path loss values and parameters depend upon
the distance between nodes and the frequency band. In this chapter, we have considered
the frequency band to be 950 MHz [181]. Based on that the path loss model an be expressed
as follows.

PL[dB] = a_loss lg d+ b_loss+N_loss (7.4)
aloss and bloss are coefficients of linear fitting, d as the distance between Tx−Rx, andNloss

denotes distributed variable with standard deviation σN in dB.

The average transmission power Pt in terms of the received signal power Pr can be
written as [178] Equation 8.4.

Pt = Pr10
b_loss+N_loss

10 d
a_loss

10 (7.5)

The received signal power (Pr) at the receiver end in Equation 8.4 can calculated from
the required energy per bit at receiver (Eb) and bit rate (Rb).

Pt = EbRb10
b_loss+N_loss

10 d
a_loss

10 (7.6)

In this chapter, QPSK modulation is used as a standard for WBAN. The Bit Error Rate
(BER) for QPSK at the receiver is expressed as

Pb = Q(
√

2γ0) (7.7)

Page 101 of 150



Chapter 7

hereQ(·) represented as the GaussianQ function and γ0 = Eb/N0 denoted as the signal
to noise ratio (SNR). The requisite Eb can represented as

Eb =

(
N0

2

)[
Q−1(Pb)

]2 (7.8)

here Q−1(.) is denoted for inverse Q function and N0/2 represented as two-sided thermal
noise power spectral density (PSD) .

In a WBAN, the successful packet transfer rate depends on the signal-to-noise ratio
(SNR). In the receiver end, output fading is one of the crucial causes of a change in SNR
value. We have adopted a well-accepted Rayleigh fading model to take care of this aspect
in our energy consumption model. Based on Rayleigh fading, outage probability is defined
as the unit time when the average SNR (γ) falls below the minimum required SNR (γ0). The
average SNR (γ) is represented as the ratio of required bit energy (Eb) and one-sided noise
power spectral density (N0). The outage probability can be expressed as follows [182].

O = Pr[γ < γ0] = 1− exp

(
−γ0

γ̄

)
(7.9)

From 7.9, the required average SNR can be represented as, γ̄ = −γ0/ ln(1−O). From 7.9,
the required bit energy is as follows, where Nf is the receiver noise figure.

Eb ≥ − N0Nfγ0
ln(1−O)

(7.10)

7.4.1 Frame Outage and Fading

In IEEE 802.15.6, a frame can be successfully transmitted if an outage does not occur while
forwarding the data frame or acknowledgment frame. The frame outage probability OF is
represented as follows [152] .

OF = 1− (1−O)Ls (7.11)

Where, Ls = Lt/ log2M (M = modulation order) symbols are sent in one transmission
cycle per frame andLt denotes the total number of bits transmitted including ACK or NACK
frame during one transmission cycle.

The end-to-end outage probability [152] along the entire relayed path is given by Equa-
tion 7.12.

OR = OF + (1−OF )OF = 2OF −O2
F , (7.12)
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7.4.2 Energy Consumption per bit Calculation

The power consumed in the active mode for transferring a frame through the relayed path
is given by Equation 7.13.

Pbt,relay = OF

(
PPA,SR + PTX + PRX

Rb

)
+(1−OF )

×
(
PPA,SR + PPA,RD + 2PTX + 2PRX

Rb

)
,

(7.13)

Where, PPA,SR and PPA,RD are active mode transmitting power for S-R link and R-D link
receptively. We can derive its value from equation 7.3 and 7.6, and the PPA,SR and PPA,RD

are represented as follows.

PPA,SR =
PAR

ρ
EbRb10

b_loss+N_loss
10 d

a_loss
10

SR (7.14)

PPA,RD =
PAR

ρ
EbRb10

b_loss+N_loss
10 d

a_loss
10

RD (7.15)

Average energy consumption per bit for successful transmission over the relay path is
denoted by Equation 7.16.

Esuc =
1

8L

[
4PslTtl +

Pbt,relayLt

(1−OR)

]
(7.16)

The first part of the equation represents the total required power of transition period
energy, where four times transition period energy need for two hops (S-R and R-D) and
the second part represents the data transmission period energy including retransmissions
because of outage (1/(1−OR)). Next, to analyze the result of SAR,we have applied equation
7.16 to calculate the discharge current (Ii).

The most energy efficient optimal position of relay d∗SR can achieve by evaluating Esuc

in 7.16 as a function (f(dSR)) of dSR, where, dRD = d−dSR, and in the next step differentiate
Esuc with respect to dSR.

The solution can represent as, ∂Esuc/∂dSR|dSR=d∗SR
= 0, and the optimal location of

relay expressed as,

d∗SR =
d

1 + (1−O)−1/(aloss/10−1)
(7.17)

Table 7.2 represents the Parameters of the Path Loss Model Covering Frequencies of
950-956 MHz for On-Body Communication [181].

Parameters in a Room forOnBodyCommunication linkCM3 [Chenfu2015transmission]
are shown in Table 7.3.
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Pb BER at receiver for OQPSK
b Modulation level
B Bandwidth
N0 2(power spectral density of noise)
Nf Received noise

PAR Peak-to-average ratio
β PAR

ρ
− 1

ρ PA drain efficiency
Ebit Energy consumed per bit
L Size of payload
R Data rate

Table 7.1: Notation

Parameter Hospital Room Anechoic Chamber
a_loss 15.5 28.8
b_loss 5.38 23.5
δN 5.35 11.7

Table 7.2: Parameters of the Path Loss Model Covering Frequencies of 950-956 MHz for
On-Body Communication

Parameter Values
fc 950 MHz
B 400 KHz
d 1m
Psl 0.5 mW
Pb 10−5

Table 7.3: Parameters of a Room for On Body Communication link CM3
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7.4.3 Estimation of Battery Life

To compute the energy consumption in this chapter, we have used the Peukert law to es-
timate the battery lifetime. Peukert’s Law tells us exactly how long a lead-acid battery of
a node in the WBAN will last under any load. This Law expresses mathematically that as
the rate of discharge increases, the available capacity of that battery decreases. The math-
ematical expression of this law is as follows.

L =
aC

Ib
(7.18)

L = battery lifetime in hours C = rated capacity at that discharge rate in Ampere-hours
I = actual discharge current in Amperes, a is a constant (a <= 1) and b is a constant
(b = 1.05 1.8).

Where discharge current,
I =

Esuc

V ∗ T
(7.19)

The total time (T ) to transmit a single bit is the addition of active mode time (Tac) and
transit mode (Tsl), here the required voltage (V ) is considered as 3V and Esuc represents
the energy consumption per bit for successful transmission.

7.4.4 Specific Absorption Rate (SAR)

Our system is modeled to transmit the data from the sender to the receiver via the relay
node positioned adaptively to minimize SAR so that less harm is caused to human health.
SAR [173] is the rate of absorption of electromagnetic energy (W ) per unit mass of tissue
in units of watts per kilogram, measured in W/Kg as given in 7.20.

SAR = dm
d(dW )

dt
(7.20)

where,W = power in watts (W),m = mass in Kilograms (Kg) and t = time in seconds (sec).
Table 7.4 represents the simulation parameters of SAR [173] along with their corresponding
values used.

SAR =
σµω

ρ1
√
σ2 + ϵ2ω2

((
Iidl sin θ exp

−αℜ

4π
)(

1

ℜ2
+

mod γ

ℜ
))2 (7.21)

SAR is calculated using Equation 7.21 whose notation are given in Table 7.1. The atten-
uation constant is given by Equation 7.22.

α = ω

√
µϵ

2
[

√
1 + (

σ

ωϵ
)2 − 1]

1
2 (7.22)

SAR is used to measure the amount of EMF radiation a human body absorbs from the
heat and electromagnetic radiation generated from the WBAN sensors attached or im-
planted in the human body. International SAR measurement standards vary based on dif-
ferent body parts and countries. As specified by FCC, the most generally accepted SAR
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Parameter Notation Values

σ body temperature .866 S
m

conductivity
µ permeability 4πX107 H

m

ω frequency band 950Mhz
ρ1 density of tissue 1040 Kg

/
m3

ϵ relative permittivity 52.73 F
m

dl length of antenna 1m
ℜ distance from source 0.1m

to observation point
θ angle between the 90

observation point and xy plane

Table 7.4: Parameters of SAR

limit for public exposure to EMF radiation is 1.6 W/Kg. Here, discharge current (Ii) is also
derived from the total amount of energy dissipated for successful bit transmission. Similar
to the previous section, the required voltage is 3v and the total time to transmit each bit is
the addition of active mode and transition mode. Average energy consumption per bit for
successful transmission over the relay path is derived later in Equation 7.16.

7.5 Algorithm for Data Retransmission at the node

In a WBAN IEEE 802.15.6 frameK ,Nodei have regular data with seq. no. j to be transmit-
ted and retransmission is applied based on NACK;

Begin Algorithm

Step 1:

Node wake up from sleep mode to active mode (Tsl) and keep in active mode for Tac

time slot (depends on payload size and frame format),
transmit data with seq. no. j ;

Energy spend in this step: PacTac + PslTsl

Step 2:

After transmitting sensed data, transceiver switches to SLEEP mode for a duration of
Tsl time
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Energy Spend in this Step: PslTsl

Step 3:

if the packet is received,
then send ACK frame,
go to Step 1,

transmit data with seq. no. j + 1 in frame K + 1

else

send the NACK frame

go to step 1

Step 4:

Total Energy Spend to complete one cycle (including ACK/NACK) of frame

PacTac + 2PslTsl

End Algorithm

7.6 Results and Discussions

Parameters for path loss, parameters of a Room for on body communication link CM3 and
parameters for SAR used in the simulation setup are tabulated in Tables 7.2, 7.3, and 7.4
respectively. It justifies the reason for taking the optimal relay location for a linearS−R−D
path instead of the middle position of the S −D path in the linear WBAN system model.
Based on this model, we compare the energy consumed per bit for communication through
the relay (dual-hop) (EsucR) with that for communication without the relay (single hop)
(Esuc). The analytical results are established from the mathematical models, which are
plotted using MATLAB, and the simulation result is shown using Castalia-3.2 (baseline
MAC for WBAN) based on realistic CM3 communication link parameters.

We analyze the best location of the relay (d∗SR) considering different distances between
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source and destination, where the nodes are situated on the body. We have also examined
the optimal payload value for two positions (middle and optimal) of the relay node in non-
linear WBAN. Next, we compare the energy consumed per payload bit for different end-
to-end outage (O) values. We compare energy consumption per payload bit for the best
position of the relay and the traditional middle position [152] between the S−D path. We
have investigated the energy consumed per successful bit for different payload (L) values
and examined the effect of SAR for optimal relay location. In all cases, we can’t apply the
linear WBAN topology model, especially to the human body. Finally, we have examined
the optimal zone of a relay to enhance the lifetime based on a 3D coordinate system model.

7.6.1 Comparing energy consumption with and without relay

Figure 7.5: Comparison of energy consumption in Dual-hop and Single-hop WBAN Net-
work.

In Fig. 7.1 average energy consumed per bit for successful transmission has been plotted
against the distance between source and destination. It is seen that when the length of the
S − R link is between 28-60 cm the energy consumption is better along the relayed path.
The best performance is obtained when the relay position is 44 cm from the source in the
S−R link. We have determined the optimal location of the relay for different distances (d)
between source and destination placed on the body where linear placement is possible. It is
also observed that the lifetime of WBAN is enhanced by deploying the relay in the optimal
location which is not the middle of the line joining S amd D [152].
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7.6.2 Optimal location analysis for different end to end outage (O)
values

Fig. 7.6, shows the plot of optimal relay location for different different end to end outage
values. We have represented the distance between two nodes (S and D ) based on nor-
malized form (d∗SR/d). TheX-axis represents the energy consumption per bit (J ). We have

Figure 7.6: Optimal relay location by varying the distance (d) between source and desti-
nation.

plotted the normalized distance on the Y − axis keeping the path loss and other systems
parameters constant varying the end-to-end outage (O) values. From Fig. 7.6 we can say
that for all the cases, the optimal location (in terms of energy consumption) of the relay is
not the middle position in the S −D path. When the outage value is high (.0016 and .0014
), the optimal location is closer to the source, whereas for lower values (.0012 and.001 ) the
optimal location is closer to the middle position of the S −D path. We can conclude from
these results that the optimal location of the relay in WBAN is heavily dependent on the
end-to-end outage between the source and the destination node.

7.6.3 Energy efficiency variation with payload (L)

In Fig.7.7, we have compared energy consumption per successful communication of bit
varying payload for two different cases (relay in the middle and relay at the optimal loca-
tion). The red line shows the variation of payload when the relay is placed in the middle
position of the line joining the source and destination nodes for a given low end to end
outage value (.001). Greenline signifies the payload variation when the relay is deployed
in the proposed optimal location (44cm). In this case, the distance between the two nodes
is 1m. The result demonstrates some interesting facts. When the outage value is .001, the
optimal payload value range is 38-47. The optimal relay position is more energy-efficient
compared to the relay in the middle. This optimal payload depends on an end-to-end out-
age value; when the outage value is .0012 the optimal payload position shifts to 32-41 cm.
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Figure 7.7: Compare middle relay position and optimal relay position with payload (L)
variation.

Based on this, we achieve some guidelines of optimal data payload range to get the energy
optimization instead of analysis with arbitrary data payload values [170].

The battery life for two different positions of the relay is examined in Fig.7.8. We have
calculated the lifetime of the network based on peukert law. Primarily, the actual discharge
current (I) is calculated from energy consumption per bit and applied to this value to evalu-
ate the lifetime from equation 7.18. Battery capacity is considered as 560 mah [183]. Fig.7.8
shows that when the payload is less (within 78), the battery consumption of the relay node
remains the same irrespective of its position. As the payload increases, the optimal loca-
tion of the relay node outperforms the relay in the middle in terms of battery longevity.
Thus, from Fig.7.8 we can state that when relay node is deployed at the proposed optimal
location, the battery lifetime is enhanced by 13% compared to conventional relay in the
middle deployment. In Fig.7.9, we analyze the optimal range of payload value based on
total energy consumption (in joule) of the network. We can say that energy consumption
heavily depends on the size of the payload. Fig.7.9 shows that at the payload value of 100,
it takes maximum energy. This result is the same irrespective of the position of the re-
lay node. However, if the payload is more than or less than 100, the energy consumption
of optimal relay deployment position performs better compare to relay deployment in the
middle position of the S-D path.

7.6.4 Comparison of SAR value for two different relay positions
varying payload (L)

In a WBAN, sensor nodes are generally placed on different parts of the human body or
within the body. During packet transmission from one node to another node, an electric
and magnetic field (EMF) radiation is generated, which may affect the human body cells

Page 110 of 150



Achieving Energy Efficiency and Impact of SAR in a WBAN through Optimal
Placement of the Relay Node

Figure 7.8: Compare battery lifetime with payload (L) variation for middle relay position
and optimal relay position.

or tissues. The radio frequency absorption by human tissue per unit mass is defined by
a specific absorption rate (SAR). A higher SAR value is not desirable as it may harm the
healthy tissues. In most of the previous research work, [152, 183] of WBAN neglected the
effect of SAR on the human body. In this chapter, we have investigated the effect of the
optimal location of the relay on SAR value. In Fig.7.10 we have examined the SAR values
for optimal relay location and relay in the middle deployment for different payloads. The
SAR values mainly depend on the distance between the observation point and the source
and the current required to transmit the signal. In this chapter, we have taken a constant
value of the distance between the observation point and the source. We have varied the
payload values which reflect the required current values. Fig.7.10 reveals some interesting
results. We can say that for low payload values (less than 55) the SAR value is almost
the same for both deployments of relay nodes. If the payload value is more than 55, SAR
values for optimal relay location (blue line) are much less compared to mid-position relay
deployment (red line).

7.6.5 Optimal relay position analysis for nonlinear 3D coordinate
system model

In Fig.7.11 and Fig.7.12 we have analyzed the most energy-efficient region for relay deploy-
ment based on 3D coordinate system, shown in Fig.7.4. This WBAN 3D topology [101]
supports, the sensor node can deploy in different body parts of a human body. We have an-
alyzed the energy saving for optimal relay deployment on the human body, with respect to
direct transmission(without a relay). We assumed that the relay can be deployed anywhere
on the body. In Fig.7.11 we have determined the optimal location based on the X-Y plane,
whereas the Z-axis value is unchanged. From Fig.7.11 we can say that the most optimal
location region is the smaller boundaries region, where the X-axis value is from 35 cm to

Page 111 of 150



Chapter 7

Figure 7.9: Total consumed energy compare with middle relay position and optimal relay
position with payload (L) variation.

54 cm, and the Y-axis value is from +30 cm to -24 cm. We have also examined that we can
save near to 53 percent of energy if we placed the relay in that region. In Fig.7.12, we have
evaluated the optimal location based on the X-Z plane keeping Y fixed. The best boundary
region location can save 75 percent of energy. This boundary region is given by Z values
between +8 cm to -7 cm, and X values between 35 cm to 50 cm. Finally, in Fig.7.13 we have
represented the energy consumption per bit for a relay-based WBAN network based on a
3D coordinate system model. The bar value represents the energy consumption per bit. We
can say that the prime location for relay deployment is near to the left side of the center
position of the 2D plane which is shown as a blue color in Fig.7.13. It is attractive to note
that the optimal location of the relay is not in the center either in a 2D or a 3D plane.

7.7 Conclusions

In this chapter, we have analyzed the optimal location of the relay in a WBAN in terms of
energy consumption and lifetime. We have examined the energy consumed per successful
transmission of a bit for different payload values, along with the energy efficiency of a
relay-assisted WBAN compared to different distances between the source and destination,
different modulation schemes, and different payloads. We have considered relay placement
for 2-D and 3-D WBAN. From the experiments, we may conclude that the optimal position
of the relay is not at the center of the source and destination nodes. If the relay is placed at
the optimal location, the lifetime of the WBAN is greatly enhanced.
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Figure 7.10: SAR Compare for Middle relay position and Optimal relay position with pay-
load (L) variation .

Figure 7.11: Optimal relay position based on X-Y plane .
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Figure 7.12: Optimal relay position based on X-Z plane .

Figure 7.13: Optimal relay position based on X-Y plane 3D view .
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Chapter 8

WBANtoBBNArchitecture toRestrain
Epidemic Spread

8.1 Introduction

Health data acquired by a WBAN is capable of making users aware about one’S own vital
stats. During a pandemic situation, where a disease is infectious in nature, propagating
information of one’s health can provide a positive societal impact. This can also curb the
spread of disease. This issue raised the invention of another network where health data
from oneWBAN is propagated to and through other bodies. Thus introduction of Body-to-
Body (BBN) solutions to transmit eachWBAN’s data via its network of cooperatingWBAN
has great social benefits.

Currently, our society demands a system which can convey the health status of each
individual to others, This ensures that the individual as well as those who are in contact are
aware of the critical consequence of being in close proximity. The individual also can take
measures accordingly for being safe and quarantined. Thus, real time interactions among
cooperative WBANs in a BBN network may allow every person to be considered as a good
citizen to auto-prevent the spread of Covid-19 like epidemic. We consider the scenario to
reduce epidemic spread in an enclosed crowded area. We assume that each person in that
area is WBAN enabled. The coordinator of each WBAN participate in the BBN network
in a cooperative manner. BBNs are natural choice to connect collaborating WBANs in
close proximity. by involving them in mutual interactions and cooperation [184]. These
data collected by the WBANs of individuals are considered as sample inputs. Substantial
success has been made in deep learning producing systems to be able to learn without
explicit programming, but by building models from the sample data collected as input. The
inherent requirement for large scale high quality well structured data necessitates providers
to move to electronic health record.

The main contributions of this paper are as follows.

• Help in a low epidemic spread of the disease in an enclosed area by minimising con-
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tact between non-affected and affected WBANs. Use quarantine strategies to prevent
the diffusion of the disease to the population.

• An unsupervised coloring algorithm for spectrum allocation is used for a BBN net-
work having multiple cooperative WBANs that can effectively separate the WBANs
into non-overlapping clusters. The cluster heads are responsible for efficiently trans-
mitting data with minimal interference to their nearest authorities to ensure proper
analysis of the health status.

The rest of the chapter is organised as follows. Section 8.2 details our state-of-the-art
related to this contribution. Section 8.3 describes the model. Section 8.4 gives an overview
of Inter WBAN Interference Mitigation scheme in this work followed by Section 8.5 that
provides an insight to the performance evaluation of our model. Finally, we conclude the
chapter in Section 8.6.

8.2 Related Work

Authors in [185] highlight the limitations of the current information transfer system in
healthcare scenario for epidemic control. Precise estimations for epidemic situations are
not conveyed in a timely and efficient manner by hospitals and health workers due to delay
in information systems. In this paper, authors have developed a new information system
called EPIC that uses Social Networks for pandemic control. EPIC algorithm combines
health data collected from WBANs and social interactions available in social networks.
This approach predicts the spread precisely and on-time. But this proposal does not ad-
dress priority based sensor data transmission which is the need of any epidemic condition
to control. It also handles the data inefficiently as the WBANs are non-cooperative and
the quarantine strategy is solely handled by the authorities. Thus, susceptible individuals
ignore the epidemic threats around them.

One more technique to reduce interference in a dense WBAN deployment, like ours, is
cooperative communication. Cooperative communication uses in spatial diversity. When
a large distance has to be travelled from the source to the destination, or wireless medium
becomes adverse cooperative communication can lead to improved reliability and energy
efficiency [186].

In 2013, the same authors proposed another which integrates WBANs technology for
health data and mobile phonesfor social information [187]. Authors have designed a mobile
phone capability driven hierarchical social interaction detection framework integratedwith
WBANs. With this framework, they have proposed a set of epidemic source tracing and
control algorithms to effectively identify pandemic sources and inhibit the propagation
of a pandemic. In some pandemics, like COVID-19, there exists an intermediate status
between susceptible and infected. During this phase, a person though infected, is not a
carrier. He stays in this latent period for sometime before being infected. Unlike [187]
we have considered an effective epidemic control model by considering this intermediate
state, so that an appropriate strategy for quarantine can be planned even before the patient
is declared as infected.
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Moreover, anticipating the quarantine strategy is not enough to control epidemic spread.
All WBANs in a BBN network need to cooperate to transmit this information in a timely
and efficient manner. Thus, a methodical inter-WBAN routing algorithm is required to
effectively transmit data through the BBN architecture.

We have already discussed challenges posed by inter-WBAN interference. Some more
major challenges for interference mitigation of a dense system of WBANs are listed in the
following.

• Their distribution in space

• They do not exchange any data with their neighbors

• They undergo block fading, i.e., the interference channel gain may remain constant
for a slot but varies from slot to slot

Only some research works have addressed routing among WBANs. Some of them are
discussed as follows.

Authors in [188] proposed a multiple cluster-based hybrid security framework that sup-
ports both intra-WBAN and inter-WBAN communications. Authors have ensured secure
cluster formation by using electrocardiogram (EKG)-based key agreement scheme and en-
ergy is used efficiently as multiple clusters are formed. Highly dynamic and random EKG
values of the human body for pairwise key generation and refreshment. This work is scal-
abel and has a reduced network overhead.

Authors in [74] proposed a dynamic resource allocation scheme where each WBAN in
the network exchange information to efficiently interprets an interference region with oth-
ers in a close vicinity. The nodes in this region are later allocated orthogonal sub-channels,
while non-interfering nodes can transmit in the same time slot. Here the authors have
assumed a minimum interference level. As WBAN deals with critical health data, during
epidemic situation this assumption becomes impractical.

Authors in [111], [Ma2021coloring] proposed a random incomplete coloring to achieve
a fast and high spatial reuse inter-WBAN scheduling. It can always provide fast conver-
gence with time-complexity O(ew(2 logn)/2) in any spatial reuse requirement. Furthermore,
it can support an increase of up to 90 percent of spatial reuse over the conventional com-
plete coloring using chromatic X(G)-colors, which is known to be the optimal coloring of
complete coloring. But, the strict assumptions made in this paper, such as perfect super-
frame synchronization, make this method unsuitable for our real life use case.

Authors in [189], proposed a social group interaction power control game model. New
utility and cost functions accommodate both convergence speed and quality. This work
proves that only one Nash equilibrium (NE) point exists for this gamemodel, which ensures
the algorithm converges quickly. Thus it mitigates interference between WBANs.

In [190], a new coexistence mechanism is described to reduce the interference between
a number of WBANs. The scheme is based on adjusing transmission power of the partici-
pating WBANs depending on their motion.This leads to efficient use of energy.
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In [191] authors have formulated the channel selection of the coexisting WBAN co-
ordinators for interference mitigation in a time-varying environment as an exact potential
game. The utility is theweighted aggregate interference. It has been shown that the channel
selection (action) profile which globally minimizes the interference is a pure strategy Nash
Equilibrium (NE) of the game. They have considered two distributed learning method to
converge theNE. Thismethod do not requite any information exchange among theWBANs.
Our use case is a time-varying network topology where the number of active WBAN users
varies. This method is unsuitable for the dynamically changing network.

An Optimal Backoff Time Interference Mitigation Algorithm (OBTIM) is proposed in
[186]. The proposed algorthm reschedules or switches channels whenWBAN performance
becomes less. Simulation study demonstrates that itutilizes channel better. Naturally through-
put, collision probability, energy efficiency improve a lot.

8.3 Framework

The goal of this framework is to provide a low epidemic spread of the disease in an enclosed
area. Health data must be ensured to reach the destination in a timely and efficient manner.

Our system consists of the following.

• Cooperative WBAN users in an enclosed area

• Health Portal that authorities of the enclosed area use to find out close interactions.

• Data repository in which the information gathered or created using a BBN network
is stored.

8.3.1 Terminologies Used

• Cooperative Handshaking among WBANs

Whenever a WBAN enabled individual is in the range of another user, their coor-
dinators perform a ’digital handshake’. Here, they exchange encrypted data such as
tempID, mutual health data including status and the strength of the wireless signal.
The encryption is such that anyone is able to view data but only a trusted person will
be able to access data using the key.
The probability two persons are within 1.5m from each other is computed using RSSI
(Received Signal Strength Indicator) and Tx Power (Transmission Power). However,
closeness is computed using RSSI

• Encrypted TempID

The temporary identifier (tempID) is used to ensure privacy of the user-data. The
tempIDs are created in a periodic manner and they become useless after an expiry
time. They are nothing but random unique elements. Using TempID, a person can
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Figure 8.1: BBN Architecture

be identified as a participating user of the BBN network without his /her personal
details.

• Encounters

An encounter is a digital handshake between two WBAN-enabled individuals . En-
counters are used to find out the period of close contact where one user is already
positive. Based on this information, additional advices are given.

8.3.2 Epidemic Spread Control Model for BBN architecture

In this section, we describe all the phases that we have considered to control the spread of
epidemic situation. We have considered a 2 tier BBN architecture with cooperatingWBANs
as shown in Figure 8.1. This ensures self-restrained WBANs and quarantine strategies de-
cided by authorities of the enclosed space of our use case that uses the BBN architecture.

In this system, we have considered a dynamic framework where a person can enter and
leave the network at his/her own pace. Real time health information is exchanged between
cooperative WBANs of the network via their respective coordinators. Using K-means++
algorithms, WBANs form non-overlapping clusters to coordinate efficiently, minimising
interference. The authority intercede and provides quarantine strategies based on the ex-
changed health data preventing infectious people to come in contact with others. We have
divided the entire working time into τ continuous aeons. Authorities of the enclosed area
keep a count of the Encounters during each aeon to accurately determine the period of close
contact.

Every epidemic is divided into four stages as shown in Figure 8.3. They are as follows.

• Sensitive Stage This phase is responsive to external conditions or simulations. An

Page 119 of 150



Chapter 8

Figure 8.2: Phases of Epidemic Disease

Figure 8.3: Epidemic Flow Model

individual is vulnerable and thus considered to be exposed to contagious people, but
herself not yet infected; may be asymptomatic.

• Infected Stage In this phase, an individual is considered a confirmed positive case, but
not infectious and communicable.

• Contagious Stage In this stage a person is considered to be infected, infectious and
transmissible.

• Quarantine Stage This stage indicates those individuals who has been identified cor-
rectly and been sent to isolation.

The annotations shown in Figure 8.3 are explained in Table 8.1 at tth epoch.

In our work, we aim to ensure detection of the epidemic outbreak during the initial
phase when it has not yet propagated fully.

The mathematical formulation of the stages is given by Equation 8.1.

N(t) = S(t) + I(t) + C(t) +Q(t) (8.1)

In our use case, we have assumed the difference between rate of arrival and departure
is negligible. Thus at time t, where t ∈ τ , there are N number of total individuals in an
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Symbols Meanings
λ(t) Arrival Rate
β(t) Close contact/Infectious Rate of

Sensitive people with Infected people
γ(t) Transmission Rate
δ(t) Rate of Isolation
µ Departure Rate

Table 8.1: Notations

Figure 8.4: Intra WBAN orientation

enclosed area. According to Equation 8.1, S(t), I(t), C(t) andQ(t) denotes the subset of all
individuals present in Sensitive Stage, Infected Stage, Contagious Stage and Quarantine Stage
respectively at time t.

8.3.3 Assess Health Status

In this work, each WBANi i ∈ N is assumed to be able to detect the status of his/her
health from attached sensors and transmit it to its own coordinator as shown in Figure 8.4.
The correlated sensor data received forWBANn is denoted by Equation 8.2.

Γn(t) = γi(t),∀isensor ∈ WBANn (8.2)

Hn(t) = f(Γn, t) (8.3)

This Γn(t) is transmitted to second tier of the architecture mitigating inter-WBAN in-

Page 121 of 150



Chapter 8

Clinical Measurements Early
Evaluation Warning
of COVID-19 for COVID-19
Respiratory RR ≥ 20bpm

Assessment Lung/ Heart Sound Crackles
SpO2 ≤ 94%

Cardiovascular ECG/HR Arrhythmia,
Evaluation HR ≥ 100bpm

Cuffless BP ≥ 140/90mmHg

Clinical Body Temperature ≥ 38◦C

Symptom
Monitoring Cough Dry cough

Table 8.2: Epidemic Threshold for Wearables

terference and is received by the authority level. Now, using Equation 8.3, authorities define
health status ofWBANn, which is denoted byHn, at time epoch t ∈ T . Authority matches
the received Γn(t) of WBANn with Table 8.2 to determine her Hn. The values of this are
considered as threshold values denoted by EPth. To keep our model simple and practical,
the health status is represented by discrete levels as follows.

Hn(t) =


3, iff(Γn, t) ≥ EPth;Contagious WBAN(C)

2, ifϵ < f(Γn, t) ≤ EPth; Infected WBAN(I)

1, otherwise;Exposed WBAN(S)

(8.4)

8.4 Inter WBAN Interference Mitigation

Ourmodel is efficient only if all data transmissions take place effectively, reliably and timely.
Using clustering to allocate spectrum is a very typical choice to reduce interference. If an
applications does not need any fixed infrastructures, one can use a coloring algorithm. to
cluster. Most coloring algorithms require the location of the user, which can be provided by
theWBAN application. ForWBANs, it is possible that the coloring algorithm is deployed on
a server. As mobility leads to changes in topology, considerable computing and transmis-
sion resources are required. Again, tf there are errors in location and position information,
may adversely affect the quality of clustering.

For these issues, a coloring algorithm is designed that aligns with the capabilities of a
WBAN node. Distributed interference-avoidance scheduling of wireless networks can be
modeled by the notion of distributed graph coloring, which is commonly adopted in sensor
networks or MANET [192], [193], [194]. But, coloring speed is found to be the key factor
that affects the performance of inter-WBAN scheduling.

In our system, machine learning is used to improvise the learning process. [195] demon-
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Figure 8.5: K-means Algorithm Flowchart

strated that healthcare offers a different form of data. Different master learning algorithms
such as supervised, unsupervised, and enhanced algorithms are used for analyzing this
variety of data to increase prediction that can be analyzed using different performance pa-
rameters such as exactness, sensitivity, specificity, precision, F1 scoring, and Curve region.

In this work, we have used an unsupervised learning method to refine the method of
coloring to reduce the complexity of the algorithm. More accurate features like distance
are extracted by the learning algorithm. Thus, we have developed aK-means++ algorithm
for WBANs. This method automatically clusters the WBANs. Welsh Powell algorithm en-
sures minimal number of clusters maximising effective spectrum allocation. This algorithm
ensures a smarter initialization of the centroids and improves the quality of the clustering.

Initially, a random WBAN is selected as cluster center. From this center, shortest dis-
tance between other WBANs of the network is calculated. The further a WBAN is from
existing cluster center, the higher is its probability to be chosen as the next cluster cen-
ter. This method maximizes the distance from the recently computed cluster center to the
previous cluster center. The flowchart of the algorithm is given in Figure 8.5.

The advantages of this procedure to choose cluster center are as follows.

• Based on the density of the area, it can perform adaptive clustering.

• Effective spectrum allocation is ensured as cell characterisation are based on distance.

Although the initialization inK-means++ is computationally more expensive than the
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Figure 8.6: Intelligent partitioning of WBAN using K-means++ Algorithm

standard K-means algorithm, the run-time for convergence to optimum is drastically re-
duced for K-means++. This is because the centroids that are initially chosen are likely to
lie in different clusters already. Moreover, to minimize cost to compute fall outs for topo-
logical changes, optimization is performed at local level too. The channels which are not
adjacent are grouped differently. The vertex coloring algorithm is used to find out the
channel groups for each cell to use. Assignment of spectrum is dynamic in nature so as to
mitigate interference among collaborating WBANs.

Clustering of WBANs is performed by the AlgorithmK-means++. Assignment of spec-
trum is performed by Welsh Powell algorithm as shown in Figure.

8.5 Performance Evaluation

In this section, first we have described experimental setup which is followed by results
obtained.

Castalia-3.2 simulator [196] is used to for evaluation of the routing protocol in BBN
networks.
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8.5.1 Experimental Setup

In this work, we have considered two use cases as described below.

• Case 1: All the cooperativeWBANs in an enclosed area are randomly distributed. The
distance between two WBANs is not less than 0.5 m. If a WBAN is within a distance
of 1.5m from another WBAN, it is considered to be in close proximity of each other.

• Case 2: All the cooperative WBANs in an enclosed area are evenly distributed, like a
cinema hall, where the distance between two WBANs is 0.8 m.

Data traffic is classified based on Equation 8.4. C(t), I(t) and S(t) represent data from
Contagious WBAN, Infected WBAN and Exposed WBAN respectively.

We have considered transmission power of all devices as Pt. Total number of interfering
WBANs in a BBN network is considered to be n which are placed at a distance rk.

Intervention of the system is calculated using Equation 8.5 which measures total inter-
ference power.

I =
n∑

k=1

Ptr
−4
k (8.5)

To ensure efficient bandwidth utilization, effective clustering is required. This incor-
porates a better spectrum allocation with minimal signal-to-interference ratio as given by
Equation 8.6.

SIR =
Ptr

−6
0

I
(8.6)

where I is given in Equation 8.5. Smaller value of I indicates better interference mitigated
system.

We have assumed a 200m X 200m enclosed area. To understand the effect of coloring
algorithm used, we have considered a BBN network with three different densities such as
200 WBANs, 150 WBANs and 100 WBANs for each use cases.

In case of our use Case 1, where mobility is high, probability of maintaining the position
of WBAN unaltered is taken as 60% for an epoch. The number of channels is taken as to be
24. Average of 10 experiments is taken to calculate interference value in each cycle. If the
difference between two consecutive iterations is less than 10−5, the iteration is stopped.

Authors in [197] proposed a Reliable Routing Technique (RRT) [198]. This protocol
continuously communicate with its components in a partial or completely damaged infras-
tructure condition. This routing protocol uses adhoc network to communicate continuously
which draws our attention to use it in a BBN architecture. The routing protocol is evaluated
using parameters like Packet Delivery Ratio (PDR) and Energy Consumption.
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Parameter Value
Area 200m X 200m

Number of WBANs [40...100]
Mobility model Random Waypoint

Transmission power -15dBm
Initial energy 18720 Joules

Transmission rate -89.3 dBm

Table 8.3: Simulation Parameters

Throughput of our system is calculated using Packet Delivery Ratio (PDR) parameter.
This is calculated for each type of health data as categorized by different stages of system
as shown by Equation 8.7 for contagious data.

PDR(%) =

∑
Received C(t) data packets∑
Sent C(t) datapackets

(8.7)

Table 8.3 depicts simulation parameters used in our system.

8.5.2 Results

The results obtained are given as follows.

Figure 8.7 indicates the number of clusters formed and number of colours required. Both
increases with increase in density in our enclosed 200m X 200m area. This is expected be-
cause of randomness of clustering algorithm, number of channels in each cell is restricted.
Since adjacent channels do not get assigned same colours, inter-WBAN interference miti-
gates. The figure also depicts that used channel group did not change significantly with an
increase in WBAN density. This justifies appropriate frequency band utilization by unsu-
pervised coloring algorithm for spectrum allocation in multiple WBANs.

Figure 8.8 shows average interference due to spectrum allocation used in both the cases.
The result shows that evenly distributed cooperatingWBANs outperforms randomly placed
ones in a confined area. Moreover, stability of the colouring algorithm used is justified as
interference values do not vary much for both scenarios.

The graph in Figure 8.9 illustrates Throughput of our system. As given in 8.7 through-
put is measured in terms of packet delivery ratio for different data types. The result ob-
tained shows that data generated by contagious WBANs are delivered with highest PDR,
followed by infectious WBAN data and data from Exposed stage WBANs. Results obtained
are aligned with our health statues priorities of Equation 8.4. It is worth mentioning that
beyond 40WBANs, PDR of ExposedWBANs data S(t) rapidly deteriorates as resources are
occupied by higher priority traffic data. This signifies that precarious WBANs need to be
quarantined on a priority basis to efficiently control spread of epidemic.
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Figure 8.7: Number of colours used per cluster
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Figure 8.8: Interference value of spectrum allocation for different Usecases

Figure 8.10 shows that the energy consumption is directly proportional to the density
of WBANs in the enclosed area. It is calculated by the Resource Manager of the simulator.
For each WBAN, it is computed as the total of transmission, buffering, reception and idle
energy used. As expected, the graph illustrates that WBANs with critical health statusC(t)
consume maximum energy.

8.6 Conclusion

In this work, a BBN architecture with cooperating WBANs is shown to be able to control
an epidemic spread. We have considered a confined area with two different distribution
scenarios. We have also proposed quarantined strategies by minimizing contact between
different staged WBANs. An unsupervised learning algorithm is used to efficiently divide
the area into non-overlapping clusters. This ensures effective utilisation of bandwidth as
spectrum is allocated minimizing inter-WBAN interference. Performance analysis of our
system guarantee a low epidemic spread of the disease in an enclosed area by enhancing
throughput and minimising interference of our stable system.
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Figure 8.9: Throughput of Epidemic data
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Figure 8.10: Energy Consumed wrt System Density
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Conclusion and Future Work

9.1 Introduction: Broad Aims

Major outcomes of this thesis are several algorithms for efficient routing, many of which are
based on analytical foundation, that can effectively transfer the data in one or more WBAN
systems without compromising a number of QoS parameters. The efficiency and effective-
ness of these algorithms or protocols are evaluated through extensive simulation which
measure several parameters such as energy consumption, transmission power, stability of
a network, delay, throughput (PDR) , lifetime of a network, SAR etc.

Considering the stringent QoS requirement for a WBAN it has been observed that the
current state of the art, though provides numerous solutions, but none of them jointly
optimize these parameters. So, there is always a trade off between between one and another.
The Healthcare sector based on WBAN deals with critical health data. Classifying the data
into proper categories and routing them accordingly is one of the major task in this thesis.
We have also identified that SAR is an important parameter that cannot be ignored at any
point while dealing with sensors which are on the human body. Many of our proposed
protocols attempt to overcome these shortcomings and prove to be much better than a
naive algorithm implementing the WBAN IEEE 802.15.6 based CSMA/CA technology.

9.2 Research Contributions

As discussed in Chapter 1, the general objective of this thesis was to develop efficient rout-
ing algorithms that seek to ensure effective and reliable communicationwithin and between
multiple WBANs.

In chapter 3, fixed nodes are introduced as forwarder nodes and a proper subset of relay
and sensor nodes are selected based on a cost function that leads to a thermal aware multi-
hop routing protocol. This protocol is efficient in terms of transmitting power, delivery
ratio and network lifetime.
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In chapter 4, the objective is to reduce interference among multiple WBANs located
closely by optimising the power needed to transmit. This also helps in increasing through-
put. The method is to assign available bandwidth.

In chapter 5, Anycast algorithm has been modified to introduce a WBAN topology ar-
chitecture by using two coordinators on the human body. Double coordinators ensure that
any sender is near to anyone of the coordinators in one hop. Thus, introducing a second co-
ordinator in a strategic position ensures a star topology. This decreases the end to end delay
and enhances stability period, packet delivery ratio and remaining energy of the network.

Chapter 6 tries to consider important QoS issues like adverse effect of heating of the
implanted sensors on human tissues along with energy constraint and interference issues
jointly by designing a topology which has an optimised number of relay nodes. In this
method multicasting has been used to reduce transmission of unnecessary packets. This
design also leads to minimum hop count from body sensor to coordinator node.

Chapter 7 addresses the problem of the optimal location of the relay node in a WBAN
in terms of energy consumption and lifetime. We have examined the energy consumed
per successful transmission of a bit for different payload values, along with the energy
efficiency of a relay-assisted WBAN compared to different distances between the source
and destination, different modulation schemes, and different payloads. We have considered
relay placement for 2-D and 3-D WBAN. From the experiments, we may conclude that the
optimal position of the relay is not at the center of the source and destination nodes. If the
relay is placed at the optimal location, the lifetime of the WBAN is greatly enhanced.

In Chapter 8, we present a novel application of WBAN technology with an objective
of controlling spread of an epidemic like COVID 19. It is achieved by using multiple co-
operating WBANs which lead to a network called body to body network. Our proposed
quarantine strategies minimizes contact between WBANs having different stages based on
their health status. Unsupervised learning algorithm is used to efficiently divide the area
into non overlapping classes in order to minimise inter-WBAN interference.

9.3 Research Limitation

Like any other research work, this research has many limitations and poses more problems
than it solves.

We have evaluated our system based on simulation. Implementation of our system in
a test bed would give us clarity of our system as the performance of our system in a test
bed would get tested in presence of different environmental factors like physical objects,
electronic devices and various weather conditions.

Security issues have not been considered in this research work though they are an im-
portant design factor as we are dealing with health data which are private and personal.

Different other fine tuning of several parameters like modulation parameters, network
codings etc may better analyse our proposed system.
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We have also restricted ourselves to some regular human postures. The effect of com-
plicated postures on our algorithm is yet to be determined.

9.4 Future Research

Following research works may be taken up in future on Wireless Body Area Network
(WBAN).

• Different healthcare applications require different sets of QoS parameters. Identi-
fying appropriate algorthms and protocols to deal with such diverse multi criteria
requirements is an interesting research domain.

• Results of our research are mostly drawn from simulation studies. We all know that
in real world, many of the assumptions implicitly present in simulation environment
do not hold good, Thus, it is very important to carry out the experimental setup and
validate the performance in a real test bed.

• Our research area is mostly confined within Tier 1 communication of WBAN archi-
tecture. This proposal can be further extended and analysed for the entire WBAN
orientation.

• Incorporating security in the Healthcare sector to ensure the privacy of a patient
is an important open research area with respect to this work. of MAC and routing
protocols which could address this diverse

• Fault detection and their prevention should become an integral parts of WBAN algo-
rithms. Incorporating these features with limited energy resource inWBAN topology
is still a challenge and fascinating future research.
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