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ABSTRACT

A Wireless Body Area Network (WBAN) is a network that integrates a number of
physical devices that are placed at various positions on a human body with the objective of
recording and interpreting the physical conditions that the body is exposed to, as well as
its reaction to those conditions. The rapid advancement in the technology behind the
development of sensors to capture minute details of the functioning of the human body has
led to more and more data being generated from each of these physical devices. Moreover,
the data generated is not linear in nature, but quite random and possesses varying
parameters. Under such a scenario, it becomes essential to develop a strong backbone
network that can handle and efficiently process the data that is generated from all of these
devices. The said network needs to be robust and capable of handling non-linear data, while

maintaining a high threshold for performance.

The goal of this thesis is to design and analyze the performance of a multi-channel
WBAN in terms of various network parameters like delay and packet error rates. Towards
this objective, a model for the aforementioned multi-channel WBAN has been first
proposed. Several parameters for the designed model have then been optimized using
classical optimization techniques like KKT with the hope of obtaining better network
performance; there are even provisions to tweak the network based on the use case.
Simulations have been run based on those parameters and it has been seen in the end results

that the proposed solution does work as expected.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Wireless Body Area Network

A Wireless Body Area Network (WBAN) connects independent devices or nodes (e.g.

sensors and actuators) that are situated in the clothes, on the body or under the skin of a

person. The network typically expands over the whole human body and the nodes are

connected through a wireless communication media. However, each of these nodes are

physically independent of each other, which means that they have their own power sources

and transmitter and receiver systems.

A WBAN offers many promising new applications in the area of remote health monitoring,

home/health care, medicine, multimedia, sports and many other, all of which make

advantage of the unconstrained freedom of movement a WBAN offers. In the medical field,

for example, a patient can be equipped with a wireless body area network consisting of

Sensor Nodes

® =
WBAN
~Ordinator

Gateway

Figure 1.1 Conceptual view of WBAN

sensors that constantly measure specific biological
functions, such as temperature, blood pressure,
heart rate, electrocardiogram (ECG), respiration,
etc. The advantage is that the patient doesn’t have
to stay in bed, but can move freely across the room
and even leave the hospital for a while. This
improves the quality of life for the patient and
reduces hospital costs. In addition, data collected
over a longer period and in the natural
environment of the patient, offers more useful

information, allowing for a more accurate and



sometimes even faster diagnosis. WBAN is thus a particular area which could permit cheap

and constant health monitoring of medical records through the Internet.
1.2 Motivation for the work

The concern of non-continuous monitoring of health becoming being a primary
factor for the cause of a large number of diseases (chronic diabetes, cardiovascular,
pulmonary, allergy etc.) has alarmed the medical community, in the past decade. In many
instances it has been found that countless medical complications could have been avoided,
if a regular watch could have been ensured on certain vital body parameters. This is because
a lot of diseases have the characteristic that their symptoms accumulate over time, rather
than come up suddenly. Every year, millions of people die from cancer, cardiovascular
disease, Parkinson’s, asthma, obesity, diabetes and many more chronic or fatal diseases.
The common problem with all current fatal diseases is that many people experience the
symptoms and have the disease diagnosed when it is too late. The cost associated with
diagnosis and treatment of such diseases, also increases almost exponentially with the delay

caused in detection of the disease.

All of these highlighted problems demand the formation of an easy to use, low-cost
and effective solution to uplift the dismal condition of the health sector globally. The
demand for health solutions has been so extensive and far-reaching that the number of
health professionals required to satisfy the needs of each and every individual has been
inadequate, to say the least. The next best solution, would of course be to incorporate some
sort of automation that would ensure that the vital health statistics of an individual is
logged, analyzed and sent to a professional for examination and verification, should the
need arise to do so. This would ensure that a professional need only go through the data
that has already been accumulated, making the process faster, and would also rule out the
possibility of a misdiagnosis; at least the ones that are caused by faulty reporting of the

observed symptoms. The recent advancement of technology in the field of wearable
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devices have also given a huge impetus and the necessary boost to pull of this idea. But as
the devices are physically independent of each other, the need arises to develop a strong
backbone network that is highly efficient and fault tolerant; which is where the work done

in this thesis comes in.

The hard work and effort made for this project would be duly rewarded if it can
indeed improve the health of each and every citizen in this country and elsewhere, and

improve the living standards of all.

1.3 Objective of the Thesis

The main objective of the thesis is to develop a low latency, fault tolerant multi-
channel network for wearable devices. As an extension, the concepts used in this thesis can
be extended to other sensor or small-scale networks, albeit with little or no modification.
The main advantage offered by the proposed system is that it provides a number of
parameters that can be tweaked according to the requirement or use case. A lot of factors
come in that affect the working condition of the network, when the fact that the devices
can be present anywhere on or inside the body come in. All of those facts have been

considered and the most likely scenarios explained and detailed further in this work.

It has been observed that in certain cases, some of the desirable working conditions
of the network contradict each other. In such a scenario, optimization has been done so as
to select a set of parameters that provide an acceptable working condition while not making
the network absolutely impossible to use. The optimization used in this case has been

categorized as a classical optimization technique in literature.

It is to be remembered that no matter how much tweaking is done on the network
level, the devices themselves have certain limitations as well. There must be an acceptable
level of energy used by each of these devices as they are battery powered and thus energy

constrained. Also, since they are close body devices, they must not emit power harmful
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enough to damage the body tissues. These facts have been checked and shown to be

nominal for the designed network.

1.4 Outline of the Thesis

In this chapter, a very basic overview of a Wireless Body Area Network has been

presented. The motivation and objective for this thesis has also been briefly discussed.

Chapter 2 describes the background information that acts a foundation for this

research work.

In chapter 3, the research methodology adapted during the course of this work is
described. The entire network model, including the multi-channel conditions have been
detailed. This includes the channel access schemes, the packet structures, the path loss

models and the underlying mechanism for the functioning of the entire network.

Chapter 4 deals with modifying the back-off time used in the CSMA/CA system to
improve the data throughput. A comparative analysis has also been provided with existing

methodologies in the same topic.

Chapter 5 deals with finding an optimal packet length for optimal performance of
the network under a set of constraints. A thorough analysis has presented in this regard, by

modifying the working parameters of the network and observing the changes.

In chapter 6, the entire work done has been summarized concisely and the exact
parameters for the functioning of the network have been discussed. The future scope for
this project has also been stated, along with the improvements that can be made for the

existing setup.



CHAPTER 2

BACKGROUND STUDY

2.1 Wireless Communication

Wireless communication falls under that segment of the communication industry
that has seen the fastest growth in recent years for its adaptability and high demand in the
market. Many new applications that include, but are not limited to wireless sensor
networks, automated devices, smart homes and Internet of Things and remote telemedicine
are evolving from research ideas to concrete systems [1]. In this project, we are mainly
going to focus on the design and development of a low latency, fault-tolerant Wireless
Body Area Network to be used for wearable devices. The background information

necessary for development of the said network has been discussed in this chapter.

2.2 Wireless Sensor Network

Wireless Sensor Networks consist of individual nodes that can interact with their
environment by sensing or controlling physical parameters; these nodes have to work
together to fulfill their tasks as usually, a single node is incapable of doing so, and they use

wireless communication to enable this collaboration [2].

“A sensor network is a deployment of massive numbers of small, inexpensive, self-
powered devices that can sense, compute, and communicate with other devices for the
purpose of gathering local information to make global decisions about a physical

environment”.



2.3 Wireless Body Area Network

Wireless Body Area Network (WBAN) has emerged as a vital technology that is
capable of providing better methods to diagnose various hazardous diseases. This
technology works in actual time to monitor the health issues cum physiological parameters
of the patients. WBAN is a fast-developing technology; hence various issues need to be
addressed till now. In WBAN either sensor network on a band or various sensors are worn
by a patient or which are light in weight that monitor various physiological signals. They
are able to transmit bio signals (vital signs) to the concerned System at a Healthcare Center.
The monitoring healthcare specialist retrieves the patient data and processes it. WBAN
comes up as a revolutionary technique from the past few years and it is easily acceptable

as explained by [3].

WBAN devices may be embedded inside the body, implants, may be surface-
mounted on the body in a fixed position Wearable technology or may be accompanied
devices which humans can carry in different positions, in clothes pockets, by hand or in
various bags. Whilst there is a trend towards the miniaturization of devices, in particular,
networks consisting of several miniaturized body sensor nodes together with a single body
central unit. Larger decimeter (tab and pad) sized smart devices, accompanied devices, still
play an important role in terms of acting as a data hub, data gateway and providing a user
interface to view and manage WBAN applications, in-place. The development of WBAN
technology started around 1995 around the idea of using wireless personal area network
technologies to implement communications on, near, and around the human body. About
six years later, the term "WBAN" came to refer to systems where communication is entirely
within, on, and in the immediate proximity of a human body. A WBAN system can use
WPAN wireless technologies as gateways to reach longer ranges. Each node in a WBAN
is an independent node which is able to search and find a suitable path for transmitting data

at a remote location. The WBAN node can also connect to the internet for transmitting



data. Using WPAN as a gateway, WBAN can be extended to a wider range and also the

wearable devices on the human body can be connected to the internet.

2.4 WBAN in existing medical research

WBAN has multifarious applications exclusive to the medical field, and as such, a
lot of work has been done in this domain. Body inertial-sensing network [4] is a project
that uses a new method of gestures of body segments to estimate the knee joint angle and
identify gait cycles. It was designed to provide data for real-time measuring of three
degrees of freedom orientation. It contains four sensing components: a three-axis
accelerometer, a three-axis magnetometer, a three-axis gyroscope, and the temperature
sensor. Each node, part of a star topology, transmits data to the central base station (CBS),
which is connected to a computer via wireless. For energy savings reasons, wireless
transmission is not always active. Every node in the network sends a synchronization
request packet to the CBS when it wants to send data. After this request, the connection

between the CBS and the node is established.

Unobstructive Body Area Networks [5] are a system that collects and transmits data from
sensor nodes to a control center capable of analyzing and processing the information. The
system creates movement profiles based on the data sent by the nodes and detects any

abnormal movement in real time, allowing for monitored rehabilitation of the user.

CodeBlue [6] is referred to as a prototype healthcare Wireless Sensor Network that defines
the architecture for hardware and a framework for software. The framework provides
protocols for device discovery, subscribing a routing layer and a simple query interface
that allows for requesting data from groups of nodes. It provides protocols and services for

node naming, discovery, any-to-any ad hoc routing, authentication, and encryption.



The MEDISN architecture [7] includes a number of Physiological Monitors (PMs) to
collect patient's physiological data. Relay Points (RP) aggregate and forward data from
PMs. A gateway collects all the data from RPs using management command handling. PMs
only send data and are not involved with data forwarding. RPs self-organize into a routing
tree and use hop-by-hop bidirectional data traffic retransmissions, which are prone to
packet collision and corruption. The backend server host stores patient data and supports
multiple gateways. The connection between the backend server host and the gateways is

made through existing network (i.e., intranet or Internet).

Low power Medical Ad hoc Sensor Networks (MASN) [8] consist of low-cost ECG
sensors that are attached to the patients' bodies. They involve a cluster based, energy-aware
ECG collection scheme whereby the ECG data are reliably relayed to the sink node in the

form of aggregated data packets.

A Wireless Sensor Enabled by Wireless Power (WPWS) [9] presents an RFID system
architecture. The nodes have no batteries and have two antennas: a power antenna that
works at 915 MHz and induces energy to sensors on each node and a data communication
antenna that works in a 433 MHz band. The power antenna was designed to gather power
from a standard reader. A special physical data link layer was designed for this purpose.
WPMS requires the definition of only three layers: the physical (PHY) layer, the media
access control (MAC) layer, and the application (APP) layer.

WirelessHART [10] is the first open wireless communication standard specifically
designed for process measurement and control applications. WirelessHART was officially
released in September 2007 and implements a secure and Time Division Multiple Access
(TDMA) based wireless mesh networking technology operating in the 2.4 GHz Industrial,
Scientific and Medical (ISM) radio band. To support the mesh communication technology,
each node is required to be able to forward packets on behalf of other devices. Both the

MAC and network layer provide security services.



The details of all these works [48] have been summarized in Table 2.1.

WBAN Projects | Application/Transport Network Data Link layer Physical
layer layer layer
. IEEE 802.15.4 IEEE
CodeBlue MoteTrack TinyADMR MAGC 802 15.4
LEACH IEEE 802.15.4 IEEE
MASN ECG Software MoteTrack RMCP MAC 802.15.4
IEEE 802.15.4 IEEE
MEDISN i CTP MAC 802.15.4
Unobstructibe i i IEEE 802.15.1 IEEE
BAN MAC 802.15.1
. . L Graph WirelessHART IEEE
WirelessHART | WirelesHART applications routing DL Layer 802.15.4
4333MHz
WPWS Experimental ModBus i Modbus serial (data)
applications protocol 915Mhz
(power)

Table 2.1 WBAN in medical research

2.5 Existing work on performance improvement in WBAN

As WBAN sensors are placed in/on the body, the battery size is small. Battery life
is proportional to battery size. In WBAN data is processed in power efficient manner.
Power efficiency is the key feature while designing WBAN besides the use of high layered
energy-efficient MAC protocols. One such protocol is proposed by [11] in which multi-
hop architecture has been discussed. As the data handled by WBAN is of low power, he
suggested a gossiping strategy based on TDMA based MAC protocol for data transmission
between sensor and the gateway. Results show that power consumed is low in comparison

to TDMA based Star network.

Another energy efficient model was proposed by [12] which are known as a wireless device
driver for low duty peripherals. This device controls all the devices connected to it to make

the system reliable. The device driver is not always connected with the peripherals and user



can depart/rejoin it according to the requirement. These techniques save the latency time

by making use of either Bluetooth or Zigbee.

Collision, overhead, packet overhead, etc. are the main reasons for energy wastage in the
design of MAC protocol in WBAN [13-14]. In these two protocols proposed were
CSMA/CA and TDMA. For research and implementation purpose, they used IEEE
standard 802.15.4 (Bluetooth and Zigbee) as communication protocols. The Zigbee has
low data rate and low bandwidth as compared to the Bluetooth. Zigbee is used with star

topology whereas Bluetooth is widely used with master-slave configuration.

For super frame-structured WBAN MAC protocols [15] suggested user defined and easily
understandable handling scheme for crisis times. Instead of Contention-Free Period (CFP),
they proposed Mixed Period. Next, they also discussed another scheme for data
transmission that is known as Extended Period (EP), which provides guaranteed time slot
(GTS) to that slots that are not assigned time because of massive traffic and crisis. This
scheme can be implemented to a general super frame-structured MAC protocol named ex.
IEEE 802.15.4 and its next version. That also helps in random Contention-Free Period

allotments.

According to design choices [16] gave a practical solution to the implementation problems.
In the application model, sensors decode the data and send output periodically.
Accordingly, a sensor may be added and removed in the network at any unit time. By
making use of the offset-free scheduling model in which the processes are processed
periodically, and schedule length is equal to the hyper period of the process. Because of
limitation in resources, it may not be practically possible for a sensor node to keep a long

global schedule covering the hyper-period.

[17] Proposed a novel MAC protocol for WBAN that uses an out-of-band wakeup radio.

This special wake-up radio circuit attached with each node is used for triggering a node to
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wake up from a sleep state. The implementation cost for the same device is very low, and
design is very simple. It can save power, but it has a limitation of range up to 10-15 feet

only.

By the use of new technology, Cooperative Network Coding (CNC), [18] have given a
WBAN, which is highly reliable and provides increased throughput and removes single
points of failure. CNC in WBAN gives a wonderful idea to mitigate the loss of packets;
latency is reduced as data is sent again and again. It removes any point loss, and increases
the percentage of successful recovery of the meaningful data at the receiver end in real time
applications. Now a day’s CNC is not only used in its original configuration (one-to-one)

but also multiple-input-multiple-output (MIMO) systems.

For tackling the multi-channel problem, a few sparse solutions exist in literature. Slotted
Seeded Channel Hopping (SSCH) is a distributed link-layer protocol that increases the
capacity of an IEEE 802.11 network by utilizing frequency diversity. SSCH switches each
radio across multiple channels so that multiple flows within interfering range of each other
can simultaneously occur on orthogonal channels. SSCH is a distributed protocol and does
not require synchronization. SSCH devices maintain the channel schedule. The channel
schedule is the list of channels that the device plans to switch to in subsequent slots and
the time at which it plans to make each switch. Each device maintains a list of the channel
schedules for all other devices it is aware of. If the sender knows the receiver's hopping
schedule, the sender will probably be able to send quickly to the receiver by changing its
own schedule. In the uncommon case that the sender does not know the receiver's schedule,
then the traffic incurs a latency penalty while the sender discovers the receiver' s new

schedule [19].

Dynamic Channel Assignment (DCA) MAC protocol dynamically assigns channels to
devices in an on-demand fashion and is a degree-independent protocol. Each device

maintains two data structures. One is Channel Usage List (C~L), which records the
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channels being used by neighboring devices. This list is distributedly maintained. Other is
Free Channel List (FCL), which is dynamically computed from CUL. The sender sends an
RTS carrying its FCL. Then the receiver matches this FCL with its CUL to identify a data
channel and replies a CTS. On receiving receiver's CTS, the sender sends a RES
(reservation) packet to inhibit neighborhood from using the same channel. Similarly, the
CTS inhibits receiver's neighborhood from using that channel. All these happen on the

control channel. A data frame is transmitted on that data channel [20].

The Dynamic Open Spectrum Sharing (DOSS) MAC protocol allows nodes to adaptively
select an arbitrary spectrum. Because DOSS devices are secondary spectrum users, they
first detect the presence of primary users. Then DSSS devices set up three operational
frequency bands/channels: a data band, a control channel, and a busy tone band. An initial
control channel is set at the time the network is set up. This channel may migrate slowly
over time to a better channel. The busy tone band is used to solve the hidden and exposed
terminal problems and to assign data channels. DSSS protocol establishes a one-to-one
mapping between the busy tones and data channels. With the spectrum mapping, a receiver
converts the spectrum over which it is receiving to a busy tone and sends the busy tone in
order to inform other neighbors not to send. The sender and the receiver negotiate on the
dynamic channel for the data transmission. The sender sends its available channel
information through a REQ packet. The receiver finds a common channel for both,
responds to a REQ_ACK and turns on the mapping busy tone. The sender and the receiver

communicate over the negotiated dynamic data channel [21].

For the dynamic backoff problem, many backoff schemes have been proposed and studied
in the technical literature. Binary exponential backoff (BEB) is an algorithm being widely
used in the MAC-layer protocols [22-24]. The simplicity and good performance of BEB
contribute to its popularity. Unfortunately, the fairness of the BEB scheme is relatively

poor in some scenarios [25], [26].

12



To address the problem of unfairness in the BEB scheme, the multiplicative increase linear
decrease (MILD) algorithm was introduced in the MACAW protocol [25]. In the MILD
scheme, a collided node increases its backoff interval by multiplying it by 1.5. A successful
node decreases its backoff interval by one step, which is defined as the transmission time
of the request packet [request-to-send (RTS)]. Since the MACAW protocol assumes that a
successful node has a backoff interval that is somehow related to the contention level of
the local area, the current backoff interval is included in each transmitted packet. A backoff
interval copy mechanism is implemented in each node, to copy the backoff intervals of the

overheard successful transmitters.

In [27], an exponential backoff scheme has been proposed to control the retransmission
probability of each busy node on slotted random-access channels. At the beginning of each
slot, a busy node “flips” a biased coin according to the retransmission probability, to decide
whether or not to transmit in the slot. The operation of the proposed scheme is based on (0,
1, e) channel feedback, in which 0, 1 and e represent idle, successful, and collided channel
status, respectively. Each node decreases the retransmission probability by multiplying it
by a factor of q (0<g<1), when the channel feedback of the previous slot is e (collisions).
When the channel feedback is O (idle), the retransmission probability is increased by
multiplying it with 1/g. The retransmission probability is unchanged when channel

feedback is 1 (success).

In [28], a fair backoff control scheme for an IEEE 802.11-based wireless ad hoc network
has been proposed. In the scheme, the contention window (backoff interval) is changed

according to the received packets and the fair share of channel assigned to each node.

For the packet length optimization problem, it must be remembered that the effective
throughput is affected by a number of parameters, including transmission rate, packet
length and header size characteristics. The transmission parameters should be adapted

according to channel conditions to improve link performance. The mechanism to select one
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of the multiple available transmission packet sizes falls under link adaptation. The current
link adaptation schemes used in IEEE 802.15 wireless standard are proprietary (mostly
based on received signal strength and packet error rates) and in many cases can lead to
inefficient network utilization and unnecessary rate adaptation. An early investigation of
the effect of packet size on throughput was conducted in [29]. Rate adaptation using a
theoretical framework to evaluate the throughput has been investigated in [30]. A link

adaptation strategy for the related IEEE 802.11b was provided in [31].

It is seen that although there is existing literature that provides some rudimentary
models of multi-channel networks, they are not fully equipped to tackle the nuances of
having multiple nodes in the said networks. The thesis thus aims to provide a robust, fault-
tolerant network that has the capability to operate on multiple adjoining channels in the
WBAN framework, while maintaining optimal working conditions. The CSMA/CA
scheme has been selected as the access technique that works on these multiple channels,
keeping in mind the contention-based access any real time device should have; this is
particularly important for wearable devices as they may contain time critical data.
Expanding further into the CSMA/CA technique used, the backoff length is modified to
obtain better throughput and energy efficiency than existing methodologies. The thesis
explores the possibility of further bettering the network performance by performing a
packet length optimization on the data that is to be delivered. It is seen that based on
different use cases, the packet length can be optimized to offer different error rates and
delay times. These results also vary with the number of channels selected in the multi-
channel model. Overall, the work in this thesis thus enables a user to design a flexible

network that can be configured as per demand.
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CHAPTER 3

MULTI-CHANNEL WBAN MODEL AND
ACCESS MECHANISM

3.1 Introduction

Before diving deep into the internal architecture and functioning of a multi-channel
WBAN, it is essential to know some of the scenarios in which such a network will work
and the necessary requirements for that. Based on application, WBAN can be categorized

into the following types:

1. Wearable WBAN: Wearable medical applications of WBANSs include Disability
Assistance, Human Performance Management and Wearable Health Monitoring in
general. These applications require WBAN nodes to be usually placed on the surface
of the human body. No implants are necessary.

2. Implant WBAN: This class of applications is relative to nodes implanted in the
human body either underneath the skin or in the blood stream. The applications
include cardiovascular diseases, cancer detection and diabetes control.

3. Remote Control of Medical Devices: The ubiquitous Internet connectivity of
WBANSs allows for networking of the devices and services in home care known as
Ambient Assisted Living (AAL), where each WBAN wirelessly communicates with
a back-end medical network [32]. These are mainly used for patient monitoring and
telemedicine applications.

4. Non-medical uses: These are sparse in nature and include entertainment, emotion
detection and certain biometric applications.
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It is necessary to know the potential applications before designing the network, because
the use cases affect the performance of the same, as can be seen later. For example, the
path loss characteristics will be different for in body nodes (implants) and out/on body
nodes (surface nodes) and thus will produce different results. The typical medical

application scenarios along with their data rates [32] have been tabulated in Table 3.1.

Application Type Sensor Node Data Rate
Pacemaker Low, few Kbps
In-body medical
Endoscope Capsule High, 2 Mbps
application
Glucose sensor Low, few Kbps
Blood pressure Very low, few bps
On-body medical
Sp02 Low, around 30 Kbps
application
ECG Low, few Kbps

Table 3.1. Data rates of in/on-body applications

3.2 History of the IEEE 802.15.6 standard

Early developments in Wireless Personal Area Networks (WPANSs) were first made
in the 90s by different groups working at MIT (Massachusetts Institute of Technology).
Their initial aim was to interconnect information devices attached to the human body. They
also intended to use electric field sensing to determine body positioning, through which the
capability of modulating the electric field for data transmission throughout the body was

realized.

Recent developments in wireless technologies has a major focus on increasing
network throughput which shifts the focus of WPANSs to short range, low power and low-
cost technologies. Network lifetime has a greater importance in WBANSs as devices are
expected to perform over longer periods of time. Also, WPANSs do not satisfy the medical
communication requirements because of close proximity to the human body tissue. Thus,
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a standard model was required for the successful implementation of Body Area Networks

addressing both its consumer electronics and medical applications.

The IEEE 802 working group had a number of success stories in the realization of
the international standardization for WBANSs. A standing committee, Wireless Next
Generation (WNG), was established in January 2006, within WG15 (Working Group)
aiming for the examination of new topics and direction. In May 2006, an interest group of
WBAN, namely, (IG-WBAN) was initially established. The call for WBAN applications
by TG6 was later closed in May 2008 and compiled all submitted application into a single
document. The IEEE 802.15.6 working group established the first draft of the
communication standard of WBANSs in April 2010, optimized for low-power on-body/in-
body nodes for various medical and non-medical applications. The approved version of the
IEEE 802.15.6 standard was ratified in February 2012 [33] and describes its aim as follows:
“To develop a communication standard for low power devices and operation on, in or
around the human body (but not limited to humans) to serve a variety of applications

including medical, consumer electronics, personal entertainment and other.”

3.3 Requirements of WBAN in IEEE 802.15.6

The main requirements (ideal) of IEEE 802.15.6 standard are listed below [34-35]:
«  WBAN links should support bit rates in the range of 10 Kb/s to 10 Mb/s.
» Packet Error Rate (PER) should be less than 10% for a 256-octet payload for a
majority (95%) of the best performing links based on PER.
» Nodes should be capable of being removed and added to the network in less than 3
seconds.
« Each WBAN has to be capable of supporting 256 nodes, although the actual number

of nodes is way less.
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Nodes should be capable of reliable communication even when the person is on the
move. Although it is acceptable for network capacity to be reduced, data should not
be lost due to unstable channel conditions. The considered applications include
postural body movements relative to sitting, walking, twisting, turning, running,
waving arms and dancing among others which result in the shadowing effect and
channel fading. Nodes in a WBAN may move individually with respect to each
other, however the WBAN itself may move location resulting in interference.

Jitter, latency and reliability should be supported for WBAN applications that require
them. Latency should be less than 125 ms in medical applications and less than 250
ms in non-medical applications whilst jitter should be less than 50 ms.

On-body and in-body WBANSs should be capable of coexisting within range.

Up to 10 randomly distributed, co-located WBANSs should be supported by the
physical layer in a 6 cu.m. cube.

All devices should be capable of transmitting at 0.1 mW (-10 dBm) and the
maximum radiated transmission power should be less than 1 mW (0 dBm). This
complies with the Specific Absorption Rate (SAR) of the Federal Communications
Commission’s 1.6 W/Kg in 1gm of body tissue.

WBANS should be capable of operating in a heterogenous environment where
networks of different standards cooperate amongst each other to receive information.
A WBAN can incorporate UWB technology with a narrow-band transmission to
cover different environments and support high data rates. For instance, some medical
application such as ECG monitoring might require a UWB-based WBAN to support
higher data rates.

WBANSs must incorporate QoS management features to be self-healing and secure as
well as allowing priority services.

Power saving mechanisms should be incorporated to allow WBANS to operate in a

power constrained environment.
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3.4 Types of Nodes in a WBAN

A node in a WBAN is defined as an independent device with communication

capability. Nodes can be classified into two different groups based on their functionality,

implementation and role in the network. The classification of nodes in WBANS based on

functionality is as follows:

Body Network Co-Ordinator (BNC) - This device is in charge of collecting all the
information received from sensors and actuators and handles interaction with other
users. The PD then informs the user through an external gateway, a display/LEDs on the
device or an actuator. This device may also be called Body Control Unit (BCU), body

gateway, sink, or Personal Device (PD) in some application.

. Sensor (Node) - Sensors in WBANSs measure certain parameters in one’s body either

internally or externally. These nodes gather and respond to data on physical stimuli,
process necessary data and provide wireless response to information. These sensors are
either physiological sensors, ambient sensors or biokinetics. Some existing types of
these sensors could be used in one’s wrist watch, mobile, or earphone and consequently,
allow wireless monitoring of a person anywhere, anytime and with anybody. A list of
different types of commercially available sensors used in WBANSs are as follows: EMG,
EEG, ECG, Temperature, Humidity, Blood pressure, Blood glucose, Pulse Oximetry
(Sp02), CO2 Gas sensor, Thermistor, Spirometer, Plethysmogram, DNA Sensor,
Magnetic Biosensor, Transmission Plasmon Biosensor, Motion

(Gyroscope/Accelerometer/Tri-Axial Accelerometer), etc.

IEEE 802.15.6 has proposed another classification for nodes in a WBAN based on the way

they are implemented within the body, which is provided as follows:

Implant Node — This type of node is planted in the human body, either immediately

underneath the skin or inside the body tissue.
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ii. Body Surface Node — This type of node is either placed on the surface of the human
body or 2 centimeters away from it.
iii. External Node — This type of node is not in contact with the human body and rather a

few centimeters to 5 meters away from the human body.

The classification of nodes in WBANS based on their role in the network is as follows:

i. Coordinator — The coordinator node is like a gateway to the outside world, another
WBAN, a trust center or an access coordinator. The coordinator of a WBAN is the PD,
through which all other nodes communicate.

ii. End Nodes — The end nodes in WBANSs are limited to performing their embedded
application. However, they are not capable of relaying messages from other nodes.

lli. Relay — The intermediate nodes are called relays. They have a parent node, possess a
child node and relay messages. In essence if a node is at an extremity, any data sent is
required to be relayed by other nodes before reaching the PDA. The relay nodes may

also be capable of sensing data.

3.5 Topology of WBAN

The IEEE 802.15.6 working group has considered WBANS to operate in either a
one-hop or two-hop star topology with the node in the center of the star being placed on a
location like the waist. The one-hop technology is more common and provides a number
of advantages over the two-hop technology. Two feasible types of data transmission exist
in the one-hop star topology: transmission from the device to the coordinator and

transmission from the coordinator to the device.
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H: Body Network Co-Ordinator
One-hop star N: Node Two-hop extended star

Figure 3.1 WBAN Network Architecture

The communication methods that exist in the star topology are beacon mode and non-
beacon mode. In the beacon mode, the network coordinator, which is the node in the center
of the star topology controls the communication. It transmits periodic beacons to define the
beginning and the end of a superframe to enable network association control and device
synchronization. The duty cycle of the system, which is the length of the beacon period,
can be specified by the user and based on WBAN’s standard. In the non-beacon mode, a
node in the network is capable of sending data to the coordinator and can use Carrier Sense
Multiple Access with Collision Avoidance (CSMA/CA) when required. The nodes need to
power up and poll the coordinator to receive data.

However, the coordinator cannot communicate with the nodes at all times as the nodes
must wait till they are invited to participate in a communication. Since both one-hop and
two-hop star topologies exist in WBANS, careful considerations need to be taken into
account upon the choice of the one-hop or the two-hop topology. When all nodes in the
network are directly connected to the sink, the network is considered to have a one-hop

star topology. In a WBAN, the coordinator is known as the sink node to which all nodes

21



talk. However, in a multi-hop architecture, nodes are connected to access points via other

nodes. Table 3.2 provides a comparison between a multi-hop network and a one-hop star

topology.
Criteria Star Network Multi-Hop Networks
For nodes in close proximity to the | The nodes that are closest to
PDA, the power used to transmit | the PDA consume more energy
Energy to the PDA will be low. The nodes | as they will have to forward

Consumption

further away, however, will

consistently require more power to

be able to transmit information.

not only their own information
but also information from

other nodes.

Delay in

Transmission

The star network presents the least

possible  delay  present in
transmission from any sensor to
the PDA, as there is only a single

hop.

Dependent on how the network
is configured. In terms of
delay, the nodes closest to the
PDA can get their information
through quickly, without any

intermediate relay.

Interference

Sensors that are farther away from
the PDA require transmission with
higher the

power, increasing

amount of interference.

Since each node is only
transmitting to its neighbor
nodes, the energy of
transmission is kept low and
hence mitigates the effects of

interference.

Node Failure

and Mobility

Only the failed node will be
affected and the rest of the

network can perform as needed.

The part of the network that
involves the failed node has to
be

are involved.

reconfigured. Overheads

Table 3.2 Comparison between star and multi-hop network in WBAN
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This table shows that multihop transmission has a higher delay and lower transmission
power compared to the one-hop star topology. The multihop configuration involves
overheads along with its network operation; as increasing the number of hops could lead
to a high complexity. More specifically, using relays in WBANSs assists in reducing the
concentration of the transmission power from the source to its destination. Thus, the further
apart the source and destination are in distance, the higher transmission power is required.
Through the use of relays, the transmission heat will be distributed and a convenient heat
will be obtained for the surrounding area of the transmitting sensor. As per the latest version
of the IEEE standard proposed for WBANS, only two hops are supported in IEEE WBAN
standards compliant communication. Proprietary systems could use more than two hops,

but then inter-operability would be a problem, as they would not be standard-compliant.

3.6 Communication architecture of WBAN

The communication architecture of WBANS can be separated into two different tiers

as follows:

» Tier-1: Intra-WBAN communication

» Tier-2: Inter-WBAN communication
Fig. 3.2 illustrates these communication tiers in an efficient, component-based system for
WBAN:S. In Fig. 3.2, the devices are scattered all over the body in a centralized network
architecture where the exact location of a device is application specific. However, as the
body may be in motion (e.g. running, walking) the ideal body location of sensor nodes is
not always the same; hence, WBANS are not regarded as being static.
Tier-1: Intra-WBAN communication: Tier-1 depicts the network interaction of nodes and

their respective transmission ranges (~ 2 meters) in and around the human body. Fig. 3.2
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illustrates  WBAN communication within a
WBAN and between the WBAN and its multiple
tiers. In Tier-1, variable sensors are used to
forward body signals to a Personal Server (PS),
located in Tier-1. The processed physiological
data is then transmitted to an access point in Tier-
2.

Tier-2:  Inter-WBAN communication:  This

communication tier is between the PS and one or

Tier-1

more access points (APs). The APs can be
considered as part of the infrastructure, or
even be placed strategically in a dynamic

environment to handle emergency situations.

Tier-2 communication aims to interconnect
Figure 3.2 Communication Tiers ina Wireless ~ WWBANS with various networks, which can easily
Body Area Network be accessed in daily life as well as cellular
networks and the Internet. The more the technologies supported by a WBAN, the easier it
is for them to be integrated within applications. The paradigms of inter-WBAN
communication are divided into two subcategories as follows:
Infrastructure based architecture — The architecture shown in Fig. 3.3 is used in most
WBAN applications as it facilitates dynamic deployment in a limited space such as a
hospital as well as providing centralized management and security control. The AP can act
as a database server related to its application.
Ad-hoc based architecture — In this architecture, multiple APs transmit information inside
medical centers as shown in Fig. 3.4. The APs in this architecture form a mesh construction

that enables flexible and fast deployment, allowing for the network to easily expand,

provide larger radio coverage due to multi-hop dissemination and support patient mobility.
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The coverage range of this configuration is much larger compared to the infrastructure-
based architecture, and therefore facilitates movement around larger areas. In fact, this

interconnection extends the coverage area of WBANSs from 2 meters to 50 meters, which

is suitable for both short and long-term setups.

Off-Body Device

ZA

Database Server

Mesh

g5 &

Figure 3.3 Inter-WBAN Communication: Infrastructure-based mode
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Figure 3.4 Inter-WBAN Communication: Ad-Hoc based mode
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The work considered in this thesis is mostly concerned with Tier 1, single hop

communication from the on-body nodes to the BNC.

3.7 Layers in WBAN

Generally, all approved standards of 802.15 propose PHY and MAC layers. They
do not supply any network, transport or application layer and therefore call for other parties
to develop them. The IEEE 802.15.6 (WBAN) working group has defined new Physical
(PHY) and Medium Access Control (MAC) layers for WBANSs that provide low
complexity, low cost, high reliability, ultra-low power and short-range wireless
communication in or around the human body. The standard has also mentioned that “There
may be a logical node management entity (NME) or hub management entity (HME) that
exchanges network management information with the PHY and MAC as well as with other

layers”.

3.7.1 Physical Layer

The PHY layer of IEEE 802.15.6 is responsible for the following tasks: activation
and deactivation of the radio transceiver, Clear channel assessment (CCA) within the
current channel and data transmission and reception. The choice of the physical layer
depends on the target application: medical/non-medical, in and on-body. The PHY layer
provides a procedure for transforming a physical layer service data unit (PSDU) into a
physical layer protocol data unit (PPDU). IEEE 802.15.6 has specified two different
physical layers: Narrow Band (NB) and Human Body Communication (HBC).

NB PHY is responsible for data transmission/reception, activation or deactivation
of the radio transceiver and Clear Channel Assessment (CCA) in the current channel. Based
on the NB specifications, in order to construct PPDU, the PSDU has to be pre-appended
with a Physical Layer Preamble (PLCP) and a physical layer header (PSDU) shown in Fig.
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3.5. The PCLP preamble aids the receiver in carrier-offset recovery, packet detection and
timing synchronization. The PCLP header is sent after the PCLP preamble via the data
rates given in its operating frequency band. It transfers the necessary information required
for successfully decoding a packet to its receiver. The PSDU, which is the last component
of PPDU contains a MAC header, a MAC frame body and a Frame Check Sequence (FCS).
NB PHY uses Binary Phase Shift keying (BPSK), Differential Binary Phase Shift Keying
(DBPSK) and Quadrature Phase Shift Keying (QPSK) modulation techniques except at
420- 450 MHz where it can use the Gaussian Minimum Shift Keying (GMSK) modulation

technique.
Octets: 1 1 1 1
< > <« > « > <« >
Frame Recipient Sender WBAN
Control ID ID ID
15 bits 4 bits 12 bits 7 0-255 <
< > < > < > Octets: ¢—» = > <4—>
PHY BCH MAC MAC Frame Body
Header HCS Parity Bits Header Variable Length: FCS
0-255 bytes
PLCP Preamble PLCP Header PSDU

Figure 3.5 NB PPDU Structure of WBAN
HBC PHY provides the Electrostatic Field Communication (EFC) requirements that
covers modulation, preamble/Start Frame Delimiter (SFD) and packet structure. The
structure of the Physical Protocol Data Unit (PPDU) is composed of the PLCP preamble,
Start Frame Delimiter (SFD), PLCP Header, and PHY Payload (PSDU) as shown in Fig.
3.6. The SFD and preamble are specified data patterns. They are pre-generated and sent

before the payload and packet header. The SFD sequence is only transmitted once, whereas
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Data Rate Pilot Info | Sync D WBAN ID | Reserved
Payload Length CRC
Preamble SFD PHR PSDU

PHY Protocol Data Unit (PPDU)

Figure 3.6 HBC PPDU Structure of WBAN

the preamble sequence is sent
four times to assure packet
synchronization. The initial
PLCP preamble is created as a
64-bit gold code sequence which
is repeated four times and is

spread using a Frequency Shift

Code (FSC). The SFD sequence is also created by using a 64-bit gold code generator that

is spread using an FSC. Once the receiver has received the packet, it uses the preamble

sequence to detect the beginning of the packet. It then detects the start of the frame using

the SFD. The PHY header consists of the following fields: data rate, pilot information,

synchronization, WBAN ID, payload length and a CRC calculated over the PHY header.

The NB PHY uses seven different frequency bands as shown in Table. 3.3. It offers

various bit rates, channels and modulation schemes. The first licensed band in NB PHY is

the Medical Implant Communication Service (MICS) utilized for implant communication

with a range of 402-405 MHz in most countries. The next licensed band in NB PHY is the

Wireless Medical Telemetry Services (WMTYS) utilized in medical

Frequency Bandwidth
402-405 MHz 300 kHz
420-450 MHz 300 kHz
863-870 MHz 400 kHz
902-928 MHz 500 kHz
956-956 MHz 400kHz

2360-2400 MHz 1 MHz
2400-2438.5 MHz 1 MHz

Table 3.3 Frequency Band and Bandwidth of PHY Layer of WBAN
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telemetry systems. Neither MICS nor WMTS support high data rate applications. The
Industrial, Scientific and Medical (ISM) band is available worldwide and supports high
data rate applications. But, since various wireless devices such as IEEE 802.15.4 and IEEE
802.15.1 use the ISM band, there is a high probability for interference. The sixth band
(2360- 2400 MHz) of NB PHY is assigned for medical device use. The seventh band (2400-
2483.5 MHZz) is a license-free ISM band that has been used most commonly. Importantly
the 2360-2400 band is not an ISM band; hence, interference is significantly reduced
compared to the 2400+ ISM band.

Nodes in WBAN:S are scattered in and over the whole body, which creates multiple
transmission channels between the nodes based on their location in/on the body. In
scenarios where a hundred sensors are attached to a person’s body, the system becomes
quite bulky to be carried around. Thus, the USA Federal Communications Commission
(FCC) and communication authorities of other countries have allocated the MICS band at
402-405 MHz with 300KHz channels to enable wireless communication with implanted
medical devices. This leads to better penetration through the human tissue compared to
higher frequencies, high level of mobility, comfort and better patient care in implant to
implant, implant to body surface and implant to external scenarios. Additionally, the 402-
405 MHz frequencies have conducive propagation characteristics for the transmission of
radio signals in the human body and do not cause severe interference for other radio
operations in the same band. In fact, the MICs band is an unlicensed, ultra-low power,
mobile radio service for transmitting data to support therapeutic or diagnostic operation
related to implant medical devices and is internationally available. It is specifically chosen
to provide low-power, small size, fast data transfer as well as a long communication range.
The frequency range of the MICS band allows high-level integration with the radio
frequency IC (RFIC) technology, which leads to miniaturization and low power

consumption.
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For this thesis, the NB PPDU structure of PHY is used to work in the 300 kHz band
in the frequency range of 402-405 MHz, as mostly Human Body Communication devices

with low bit rates are used.

3.7.2 MAC Layer

The IEEE 802.15.6 working group defines a MAC layer on top of the PHY layer in
order to control channel access. The hub (or coordinator) divides the entire channel (or
time axis) into a chain of superframes for time referenced resource allocations. The hub
also chooses beacon periods of equal length to bound the superframes. The offsets of the
beacon periods can also be shifted by the hub. The beacons are normally sent in each
beacon period unless prohibited by regulations in the MICS band or inactive superframes.
The coordinator is responsible for channel access coordination through one of the
following three access modes:

1) Beacon Mode with Beacon Period Superframe Boundaries: In this channel access mode,
the hub sends beacons in each beacon period unless prohibited by restrictions in the
MICS band or inactive superframes. The hubs manage the communication of the
superframe structure using Timed frames (T-poll) or beacon frames. The superframe
structure of IEEE 802.15.6 is shown in Fig. 3.7. It consists of an Exclusive Access Phase
1 (EAP1), a Random-Access Phase 1 (RAP1), a Type I/l phase, an Exclusive Access
Phase 2 (EAP 2), a Random-Access Phase 2 (RAP 2), a Type I/ll phase, and a
Contention Access Phase (CAP). In CAPs, RAPs and EAPs, nodes strive for resource
allocation via either the slotted Aloha access procedure or more commonly, through
CSMA/CA. EAP1 and EAP2 are utilized for high priority traffic such as reporting
emergency events; while CAP, RAP1 and RAP2 are only used for regular traffic. Type
I/11 phases are utilized for bi-link allocation intervals, downlink allocation intervals,
uplink allocation intervals, and delay bi-link allocation intervals. Polling is used in type
I/11 phases for resource allocation. Based on the application requirements, any of these
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periods can be disabled by setting the duration length to zero. This channel access mode
Is most considered by researchers and developers. Thus, this mode has been considered

in this thesis.

EAP1 RAP1 Type Phase EAP2 RAP2 Type Phase

Superframe

4

Figure 3.7 Superframe Structure of WBAN [36]

2) Non-beacon mode with superframe boundaries: This access mode is not capable of
transmitting beacons and is forced to use the Timed frames (T-poll) of the superframe
structure. The whole superframe is either covered by one Type | or one Type Il access
phase, but not both.

3) Non-beacon mode without superframe boundaries: In this access mode, only
unscheduled Type Il polled allocation is provided by the coordinator, meaning each node
has to establish its own time schedule independently. Three categories of access
mechanisms exist in each period of the superframe, which are as follows:

(a) Scheduled access and variants (connection-oriented contention-free access) — This
access mechanism schedules slot allocation in one or multiple upcoming superframes
also named after 1-periodic or m-periodic allocations.

(b) Unscheduled and improvised access (connectionless contention-free access) — This
access mechanism utilizes posting or polling for resource allocation.

(c) Random access mechanism — In this access mechanism either the slotted Aloha

procedure or CSMA/CA are used for resource allocation.

31



3.8 Channel Model of WBAN

Based on the IEEE WBAN 802.15.6 standard, three communication channels are
considered. These channel models are described as in-body, on-body, and off-body
channels. Similar to free space wireless channels, signals in WBAN experience absorption,
reflection, and shadowing, which are caused by propagation in body tissue. Depending on
the location of the transmitter and the receiver, both large-scale and small-scale fadings
may affect the propagating signal. Similar to the classical wireless communication
channels, the path-loss in WBAN is not only distance dependent, but also has a frequency-
dependent nature.

The path-loss model between the receiver and the transmitter as a function of the
distance d is described, which is based on the Friis formula for the free-space path-loss. It
IS
given by:

d
0

where n, do, PLo, and X, represent the path-loss exponent, the reference distance, the path-
loss at the reference distance, and the shadowing component, respectively. n tends to vary
from 2.3 to 3.8 for WBAN applications.

Based on the existing experimental measurements for indoor environments,
statistical distributions such as Rayleigh, Gaussian, log-normal, Ricean, and Nakagami-m
have been studied for modeling of WBAN fading channel [37-38]. Unlike free-space small-
scale fading, Rayleigh distribution is not an appropriate model for WBAN communication
channels. On the other hand, it is shown in [39] that small-scale fading in UWB and
narrowband channels is properly modeled by log-normal distribution.

According to the IEEE WBAN 802.15.6 standard and the specific absorption rate

value regulated by the Federal Communications Commission, the maximum radiated
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power of the transmitter, denoted by Pmax, should be 0 dBm. The communication channel
and the channel parameters depend on the location of the transmitter and the receiver.
Depending on the sensor location, the working frequency could be different from point to
point. Generally, in-body and on-body communication channels work in the range of 402-
405 MHz.

The received signal in the it time slot is given by yi = hixi + ni, where h;, xi, and n; are the
channel gain of the link between the transmitter and the receiver, the transmitted signal,
and the additive white Gaussian noise (AWGN) with zero-mean and variance No,
respectively. As described earlier, statistical distribution of the fading channel is assumed

to be log-normal.

3.9 CSMA/CA in WBAN

As mentioned previously, in the beacon access mode of the WBAN MAC, there
exists multiple Exclusive Access Phases (EAP), Random-Access Phases (RAP) and a
single Contention Access Phases (CAP) where nodes strive for resource allocation via
either the slotted Aloha access procedure or more commonly, through the CSMA/CA
access scheme.

Carrier-sense multiple access with collision avoidance (CSMA/CA) is a
network multiple access method in which carrier sensing is used, but nodes attempt to avoid
collisions by beginning transmission only after the channel is sensed to be "idle”. When
they do transmit, nodes transmit their packet data in its entirety. It is particularly important
for wireless networks, where the collision detection of the alternative CSMA/CD is not
possible due to wireless transmitters desensing their receivers during packet transmission.

In CSMA/CA, the moment a node receives a packet intended for sending,

the first thing it does is to listen to the broadcast channel for a pre-specified time frame to
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determine if another node is broadcasting on the channel inside the wireless range. If the
broadcast channel is detected as "idle," the node can then start transmitting the data packet.

If the broadcast channel is detected as "busy," the node holds the transmission, waits
for a random time frame and then checks all over again to find out whether the channel is
free. This time frame is referred to as the backoff factor. The backoff factor is counted
down using a backoff counter.

If the channel is free when the backoff counter gets to zero, the node sends the data
packet. If the channel is not clear even when the backoff counter reaches zero, the backoff
factor is scheduled yet again (usually doubled from its previous value, up to a certain
maximum), and the entire scenario is repeated. This is repeated until the channel becomes
available. As soon as the channel becomes available, the data packet is transmitted. Once
the data is received by the receiving node, it sends back an acknowledgment packet (ACK)
after a short while. If the ACK is not received, it is assumed that the packet is lost and then
a retransmission is set up.

Hidden Node Problem: In wireless networking, the hidden node problem or hidden
terminal problem occurs when a node can communicate with a wireless access point (AP),
but cannot directly communicate with other nodes that are communicating with that AP.

This leads to difficulties in medium access control sublayer since multiple nodes can send

................................

s data packets to the AP simultaneously, which
/ creates interference at the AP resulting in neither
A B (: packet getting through. For example, in Fig 3.8,
(((T])) _((E.]::D) ((@13) node A can communicate with node B. Node C can
4 - i ; also communicate with Access Point node B.

\ y / However, nodes A and C cannot communicate with

each other as they are out of range of each other.

Thus, nodes A and C may send data simultaneously

Figure 3.8 Hidden node problem in CSMA/CA 4 node B, resulting in a collision. Collision
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avoidance schemes involving Request to Send/Clear to Send (RTS/CTS) packets may be
used to mitigate this problem.

Collision Avoidance: If another node was heard during sensing of the channel, the system
waits for a period of time (usually random) for the node to stop transmitting before listening
again for a free communications channel. Request to Send/Clear to Send (RTS/CTS) may
optionally be used at this point to mediate access to the shared medium. This goes some
way to alleviating the problem of hidden nodes because, for instance, in a wireless network,
the Access Point only issues a Clear to Send to one node at a time. However, wireless
implementations do not typically implement RTS/CTS for all transmissions; they may turn
it off completely, or at least not use it for small packets. If the medium was identified as
being clear or the node received a CTS to explicitly indicate it can send, it sends the frame
In its entirety. The node awaits receipt of an acknowledgement packet from the AP to
indicate the packet was received and check summed correctly. A very simplified working
of the standard CSMAJ/CA is shown in Fig. 3.9.

assemble a frame

\
is the channel idle?
Yes

transmit RTS

wait for random backoff time

A

No

Is CTS received?

transmit application data

Figure 3.9 The CSMA/CA working principle
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3.10 The multi-channel scenario

3.10.1 Motivation

The single channel condition present in the existing WBAN systems might create a
bottleneck for real-time transmission of data from the nodes to the BNC. This is because a
number of on-body nodes might want to send data simultaneously to the BNC, or do so in
time intervals that are extremely close to each other. This becomes more apparent as the
number of nodes increases, since there are more contenders for a single channel at any
given point in time. It may so happen that the data from a given set of nodes are pushed so
far in the waiting queue that they are processed at a time when they are no longer relevant,
thereby rendering them completely useless. The data rate for most applications, however
lies in the low kilobits per second range, and thus the bandwidth required to transmit them
is also quite low (for BPSK, DBPSK, QPSK, DQPSK modulation techniques). The 402-
405 MHz range that is primarily used in WBAN is excessive for such low bitrate
applications. It makes sense, therefore to split up the available bandwidth into smaller
channels, so that multiple channels are available for communication at any given time,
thereby reducing the delay for data transmission from a node. Under such a scheme, the
entire 300 kHz channel may be split up into multiple (say 4) channels each of smaller
bandwidth (say 75 kHz). Each of the nodes in the system can then transmit on any of the

said channels, following a certain set of rules or access technique.

3.10.2 The Multi-channel model

As specified before, for the multi-channel model, the entire available bandwidth is
split up into smaller channels. If B be the available bandwidth for transmission and we

create N equally wide channels, each small channel would have a bandwidth b given by

B —(N-1)bs
N

b; = (3.1)
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where the subscript i stands for the it channel such that Y, b, = B and bs is the channel
spacing between two adjacent channels. In our case, B has a value of 300kHz, so the choice
of N and bs would dictate the width of each channel. As an example, considering N =4 and
bs = 2 kHz gives a width of 73.5 kHz to each channel. For BPSK modulation that considers

only the width of the main lobe of the
402 MHz

}Control channel  PUISe, this would translate to a

maximum bit rate of 36.75 Kbps at

Data Channel passband, which is more than

sufficient for most WBAN

405 Mhz

applications. For QPSK at passband,

this rate goes up to 73.5 Kbps. Fig
Figure 3.10 Multi-channel scenario in WBAN 3.10 gives an idea of the proposed
channel segregation. It can be seen
that one amongst the 4 created channels have been assigned as the control channel, while
the remaining channels have been treated as data channels. These categories are necessary
as at least one control channel needs to be present to co-ordinate between the BNC and

nodes correctly.

3.10.3 The channel access technique

The access technique for different nodes to gain access to the requisite channels in
system is of pivotal importance. In order to define the access mechanism, a few certain
inherent assumptions have been made. These include:

* There are M nodes in a single coverage area, i.e. the human body, that are identical
to each other except for the rate at which their data may be generated.
* Overlapping transmissions at any of the N channels causes loss of all colliding

packets at that channel.

37



* |t is assumed that the capture effect is minimal, i.e., every receiving node gets its
radio signal attenuated almost similarly.

* A busy channel will not process new packets until it successfully transmits the
current packet. Packet preemption is not allowed.

Fig. 3.11 shows the topological view of the proposed WBAN system.

BNC with
N channels

M Nodes

Figure 3.11 Topological view of proposed WBAN

The channel access mechanism can be described in the following way:

* During the initial setup phase, the BNC decides the channel number that each of the
nodes must transmit in. It does so by allocating channels in a cyclic manner. As an
example, if there are 7 nodes and 3 data channels, nodes 1,4 and 7 get channel 1,
nodes 2 and 5 get channel 2, and nodes 3 and 6 get channel 3 as their allocated
channels. In order for this to happen successfully, the BNC must know the number
of nodes beforehand, which can be easily programmed into it at setup time.

* The nodes all listen on the control channel initially to get their allocated channels.
The BNC transmits a beacon frame over the control channel during a beacon
superframe. A beacon superframe consists of beacon slots, with each beacon slot
mapping to each data channel. If the beacon frame is sending in the first beacon

duration, it means that the first channel is reserved. The absence of a beacon frame
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during any beacon slot means that the relative data channel is not reserved. By
listening to the control channel, nodes know which channel is reserved for
communication between a node and the BNC. For example, if node 1 listens and
finds that the beacon frame during beacon slot 1 is inactive, it means that channel 1
is free and can be safely occupied. When channel 1 is occupied the beacon slot 1 is
no longer inactive and thus node 2 cannot occupy it. It thus listens to beacon slot 2,
finds it empty and occupies channel 2. Channel 3 is similarly occupied by node 3.
After all the data channels have been occupied once and the same communicated to
the nodes, all the beacon slots are again cleared up. Thus, node 4 checks beacon slot
1 and finds it empty. Thus, it gets allocated to channel 1. Node 5,6 and 7 are
similarly allocated to channels 2,3 and 1. Thus the channel allocation proceeds in a
cyclic fashion. Then the node that has been allocated a channel sends a data packet
over the negotiated data channel to the BNC. Fig. 3.12 shows an example scenario
in the described process. The transition from the state where node 2 has been
allocated a channel to the state where node 3 has been allocated a channel has been
shown. The same transition happens between nodes 5 and 6 being allocated

channels.

Control channel Data channel Control channel Data channel

frequency

Beacon siot Beacon slot

.
1]
H
Beacon superframe 'Beacon superframe

Figure 3.12 Channel allocation procedure
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Since multiple nodes have thus been mapped to every channel, the possibility of
collisions arises on every channel. When a new packet arrives at a non-idle channel
(i.e. a channel that is already occupied by another node), the packet will be put into
a queue for that channel. The queue is infinite size, i.e. overflows do not occur.
Before the transmission of a packet, a node generates a random back off waiting
time according to the uniform distribution between 0 and Tgack, the length of its
back off interval. All nodes have the same value of Teack and this value does not
change. It is assumed that delayed first transmission (DFT) occurs, in which new
packet arrivals are subject to the random delay. It is also considered that immediate
first transmission (IFT) occurs, i.e. the first packet on an idle channel is not
subjected to the said back off.

At the end of the random back off waiting time, the packet is sent.

If the packet transmission is unsuccessful, a new random back off waiting time is
generated and applied to the packet for retransmission. If the maximum number of
retries has however been reached, the packet is dropped. Thus, for each channel we

have a CSMA/CA technique being applied.

The unsuccessful packets back off and are sent again after a random period of time in this
case, thus the channel throughput is equal to the input traffic load until the channel is

saturated by the arriving packets at the network capacity.

3.10.4 Channel Aggregation

If a certain node in the network demands a higher bandwidth for high rate

transmissions, then the narrow channels provided would be of limited use. Under such a
scenario, a modified version of basic channel aggregation techniques can be used. The node

that demands a high transmission rate must make multiple requests for channel allocation,
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i.e. it must make requests for channel allocation even after being allocated one channel.

Thus, it must keep listening for beacons even after it is allocated one channel.

3.10.5 Summary

The multi-channel model takes advantage of the fact that the entire existing channel
(402-405MHz) is not required for low rate communications, as demanded by WBAN
devices. It gives scope to a larger number of devices to communicate simultaneously with
the BNC, thereby reducing the network latency and increasing the throughput. In case a
larger bandwidth is required for high bit rate applications, the policy of channel aggregation
can be used to reserve the requisite number of channels for transmission. The only
drawback of the multi-channel model is that is requires more hardware and processing at
the BNC, which should not be a problem given the advanced processing capabilities of
today’s systems. As an example, if a human body has 6 on-body nodes that communicate
with the BNC, the single channel configuration would mean that 6 devices are
simultaneously contending for access over a single channel. However, in the multi-channel
scenario, assuming 3 data channels are available, it would imply that 2 nodes contend for
access over each channel, thus drastically reducing the contention by a factor of almost 3.
This would immensely help in scenarios where the data is time-critical in nature, which it

usually is for medical applications.

3.10.6 Analysis of the proposed model

The multi-channel access technique provides a number of advantages to the
designed system. The first and most obvious advantage is having a reduced latency or

delay. This is because each external node, on an average has to wait for a lesser amount of
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time to gain access to a channel. The normalized delay D in normal CSMA/CA can be

modified from what is present in [40] to have:

D=<p%l[%]—1>ze+1+a (3.2)

Here px is the payload length, M is the number of nodes in the WBAN network, N is the
number of data channels, Ry is the bit rate and a is the normalized propagation time. The
normalization is done with respect to the time taken to transmit a packet of data. R is the
average delay between two consecutive transmissions (i.e., a retransmission) of a given
packet. We have,
R=1+2a+a+6 (3.3)

where « is the normalized transmission time of the acknowledgement packet, and ¢ is the
normalized average retransmission delay. Packets are retransmitted when transmissions are
unsuccessful due to primarily two reasons - the “BNC busy” situation, and due to
“collisions”. A multiuser receiver is unavailable only when it is currently transmitting or
receiving on the same channel on which the new incoming packet is transmitted. ¢ thus
forms an important criterion for the delay constraint and can be said to be the normalized
back off delay. The ceiling function is used to correctly give an estimate of the network
traffic per channel, as each channel is assigned to more than one node. For our scenario it
is assumed that a is negligibly small and is excluded from our calculations. Also, for
simplicity it is assumed that the acknowledgement packets are much smaller than the data
packets and that they are sent over an ideal channel with negligible delay. Hence, o = 0 and
weuse R =1+ 0.

Fig. 3.13 shows the concepts discussed previously in a graphical manner. The following
parameters have been incorporated while generating this graph. It has been assumed that

the bit rate Ry is 35 Kbps, the packet length pkis 2 Kb, and the number of nodes M is 8.
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Figure 3.13 Average delay vs. No. of channels for different backoffs

It is seen that the delay increases with increasing backoff, which does prove to be quite
intuitive as well. If the backoff time increases, the delay for a packet to be delivered also
increases simultaneously. It is interesting to observe that the delay drops to a negligible
value (only the time required to transmit a packet) once the number of channels equals or
surpasses the number of nodes (8 in this case). In that case, each and every node has
exclusive access to a separate channel and can carry out undelayed transmission of data, as

it does not have to wait for other nodes to complete sending their data.

3.11 Conclusion

It is seen that the multi-channel design proves to be superior to the single-channel
condition in terms of providing lower latency and thus better throughput. The more the
number of channels, the better is the situation. However, the maximum number of channels

that can be created is limited by the required bandwidth of operation of a single node. It
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has also been seen that the backoff time plays an important role in the design of the system.
In the next chapter, this backoff interval has been modified to suit the working conditions
of the network and it has been seen that a better throughput has been obtained when

compared to the current techniques available.
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CHAPTER 4

A PROPOSED MODIFIED BACKOFF SCHEME
FOR WBAN

4.1 Introduction

As has been observed in the previous chapter, the backoff interval chosen plays an
important role in determining the network performance, among other factors. In this
chapter, a modified backoff scheme is described that builds upon existing techniques to
provide better network performance. The scheme is described at first, and the observed

results discussed at the end of the chapter.

4.2 Existing work: pros and cons

In every multi-node network, where more than one node transmits on a given
channel, there is a probability of collisions. This occurs when each of the given nodes need
to transmit data that does is not generated at a predefined point in time. The data being
accumulated at every channel in the controller (BNC in this case) is thus random in nature
with respect to the time in which it arrives at the BNC. This leads to collisions. A core
functionality of a MAC layer is to provide a solution to mitigate the effects of these
collisions, or design principles that reduce the possibility of one. ALOHA, for example
allows data packets to be sent as soon as they are generated. A lot of other schemes also
employ the ALOHA principle to reserve channels for packet transmissions, like the packet-
reservation multiple access (PRMA) scheme [41].
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A lot of existing MAC schemes use a feedback to ensure that data packets were
received correctly, and thus mitigate the effects of collisions. Radio environments, however
prove to be a much trickier challenge, as packet collisions cannot be easily detected at all.
For radio environments, thus, most schemes use the principle of random back off. The node
that is sending out data waits for a random period of time before retrying to send its data
again. (The node understands that the data has not been received when it does not receive
an acknowledgement packet.) This random period of time is what is referred to as the back
off time, or in certain existing literature, as the retransmission delay. Algorithms have been
developed that dynamically change the back off delay to address varying network
conditions and improve its performance. Back off algorithms usually select the back off
time randomly from a range of zero to a maximum time delay, referred to as the back off
interval (Teack). Selecting proper values of Teack is essential, as too small a value can cause
repeated collisions, while a large value would introduce unwanted latency into the system.
Thus, high throughput, as well as low delay are complementary characteristics in the
context of back off intervals, and algorithms that can improve the conditions of both are in
demand. Fairness amongst competing nodes should also be kept in mind while designing
algorithms. In a multi-channel multi-node case, each of the nodes must have a proper Teack.

The existing BEB (Binary Exponential Backoff) algorithm is widely used in several
MAC schemes. Here, every node doubles its backoff interval (up to a maximum value
Teack) after a collision takes place; and decreases the interval to a minimum value Teack_min
after a successful transmission. BEB can be summarized by the following set of equations:

tg < min(2tg, Tgack), Upon collision

tg < Tpack min » upon successful transmission
where tg is the backoff interval value. The values of Teack_min and Teack are selected based
on the number of active nodes and the traffic load of the network. The simplicity of the
BEB scheme makes it popular; but its fairness is relatively poor [42]. For example, when

two nodes compete for channel access where one node has higher probability of data
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transmission and is successful in a transmission, it keeps on occupying the channel because
it decreases its backoff with each successful transmission. The second node, on the other
hand, keeps on increasing its back off. Thus, the first node effectively plays a monopolistic
role in capturing the channel.

The MILD (Multiplicative Increase Linear Decrease) algorithm addresses this
problem of fairness of channel occupancy to a certain extent. In MILD, a collided node
changes its backoff interval by multiplying its existing backoff interval by 1.5. A successful
node changes its backoff interval by decreasing it by one (in terms of transmission time of
the RTS packet) from the existing value. A backoff interval copy mechanism used to copy
the backoff intervals of overheard successful transmitters mitigates the problem of channel

unfair channel occupancy. The following set of equations can be used to describe this

scheme:
tg < min(1.5tg,, Tgack) upon collision
tp < g pack » upon overhearing success

tg < max(tg — 1, Tpack miv)» UpON successful transmission
where tg_pack is the back off interval included in the overheard packet. The MILD scheme
also maintains a backoff interval for each channel instead of for every node to further
improve the fairness. One drawback of this scheme is that the packet overhead is increased
due to the included backoff interval in the same. Also, there is the effect of migration of
backoff intervals in this case. If several areas exist with varying traffic loads in a connected
network, the backoff intervals of one area will migrate to other areas. The network
performance of those areas would be affected adversely, as those backoff intervals do not

correctly represent the actual channel contention levels in those said areas.
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4.3 The SBA scheme

The SBA (Sensing Backoff Algorithm) scheme was designed [43] to remove the
adverse effects of the previous schemes and has been quite popular since its inception in
the wireless sensor category of networks as well. In its design, the SBA scheme considers
how fast the change of backoff intervals should be in a collided transmitter and how other
nodes should respond to those changes. The BEB scheme tends to favor the last perceived
successful transmitter, while the remaining nodes do not change their backoff intervals.
The MILD scheme changes the backoff interval more cautiously, while allowing the

remaining nodes to copy the backoff interval value from the successful packet.

The SBA scheme is so designed that the nodes sensing successful packet transmissions
decrease their backoff intervals. Compared with the BEB scheme, this sensing approach
Improves the fairness aspect of the problem immensely. The backoff interval migration
problem is also avoided, as the copy mechanism is not used. The operation of the SBA
scheme also does not require precise information about the number of active nodes in a
network.

In the SBA scheme, each node that experiences a packet collision increases its backoff
by multiplying itself with a positive factor a, which is greater than 1. The node which has
a successful transmission decreases its backoff interval by multiplying the existing backoff
interval by a factor 6, which is less than 1. All active nodes sensing a successful
transmission decrease their backoff intervals by g steps, each step being defined as the
transmission time of a packet (track). The SBA operation can be described by the following
set of equations:

tg < min(atg, Tgack) upon collision
tp <« max(tg — Ptpack, Track miv) UpoON successful packet sensing

tg < max(Otg, Tgack min) - upon successful transmission
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The optimal backoff interval in a given area, given that the number of active nodes Na is
known, and the time required to transmit one packet is tpack, is given by Tzack opr =
4Ny tpack, as mentioned in [43]. On one hand, a smaller Tp ¢k opr leads to lower channel
throughput, because of the larger probability of repeated collisions. On the other hand, a
larger T 4cx opr drives nodes into a defer state too often with the channel being idle in a
larger fraction of time, lowering the channel throughput as well, and increasing the latency.
The SBA algorithm aims to increase the throughput of the network, by optimizing the
values of the parameters «, £ and 6. Based on the assumptions made in [43], the equations

deciding the values of the said parameters are:

a=1.2

1.72( = p

. a—l)—2(1—0)+z
_ 8p

1.52(a—1) = 2(1—8)+E

The solution set for the above equations are (e = 1.2, # = 0.8, 6 = 0.93).

4.4 The modified SBA scheme

Although the SBA scheme proposed in [43] does increase the network performance
in terms of its throughput, an even better performance can be achieved by modifying certain
parameters. The packet sensing part, in particular, forms the crux of the entire SBA scheme,
and can be fine-tuned. It is seen that the backoff time is changed in the other nodes when
one node sends its packets by sensing. This change in other nodes, is however in the form
of a constant decrease by a value f, and does not take into consideration the existing
backoff time as is done during successful transmission by a node or during collision (by
the parameters 6 and « respectively). The modified SBA algorithm does exactly this, and
improves the network throughput over the SBA scheme. The SBA operation can be

described by the following set of equations:
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tg <« min(atg, Tgack) » upon collision (4.1a)

btpack

tg <« max(tg — , Teack miv)»  Upon successful packet sensing  (4.1b)

tg < max(cty, Tpack min) » upon successful transmission (4.1c)

Here, the parameter a is greater than 1 and c is less than 1. By taking into account the
existing backoff interval value while updating it during sensing, the modified SBA scheme
provides a better control over its adaptivity. The values of the parameters a, b and ¢ can

be obtained in the manner described next.

The change in the backoff intervals of all nodes in the network should approach zero
asymptotically, when the system would be in equilibrium. The change in this backoff

interval is given by ATsack. We have,

ATgpck(t) = ATgack(t) + ATgack (t) (4.2)

where ATS,cx(t) and ATS,q,(t) are the net change of Teack due to the successful
transmissions and the collided transmissions, respectively, in the period of time t. In the
calculation of these two parameters, it is assumed that the successful and collided
transmissions are sent by nodes that have a backoff interval of Tg_ave, which is the average
of the backoff intervals over a time t. The objective is to find optimal values of the
parameters a, b, ¢ to maintain Ts_avc as close as possible to Tp,cx opr = 4Ny tpacks SO

that network throughput is maximized.

Every node changes its backoff interval from Tg ave t0 CTs ave With a net change of
(c-1)Tg_avc, after a successful transmission. All other nodes change their backoff intervals
by b/Tg ave, thus resulting in a net change in Teack Of (-b/Ts ave)(track)(Na-1). So,

ATg 4 o1 (t) can be written as

ATk () = p*(0) [(c = DTparg — 222E (N, - 1) (43)

Tpave

where p*(t) is the total number of successful transmissions in a time t.
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The nodes multiply their backoff interval by a after each collided transmission, with a net

change in Teack of (a-1)Ts_ave. S0, we have ATS,  (t) as

ATf4cx (@) = p(O)[(@ — DTpavc] (4.4)
where p€(t) is the total number of collided packets in a time t.

The net change of Teack should tend to zero. Thus

. AT t
lim Back(t)

t—oo t

~ 0, or we have

PO = DTpave = FEEW, - D] + p°Ol(@ = DTpare]
lim BAVG

t—o t

should equal to zero, which can be rearranged as:

nmw{[(c-n _ Dleack 1)] O —1)]}

t-c0 TBZAVG ps(t)

. . ST
Now, since lim Z=TBavé

t—ooo

cannot be equal to zero, we have the master equation as

lim ”SEQ (a-1D=01-c¢)+ ”“’;CK (N, — 1) (4.5)

To evaluate li Pt ),
t—oo p5(t)

[43] in a time t is n(t).
The total number of successful packets is then given by:
p*() = n(t). B

where Ps is the probability that no other nodes transmit in the duration teack and is given
by [43] as

py = (1 — Zpaexy ™™ (46)

Tpack
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The total number of collided packets is given by
pe(t) =n(®)(1 - P)(L+1) (4.7)
where it is assumed that there are L + 1 packets in each failed busy period. L is given by

[43] as

L = (—Teace )™ (48)

TBAck—2tpAck

Thus,

im pr®) _(A-PHL+1)
t=e0 p* () Ps

which on simplification, yields

c 2Np-2
m P5© _ ( TBACK ) T (4.9)

t—oo0 p5(t) Tpack—2tpack

Putting this value back in the master equation, and utilizing Tgacx = 4Ny tpacx TOr the

optimal case, we get

4Ny tpack ]ZNA_Z )
-1)a-1)=~10-¢c)+
<[4NA tpack — 2tpack

—F (N, — 1
16N, ° tPACK( 4 )

which on simplification, yields

([ . ]ZNH—l) @-D=0-0)+—s—®W,-1)  (410)

2Ng4 -1 16NA2tpACK

The parameter a can be chosen as per requirement, as discussed later (a value of 1.02 can
be chosen for optimal performance). By setting Na to values of infinity (this is because
choosing infinity nodes can asymptotically guarantee the best throughput), and a nominal
value of eleven, we obtain equations that allow us to get values of parameters b and c.

These are given below.
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a=1.02 (4.11a)
1.52(a—-1) =(1-c¢) (4.11b)

b
1936 tpack

1.535(a—1) = (1 —¢) + (4.11c)

A set of solutions, assuming the packet time to be 50ms, which is applicable to WBAN

systems, gives the following set of values (a = 1.02, b =0.0075, ¢ = 0.97).

4.5 Throughput and Energy considerations

The channel throughput S of a channel [44] can be given as

. Ps.U
S = PsTs+(1-Pgs).Ts+I (4.12)

where Ps is the probability of successful packet transmissions, U, T, T; and I are the
average duration of the utilization period, the duration of the successful busy period, the
duration of the failed busy period, and the duration of the idle period, respectively. This
equation is an approximation, although a viable one, because each random variable has

been replaced with its average value.
The energy efficiency penergy is given as [45]

E[Energysuccl (4 13)
E[Energytransmission]+ E[ENergyidie]

Penergy =

where E[Energysucc] is the average energy consumed by a successful transmission,
E[Energyiransmission] i the average energy spent during transmission and E[Energyidie] is the
average energy consumed during idle time which simplifies to [45]

Ng-1
tpacK <1_ 2fPACK> A
TpACcK

Na4—1
(4 _2tpack\ 4
2—11

Tpack

Penergy = (4.14)

T
+ BACK

tpack 2N,
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4.6 Performance Analysis

A plot of the throughput versus the total number of active nodes has been provided
in Fig. 4.1 following our improved SBA scheme. It is seen that the choice of the parameter
‘a’ dictates the throughput performance of the network. A value of a = 0.6 provides the
best performance. The throughput naturally falls as the number of contenders on the
network increase. Also, it is seen that a value less than one of ‘a’ severely affects the
throughput performance, although the severity decreases with the increasing number of
active nodes. The output curves for a=1.06 and a = 1.02 show that the throughput is indeed

improved over the existing SBA scheme.

Throughput vs. Number of active nodes
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Figure 4.1 Throughput vs. Number of active nodes
Fig. 4.2 highlights the variation of the throughput with varying values of ‘a’. It is seen that
the curves peak at specific values of ‘a’ depending on the number of nodes active in the
channel. Also, the peaks get lowered with increasing values of Na. These curves may be

used to choose appropriate values of ‘a’ depending on the values of Na. This also sets the
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precedence for using an adaptive algorithm to change the values of ‘a’ depending on the

network conditions, as will be discussed later.

Choice of &
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Figure 4.2 Choice of the parameter a for throughput

For the energy consideration, we see in Fig. 4.3 that the modified SBA scheme does
improve over the SBA scheme, but to a lesser extent than that of the network throughput
improvement. The energy efficiency also falls off as the number of active nodes increase,

and is dependent on the choice of ‘a’.
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Energy efficiency vs Number of active nodes
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Figure 4.3 Energy efficiency vs. Number of active nodes

Fig. 4.4 highlights the variation of the energy efficiency with changing values of ‘a’. As
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Figure 4.4 Choice of the parameter a for energy efficiency
seen in the case of throughput, the curves peak at a certain value of ‘a’, the peaks being

higher at lower values of Na. As discussed before, the value of ‘a’ can thus be adaptively
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selected to provide a better energy efficiency if the number of active nodes in the network

can be estimated.

Fig. 4.5 provides an insight into the overall choice of ‘a’ and compares it with the
performance of the SBA scheme for o = 1.2 for the condition where the number of active
nodes is 4. It is seen that within the modified SBA scheme itself, the choice of ‘a’ would
determine if the user wants to give priority to the throughput or the energy efficiency, as
the said curves peak at different points, albeit very close ones. The regions where the
modified scheme works better than the SBA scheme can also be seen clearly (for a>1 as
discussed previously). It can be seen that to have good throughput characteristics as well

as good energy efficiency, values from 1.03 to 1.06 can be assigned to ‘a’.
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Figure 4.5 Choice of a for the modified SBA scheme

4.7 Conclusion

The proposed modified SBA scheme does increase the throughput of the network,
while providing good energy efficiency as compared to the SBA scheme. However, the
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fact that the optimum ‘a’ changes with changing values of Na can be used to construct an
adaptive algorithm that uses the estimates of Na to dynamically change the value of ‘a’.
Such an algorithm would increase the efficiency of the system even further, while placing
a larger burden on the computational complexity of the devices. WBAN being an
immensely power constrained network, the possibility of such a scheme has not been
explored further. Some sparse work has been done on the said adaptive scheme though, as

can be seen in [45].

The next chapter deals with further optimizing the network, this time with respect
to the payload or packet size used for transmission of data in the said WBAN network. It
has been seen that characteristics of the network like delay/latency and bit error rate can be

improved in this way.
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CHAPTER 5

PACKET LENGTH OPTIMIZATION IN WBAN

5.1 Introduction

As discussed in the previous chapter, several parameters of a multi-channel WBAN
network can be optimized and improved to provide better network performance. Towards
that end, this chapter aims to find an optimal working condition for the network, that has
acceptable delay and bit error rate characteristics. The parameter that has been optimized
Is the payload or packet length that the nodes transmit to the BNC. A classical constrained
optimization technique, called the Karush—Kuhn-Tucker (KKT) optimization technique
has been performed to find the optimal packet length. It has also been observed that based
on certain requirements, the optimal solution can be changed. Thus, this provides a flexible

network configuration that can changed as per requirement.

5.2 Optimization techniques

WBAN devices possess a small form factor and are power constrained in nature.
Thus, dynamic and evolutionary optimization techniques cannot be applied in their case,
as they would require larger processing power and would consume more energy. Classical
optimization techniques provide an easier solution, as they do not require to be updated on
every iteration, thus consuming lesser energy and processing power. However, since
wireless networks can themselves be dynamic in nature, classical optimization techniques

that only have the capability to produce a global optima can be inappropriate to serve the
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required needs. Constrained optimization, on the other hand provides the opportunity to
bind in the restrictions of the system into the optimization and thus offer more flexible and

robust solutions. Broadly speaking, optimization can be categorized into the following

types:

e Continuous Optimization vs. Discrete Optimization
Some models only make sense if the variables take on values from a discrete set,
often a subset of integers, whereas other models contain variables that can take on
any real value. Models with discrete variables are discrete optimization problems;

models with continuous variables are continuous optimization problems.

e Unconstrained Optimization vs. Constrained Optimization
Another important distinction is between problems in which there are no
constraints on the variables and problems in which there are constraints on the
variables. Unconstrained optimization problems arise directly in many practical
applications. Constrained optimization problems arise from applications in which
there are explicit constraints on the variables. The constraints on the variables can
vary widely from simple bounds to systems of equalities and inequalities that

model complex relationships among the variables.

e None, One or Many Objectives
Most optimization problems have a single objective function, however, there are
interesting cases when optimization problems have no objective function or
multiple objective functions. Feasibility problems are problems in which the goal
is to find values for the variables that satisfy the constraints of a model with no

particular objective to optimize

o Deterministic Optimization vs. Stochastic Optimization

In deterministic optimization, it is assumed that the data for the given problem are
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known accurately. In optimization under uncertainty, or stochastic optimization,
the uncertainty is incorporated into the model. Robust optimization techniques can
be used when the parameters are known only within certain bounds; the goal is to

find a solution that is feasible for all data and optimal in some sense.

Most optimization problems employ the use of an objective function that takes into
consideration the parameters to be optimized, along with enforced constraints (if any). It
then tries to find an extremum for the objective function within a region. The extremum
for the function is usually found by considering gradients and the point(s) at which it is

Zero.

In this work, the KKT optimization technique has been used to optimize the packet length
based on some constraints for other parameters of the WBAN network. The reason for
choosing such parameters, and the KKT technique in general, is discussed in the later

sections.

5.3 Parameters for optimization

To optimize the packet length of data packets sent out by the nodes, a set of
characteristics or parameters of the network that are directly or indirectly affected by the
said packet length have to be chosen. The delay incurred in a network, is an example of
such a characteristic. When the packet length is increased, and a certain node is transferring
its data to the BNC, the other nodes using the same channel have to wait for a longer period
of time to send out its packets of data, thereby increasing the delay for the data for those
other nodes. Another example of such a characteristic is the packet error probability or the
packet error ratio. For a fixed bit error ratio, the packet error rate decreases as the number
of bits in the packet (i.e. the packet length) increases. These two parameters are vital for

the functioning of any network and are thus considered. In the context of a WBAN, these
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parameters are even more critical. If the delay of the packet transmission increases and
goes beyond a certain specified limit, the communication will no longer be real time and
will thus be useless. On the other hand, if the packet error ratio is not appreciably low as

well, a lot of erroneous data will be transmitted and will again prove to be useless.
5.3.1 Delay

The relation between delay D and the packet length px has already been provided in

chapter 3 and is reproduced here for convenience.

pe+ [l

D =
Ry

—1|R+1+a

Here px is the payload length, M is the number of nodes in the WBAN network, N is the
number of data channels, Ry is the bit rate and a is the normalized propagation time. The
normalization is done with respect to the time taken to transmit a packet of data. R is the
average delay between two consecutive transmissions (i.e., a retransmission) of a given
packet. We have,
R=14+2a+a+6

where o is the normalized transmission time of the acknowledgement packet, and ¢ is the
normalized back off delay. Packets are retransmitted when transmissions are unsuccessful
due to primarily two reasons - the “BNC busy” situation, and due to “collisions”. The
ceiling function is used to correctly give an estimate of the network traffic per channel, as
each channel is assigned to more than one node. For our scenario it is assumed that a is
negligibly small and is excluded from our calculations. Also, for simplicity it is assumed
that the acknowledgement packets are much smaller than the data packets and that they are
sent over an ideal channel with negligible delay. Hence, o = 0 and we use R = / + 4. So,

the final expression for the delay is given as

62



D=<p%[%]—1>(1+ 8 +1 (5.1)

The value of ¢ can be obtained from calculations made in the previous chapter, if the active
number of contenders in each channel can be properly estimated [45]. It can also be chosen
based on the application, as specified in [46]. Based on the assumption made in [46], we
have 0 as

CWnin
2

Where CWhin represents the minimum width of the contention window during the RAP
period, and Ts is the slot time. CWmin can be chosen based on the application considered

and the user priority defined as shown in Table 5.1 [46].

User priority Traffic designation CWhin
0 (Lowest) Background 16
1 Best effort 16
2 Excellent effort 8
3 Video 8
4 Voice 4
5 Medical data or network control 4
6 High-priority medical data or network control 2
7 (Highest) Emergency or medical implant event report 1

Table 5.1 User priority mapping and contention window bounds [46]
Fig 5.1 shows a plot of the average normalized delay D against the packet length p«. It can
be seen that as the number of channels increase, the delay decreases as previously

explained.
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Delay vs. packet length
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Figure 5.1 Delay vs. packet length
Also, as the packet length increases, the delay increases linearly as can be observed from
the equation itself. The speed has been considered to be 30Kbps and the number of nodes

M has been considered to be 8 as before.

5.3.2 Packet error ratio

The packet error ratio (PER) is a measure of the correctness of the received data
packets. It thus serves as a measure to determine if the received packet contains data that
was originally sent or has been hampered due to any reason whatsoever. Calculation of the
packet error ratio, however requires knowledge of the bit error ratio (BER). The bit error
ratio can be considered as an approximate estimate of the bit error probability. If the BER

Is denoted by its initials, then the probability that a received bit is correct is given by (1 —
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BER). The probability that all such pk bits in a packet is correct (i.e. the packet does not
contain any errors) is thus (1 — BER) P%. Thus, the PER is

PER = 1— (1 — BER)Pk (5.3)

The BER, in turn depends on the modulation technique that is used during transmission.
As WBAN primarily uses BPSK and QPSK modulation techniques, these have been

focused on.
5.3.2.1 BPSK modulation

Binary Phase Shift Keying (BPSK) is a two-phase modulation scheme, where the
0’s and 1’s in a binary message are represented by two different phase states in the carrier
signal. The constellation diagram for BPSK as shown in Fig. 5.2 has two constellation
points, lying entirely on the x axis (in phase). It has no projection on the y axis (quadrature).
This means that the BPSK modulated signal will have an in-phase component but no
quadrature component. This is because it has only one basis function. The carrier phases
are 1800 apart and it has a constant envelope. The carrier’s phase contains all the

information that is being transmitted.

<=

~Y

bit =1 bit=0

Figure 5.2 BPSK constellation diagram

The BER in BPSK is given by

1 E
BERBPSK ES EeT‘fC (\/N:Z) (54)
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where Ep is the energy per bit used and No is the noise density, and erfc denotes the
complementary error function. Ex/No (the energy per bit to noise power spectral density
ratio) is an important parameter in any digital communication system. It is a normalized

signal-to-noise ratio (SNR) measure, also known as the "SNR per bit".

The PER, when BPSK is used is thus given by

Pk
PERgpsx = 1 — [1 —~erfc ( %)] (5.5)

0

5.3.2.2 QPSK modulation

Quadrature Phase Shift Keying (QPSK) is a form of phase modulation technique, in
which two information bits (combined as one symbol) are modulated at once, selecting one
of the four possible carrier phase shift states. The constellation diagram for QPSK as shown
in Fig. 5.3 has four constellation points. A QPSK modulated signal will have an in-phase
component as well as a quadrature component. This is because it has only two basis
functions. The carrier phases are 900 apart and it has a constant envelope. The carrier’s

phase contains all the information that is being transmitted.

Q

Figure 5.3 QPSK constellation diagram

The BER in QPSK is given by

E, 1 E,
BERypsk < erfc Z_NO + Eerfc N_o
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which can be approximated by using a tighter bound [1] as

BER,psk = erf Sl
=~ erfc
QPS 2N,

The PER, when QPSK is used is thus given by

PERgpsk =1 — [1 —erfc (\%)]pk (5.6)

The PER vs. packet length characteristic is shown in Fig. 5.4.

PER vs. packet length
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Figure 5.4 PER vs. packet length

The SNR considered is 10dB. The variation in PER between BPSK and QPSK modulation
can be seen. Also, it is seen that the packet error ratio falls off as the packet length increases,

as is expected.
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5.4 Karush—-Kuhn-Tucker (KKT) conditions for optimization

The Karush—Kuhn-Tucker (KKT) conditions are first derivative tests necessary
conditions for a solution in nonlinear programming to be optimal, provided that some
regularity conditions are satisfied. The KKT approach to nonlinear optimization
generalizes the method of Lagrange multipliers, which allows only equality constraints, by
allowing inequality constraints. The Kuhn-Tucker conditions are both necessary and
sufficient if the objective function is concave and each constraint is linear or each constraint
function is concave, i.e. the problems belong to a class called the convex programming

problems. The KKT conditions have been described below.
The general mathematical programming problem is considered

minimize f(x),x € R"
subject to g;(x) <0, i=1,....,p
hi(x)=0, j=1,....,q
where f, g;.h; are all continuously differentiable functions and form the Lagrangian

function

L(x,Ap) = f(x)+ Zf:llligi(x) + Z?:l .Ujhj(x) (5.7)

The KKT optimality conditions are then

aika(x,/L,u) =0, k=1,....,n (5.7a)
4 >0 i=1,...p (5.7h)
Aigix)=0, i=1,...,p (5.7¢)
gi(x)<0, i=1,...,p (5.7d)
hj(x) =0,j=1,...,q (5.7¢)
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Here, n is the number of variables on which the optimization has been done. The g(x)’s
specify the inequality constraints and the h(x)’s specify the equality constraints. Either one
or both of these constraints can be present in the system being modelled. Correspondingly,
the A’s and the u’s are the Lagrangian multipliers for these constraints. There are p

inequality constraints and g equality constraints.

5.5 Problem formulation

One of the primary reasons for choosing KKT as a method of optimization in the
context is its ability to incorporate inequality constraints into itself. Also, since the PER is
a non-linear function, a non-linear optimization method has to be used. The main objective
of the proposed WBAN system is to reduce the PER while keeping the delay below a
certain recommended value. The objective function thus has been formulated in the
following way. Since the variable to be optimized is the packet length, the objective

function is designed to be a function of the packet length px. We have,

Z.NO

f(pi) = (”";—l[%]—1>.(1+ 5 +1+ 1—[1—y.erfc( ﬂ)]pk (5.8)

or,

f(oi) = <p";l[%] - 1) @+ 8)=|1=yerfe( \/?Tbo)]pk +2 (5.9)

where y = (1/2) and z = 1 for BPSK modulation, and y = 1 and z = 2 for QPSK modulation.

The inequality constraint can be given as

pi [

9(pi) = (T - 1) 1+ 8) +1 < Doy (5.10)
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where Dwuax is the maximum allowable delay that can be incorporated into the system and

would depend on the application of the WBAN system.

Thus, the Lagrangian function can be written as
L) = (ka—;[%]_ 1).(1 +6) - [1 —y.erfc(\/?Tbo)rk 24 A{(%b[%]— 1).(1 &) +1 —Dmax} (5.11)

Differentiating with respect to px and setting the result to 0, as demanded by KKT, we get

M) a+ o - [1-yerre( F)] in[1-yerfe( [22)] + 1{fH] () a+ o} =0 (612)

Also,
A{(p%l[%]—1>.(1+ 6)+1—Dmax}=0 (5.13)

Equations (5.12) and (5.13) are the final results of the KKT optimization process.

Now, let
Q=1-y. erfc( zETbO) (5.14)
R = [%] (i) 1+ &) (5.15)

where Q and R have been used to shorten the equations.
Then, from (5.12), we have

R—QPxInQ+ AR=0 (5.16)
Also, from (5.13) by putting in the value of R, we have

/1{ (pk - %) R+1- Dmax} =0 (5.17)

Assuming the constrained optimization case, (i.e. A # 0), we have
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P = I+ [RF”] (5.18)
N

or,

Dmax—1 Rp
P = - o2 (5.19)
e

and from (5.16), A as

__ QPkInQ-R

A - (5.20)
or,
p
[1—y.erfc( fTb()) kln 1—y.erfc< ijo)
A= -1 (5.21)
[%](R—lb>u+ 8

If we have, 4 > 0, then the optimal packet length would be given by (5.19). This is for the
constrained case, when the function might not have a clear minimum in the region of

interest.

However, if 1 =0, for the unconstrained case, when there is a clear minimum in the defined

region of interest, we have from (5.16)

R—QPInQ =0 (5.22)
This would the optimal packet length is given by

pr = In (%)/ InQ (5.23)
or,

Pe=n 1{[_1(_3((16))} / info —.erfe( (52 29

z.Ng
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Equation (5.24) gives the optimal packet length in the unconstrained case. In most cases,

it has been seen that the optimal packet length is guided by equation (5.24).

5.6 Energy considerations

Since the SNR per bit already incorporates an energy term inside it, calculation of

the energy per packet is quite easy. We have,

PER=1- [1 — . erfc( E—b)]pk (5.25)

Z.No

y and z depending on the modulation scheme as discussed before.

Thus,

1-(1-PER)PkY Ep
(—y ) = erfc( ZND) (5.26)

or,

1—(1—PER)pk)]2

E, = zN, [erfc‘l( .

(5.27)

Assuming Bernoulli packet transmission, the average number of transmissions per packet

for successful packet transmission [47] is (1/1 _ PER):

Thus, the total energy per successful transmitted bit [47] is given as

Ep totar = % [erfc_l (1—(1—3}&)]2 (5.28)
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5.7 Observations

The objective function f(px) has been plotted in Fig 5.5 for the BPSK modulation
case. The values of the parameters used are a bit rate of 30Kbps, a backoff of 28ms, 8 nodes
and 3 available channels. It is seen that the functions possess a certain minima in the region

shown in the figure. The reason for this is the opposing nature of the PER and delay

Objective function (BPSK)
T T T

——SNR = 4dB
--------- SNR = BdB
—:—:-SNR = 10dB

1 1 1 1 1 1
0 20 40 60 a0 100 120 140 160 180 200
Packet length p, (Kb)

Figure 5.5 Objective function for BPSK
functions. With the increase in packet length, the delay increases but the PER decreases.
Thus, the unconstrained solution as given by equation (17) would be applicable. For
example, when the SNR per bit is 10dB, and there is no constraint on the delay or PER, we
would have an optimal packet length of 44Kb, as can be seen in the figure. This optimal
length changes to 39Kb when the SNR per bit becomes 6dB. It is seen that with the increase
of the SNR per bit, the optimal packet length decreases. This can explained in the following
way: as the SNR per bit increases, the PER decreases (the PER being a decreasing function
with respect to to the packet size, whose rate of decrease increases with the increase in

SNR per bit, we get low PER even at smaller packet sizes when the SNR per bit is
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increased). Thus, with higher SNR per bit and thus lower PER, we get smaller packet sizes.

This is also favorable for the delay condition, as the delay increases with the packet length.

Fig. 5.6 shows the objective function for the QPSK modulation case. The parameters

Objective function (QPSK)
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Figure 5.6 Objective function for QPSK

for the network are same as before. It is seen that the optimal packet length for the 6dB
SNR case is 92Kb, while for the 10dB case it is 85Kb. The packet lengths increase in case
of QPSK, because the PER is higher at a given packet length for QPSK as compared to
BPSK, as was already shown in Fig. 5.4.

Itis to be noted that in the figures just discussed, the unconstrained solution can be obtained
very easily because of the presence of a minima. In case a minima is not present in a given
region, or an additional constraint needs to be imposed, the constrained optimization
equation derived i.e. equation (12) has to be used. For example, if an additional constraint
needs to be imposed, like the delay needs to be below a certain value, say Dwmax, then the

entire solution space can no longer be utilized. For example, in Fig.5.7 let us assume that

74



the packet length p_D gives the maximum delay allowed, such that it lies to the left of the
unconstrained solution. In such a case, only solutions to the left of the said packet length

can be accepted, and the solution would be obtained by considering the constrained
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Figure 5.7 Constrained optimization illustration

optimization solution.

The energy characteristics have been shown in Fig 5.8, for different PER’s for BPSK
modulation, while a comparison between BPSK and QPSK has been shown in Fig. 5.9 for
a PER of 0.001. It is seen that the energy per successful bit decreases as the packet size
increases. This can be attributed to the number of retransmissions per unit time decreasing
when the packet size increases. More energy is required per bit in the QPSK system than
the BPSK system as seen in Fig. 5.9. This can also be realized from the fact that at the same

packet length and PER, more energy per bit is required for QPSK than BPSK, as evident
from equation (19).
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Energy/successful bit vs. packet length
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Figure 5.8 Energy per successful bit vs. packet length

Energyfsuccessful bit vs. packet length for PER = 0.001
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Figure 5.9 Energy per successful bit for BPSK and QPSK
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5.8 Conclusion

It has been that the packet length optimization provides a robust and optimal
solution to provide the WBAN network with optimal delay and PER characteristics. In case
further restrictions need to be imposed on these parameters, a constrained optimization
approach can be taken as well. Energy based calculations were performed as well, by
varying several parameters. Comparison between various modulation schemes in the
context of the proposed WBAN network were also studied, and the obtained results match

are found to be quite intuitive as well.
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CHAPTER 6

CONCLUSION & SCOPE OF FUTURE WORK

With the simultaneous rapid advancement of wireless communication and semiconductor
technologies, the area of sensor networks has received a tremendous boost in the recent
years. The market for healthcare devices is also growing parallelly, thus driving the need
for faster and more efficient techno-healthcare solutions. Bridging the gap between the
supply and demand for such robust healthcare solutions that are driven by technology have
thus become essential. The entire WBAN network was proposed and developed upon by
IEEE to provide easy to use, cost effective solutions for people and was aimed at making
healthcare affordable for the masses. This would help bring in automation in the healthcare
industry as well, as reliable and verifiable data can be collected and reviewed by

professionals if deemed necessary.

The thesis aimed at making the WBAN network more customizable and adaptable while
simultaneously fine tuning some of its parameters to offer better performance. Several
aspects of the network were considered and optimized with the aim of providing a better
and more robust WBAN solution.

The WBAN system that was designed and analyzed in this thesis can be used for ubiquitous
medical purposes and is flexible in the sense that it can be configured to adjust its
parameters based on the user requirement. The data gathered from individuals can even be
processed at the gateway level and stored for future use or analyzed to identify
characteristics or symptoms of unwanted conditions present in the individual. As can be
well understood, the ultimate aim of a WBAN system is to provide an all-round medical

solution for individuals and thus improve their quality of life in the long run.
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To conclude with this thesis, some points can be gathered that can be worked upon in the
future for further modification and improvement of the proposed WBAN system. This
includes further exploring the multi-channel network to allocate resources according to the
incoming traffic density and rate. An adaptable system, that automatically estimates the
incoming traffic and provides the best possible channel allocation can be designed, that can

dynamically adapt by also including channel aggregation techniques.

In the backoff interval adjustment problem, as already noted before, it would help if an
estimate of the traffic load on each channel can be obtained and the parameters varied in
real time to obtain maximum network throughput. The system would need to be dynamic
in that case instead of being completely static. However, such a design may be quite
unfeasible due to power limitations on the end nodes. In such a case, algorithms that require
minimum node interaction and perform most of the adaptive operations on the BNC have
to be thought of. In the optimization problem, more constraints can be built into the system

and tested to make it more suitable for practical applications and deployment.
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