Doctoral Thesis

B

Proposal Methods for Performance Analysis
of WBANSs Based on CSMA/CA

CSMA/CAICEDWETA YL RAKRT4 T 77Xy b
7 — 7 DEFRMERRENICEYT 5%

March 24, 2017
2017 %3 H 24 H

14SD194
Do Thanh Quan
Ry Yy w7y

Supervisor: Professor Ryuji KOHNO
REBUE - W PR BUR

Department of Physics, Electrical and Computer Engineering,
Graduate School of Engineering,
Yokohama National University
Kohno Laboratory

BRI LR FRF B TN WG i TS At 75 =



Table of Contents

List of Figures

List of Tables

Acknowledgements

Abstract

HoEL

Chapter 1. Introduction

Chapter 2. Wireless Body Area Networks review
21 Structureof WBANs . . ... .. ... ... . o oL

22 Application . .. ... ...

221
222

Medical Applications . . . . . ... .. ... ..... .. ..
Non-Medical Applications . . . .. ... .. ... ... ..

2.3 Outstanding technical requirements of WBANs . . . . . . ... ..

231
232
233
234
235
2.3.6
2.3.7

Signal processing . . . . . ... .. ... ... L.

Security . . .. ...

2.4 Review of relative research onthe WBANs . . . . . . .. ... ..

vi

vii

viii

xi



Table of Contents ii

Chapter 3. Short description of Std. IEEE 802.15.6 30
31 PHYlayer . ... ... ... .. ... ... 30
311 UWBPHYlayer. ... ..................... 30

312 HBCPHYlayer . .. ...................... 31

313 NBPHYlayer . . . ... ... ... . ... ... ..... 32

314 BCHcodingscheme .. ... ................. 37

32 MAClayer . . ... ... .. e 39
3.2.1 Beacon mode with beacon period superframe boundaries 39

3.2.2 Non-beacon mode with superframe boundaries . . . . . . 41

3.2.3 Non-beacon mode without superframe boundaries . . .. 41

324 Accessmechanisms. . . .................... 41

Chapter 4. Markov chain Monte Carlo method for performance analysis

of WBAN’s 48
41 Chapteroverview . . . .. ... ... ..o oo 48
42 The conventional DTMC method . . . . . ... ... ... ... .. 48
421 Analyzing system under saturation condition . . ... .. 49
422 Analyzing system under non-saturation condition . . . . . 53
43 The proposal MCMC method . . ... ... ... .......... 55
431 Systemmodel . .. ... ... ... ... .. ... .. 55
432 Algorithm . ... ........ . ... ... ... . ... 56
433 Throughputofsystem . .. ... ... ... ... ..... 60

Chapter5. Dynamicstatistical method for performance analysis of WBANs 65

51 Chapteroverview . . . . ... ... ... ... 65
5.2 Service time calculation . . ... ... ... ... . 00 0L 66
53 Systemmodel . ... ... ... .. ... o oo 66
54 Algorithm . .. ... ... ... .. .. o 66

5.5 Performance analysis under non-ideal channel . . . .. ... ... 71



Table of Contents

Chapter 6. Proposal adaptive BCH code rates for WBANSs

6.1 Chapter overview . . . .

6.2 Packeterrorrate . .. ..

6.3 Constant BCH code rate
6.4 Adaptive BCH code rate

Chapter 7. Conclusion
Published Papers

Bibliography

1ii

72
72
72
73
77

80

83

84



List of Figures

1.1
2.1
2.2
2.3
3.1
3.2
3.3
34
3.5
3.6
3.7
3.8

39

3.10

3.11

3.12

3.13

4.1

4.2
4.3

The flow chart of thisthesis . . . ... ... ... .......... 6
Structureof WBANSs. . . . ... ... oo 8
Structure and applicationof WBANs . . . . ... ... .. .. ... 15
Wearable and Implantable WBANs . . . . .. ............ 16
The structure f UWBPPDU . . . . . . ... ... ... ..... 31
HBCPPDU structure . . . ... .................... 33
NBPHY layerPPDU . . ... ... ... ... .. .......... 35
PLCP header construction for transmission . . . .. ... ... .. 36
PHY header . .. ... ... ... ... ... ... ... . ... 37
BCH coding scheme for PLCP header . . .. ... ... ... ... 38
BCH encoding process for a single codeword. . . . . ... ... .. 39

Layout of access phases in a beacon period (superframe) for bea-
conmode . . . ... L 40

Allocation intervals and access methods permitted in a managed

accessphase . . . ... .. ... .. o 40
Layout of access phases in a superframe (beacon period) for non-

beaconmode . . . .. . ... Lo 41
Allocation intervals and access methods permitted for non-beacon

mode without superframes . . . ... ... ... ... .. ... .. 42
CSMAsslotstructure . . . ... ... .o Lo Lo 43
CSMA/CAInIEEE802.156 . . ... ... .............. 43
The conventional DTMC model for saturation WBANs . . . . . . 62
The conventional DTMC model for non-saturation WBANs . . . 63
The DTMC model for analysis of non-saturation WBANs . . . . . 64

—1v —



List of Figures v

51
6.1
6.2
6.3
6.4
6.5

Astartopology WBAN . . . . ... ... ... .. oL 67
The throughput of everysensor . . . . ... ............. 75
The PER of everysensor . . .. ... ... .............. 76
The access probability of every sensor . . . . ... ... ... ... 77
The total throughputofall sensors . . . . .. ... ... ...... 78
Comparing throughput of adaptive BCH code rate and bound for

constantcoderate . . . . . . ... 79



List of Tables

2.1
2.2
2.3
3.1
3.2

3.3

34

3.5
3.6
3.7
4.1
4.2
6.1
6.2

Applicationsof WBANs. . . . ... ... ... o 0L
Characteristics of application . . . ... ... ... ... ......
Requirements for applications. . . . . ... ... ... .......
Parametersof UWBPHY . . . . ... ......... ... .....
Modulation parameters for PLCP header and PSDU in 402 MHz

tod50MHz . . . ... ...
Modulation parameters for PLCP header and PSDU in 863 MHz

to9B8MHz . . . . ...
Modulation parameters for PLCP header and PSDU in 2360 MHz

to24835MHz . . .. ...
Preamble sequence#land #2 . .. ... ... ... .........
D-PSK constellation . . . . ... ........ ... .. ... . ...
Contention window for CSMA/CA and Slotted Aloha . . . . . ..
Contention window for zero™ UP . . . . .. ... ... .......
Explanation of the notations . . . . . . ... ... .. ... .....
Examplesof BCHcode . . . .. ... ... .. ............
Optimal BCH code rate forevery SNR . . . . .. ... ... .. ..

—Vvi—



Acknowledgements

Thanks to Japanese Government scholarship, MEXT, I have a chance to do
PhD course in Japan. I understand that the MEXT scholarship is made from
tax of Japanese people and I absolutely respect all Japanese people. During
four years working hard for PhD degree in Kohno laboratory, I always received
guidance, support and help from Prof. Ryuji KOHNO. Sometimes, he was
angry with me because of my working not meeting with his high requirements,
however, [ understood why he was and that encouraged me a lot. Iwould like to
thank Prof. Kohno for all. YNU is a really nice university and I hope to thank all
professors and staff in Graduate School of Engineering and other departments.
I also would like to thank Dr. Pham Thanh Hiep for his knowledge, support and
guidance. I feel very lucky when I work in Kohno laboratory, which produces
an efficient scientific and friendly environment, where I can share all ideas and
receive help from Dr. Takumi Kobayashi, Mr. Kento Takabayashi, Mr. Kim
Minsoo and other members at any time. Finally, I hope to thank my wife
Mrs. To Phuong Thao, honestly, she had to live far from me for long time and
overcome many difficulties without my help. I also thank to my family for all

support and encouragement.

—vii —



Abstract

The world population has been increasing, leading to a number of problems to
society and economics of many countries around the world. In which, a increase
of life expectancy is likely to age population, that requires higher health care
costs. Wireless Body Area Networks (WBANSs) appear as a potential candidate
to solve this matter because of providing a dynamic, efficient and high quality
e-health care.

In 2012, IEEE set up the standard for WBANSs, IEEE.802.15.6, that has been
considered as a breakthrough in development process of e-health care and in-
formation communication technology in general. To develop better technolo-
gies, protocols and to realize WBANSs in commercial area are continuous works
of researchers and engineers. The trend of research on WBANSs can be clari-
fied as follows, doing survey and overviewing on WBANS, developing technic
for WBAN s as coding or modulation scheme, improving medium access con-
trol (MAC) protocol for WBANSs, implementing and designing hardware for
WBANSs, modeling the propagation channel in which WBANs working on, fi-
nally analyzing performance of WBANSs in order to optimize parameters to
achieve higher performance. This thesis belongs to the final trend.

A dependable and efficient MAC protocol is really important with WBANSs
when they are applied for medicine or even though for non-medicine. Better
MAC protocol can produce low energy consumption or at least can guarantee
the timely delivery of emergency traffic. Therefore, beside of improving MAC
protocol, correctly analyzing it is necessary. There have been many works on
performance analysis of IEEE 802.15.6, especially based on carrier sense multiple

access with collision avoidance (CSMA/CA) scheme. The performance analysis
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on WBANs MAC layer can be clarified into two groups, using Markov chain
model to simulate the state of sensor in WBANs and non-Markov chain model
approach.

By employing discrete time Markov chain (DTMC) model, many previous
works can illustrate the state of all sensor in WBANSs or simulate how sensors
working and affecting together in the system. As a result, previous works can
calculate the access probability of all sensors and then calculate throughput and
energy consumption or delay and consider these as final results. After reviewing
carefully previous works, the authors of the thesis found out limitations as
frequent assuming that channel is ideal and finishing such at analyzing, not
optimizing or proposing any new technology, protocol or system. In order to
overcome these limitations, the thesis developed discrete time Markov chain
(MCMC) method to analyze performance of WBANs under non-ideal channel
by taking into account bit error rate (BER) and packet error rate (PER). The
MCMC method can be considered as development or adjustment of the DTMC
method with key idea is to find the access probability approximately.

On the other hand, the DTMC method consists of method limitations as using
assumption like saturation condition and non-saturation condition, and not
taking into account remained packets. The saturation condition in this thesis
can be explained as if a sensor in WBANs always has a packet to send or in
its user priority (UP) queue there is always a packet waiting to be served, the
sensor is saturated. In fact, saturation condition is likely to be relative with high
traffic. The remained packets are the packets transmitted unsuccessfully due to
collision or error. As a result, there are some previous works on MAC layer for
WBAN:Ss not using the DTMC method. However, these works have limitations
as consideration system having only a sensor node and a coordinator, or system
with many sensors but only single UP, consequently, the effect each other of
sensors in the same UP or different UPs is not taken into account. From these

points, the thesis proposed dynamic statistical method for performance analysis
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WBANSs on MAC layer, taking into account remained packets and analyzing
system performance changing following operation time and due to variable
packet arrival rate, the number of sensors, payload size, retry limit and UP
levels. The proposal method has been expected to be more flexible and precise.

Moreover, not finishing at analyzing performance, the thesis propose adaptive
Bose-Chaudhuri-Hocquenghem (BCH) code rates for WBANSs and the thesis also
proved that this adaptive code can produce significantly higher throughput for
WBAN:S.

In conclusion, the thesis produced three main results, proposing two meth-
ods, the MCMC and dynamic statistical method, for performance analysis of
WBANS, and then proposing the adaptive BCH code rates for WBANs with
higher throughput, which was already proved. The thesis still contains draw-
backs or unsolved problems. Firstly, the proposal adaptive BCH code may
cause system to become more complex and this is not solved yet in the thesis.
Secondly, with the proposal dynamic statistical method in this thesis is only fin-
ished at algorithm. For the future work of this thesis, the authors hope to apply
the MCMC method to other coding schemes with deep analysis of changing the
complexity and energy consumption of system when adaptive coding scheme
is employed. With the proposal dynamic statistical method, authors need to
develop simulation program to produce the throughput or energy consumption
of system and compare these with outstanding previous work results to prove
the proposal method. Moreover, the second method should be extended to
the real channel under noise and interference condition with deeper analysis of
adaptive real change of channel because of noise and interference, employing
cross layer with coding in order to optimize parameters of system and then

proposing adaptive coding schemes with comparison of these.
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Chapter 1

Introduction

According to [1,2], the world population estimated in August 2016 was at 7.4
billion and the global population was expected increasingly to reach between
8.3 and 10.9 billion by 2050. While in some developed countries as Japan,
Germany and Russia having low birth rate, the elderly people rate is really
high. The increasing and aging population has been requiring essential health
care in order to guarantee welfare for all people around the world. To develop
efficiency health care system is a significantly important issue of all nations,
medical organizations and researchers. In order to solve this problem, e-health
care system is expected as a potential solution in which wireless body area
networks (WBANSs) can be considered as a breakthrough.

In 2012, The Institute of Electrical and Electronics Engineers (IEEE) set up the
first version IEEE 802.15.6 standard for the WBAN s after revising, combining
and covering a number of initial research results. In general, the WBANSs can be
considered as wireless sensor networks (WSNs) in which sensors are distributed
through human body to collect vital signal and then transmit to coordinator or
center node which combines received signal to transmit to public networks as
hospital network, Internet and mobile network. Since producing vital signal, the
WBANS produce a wide range application for both medical and non-medical.
There are a high number of researches on the WBANSs covering overview of
the WBANSs [6,7,8] and the WBANSs standard [4,5], developing MAC protocol
for the WBAN s [9,10,:-+,14], developing technology for the WBANSs as coding

or modulation [15,16,17,18], analyzing propagation model of channel where the

1=



Chapter 1. Introduction 2

WBANSs working in [19,20,21,22], implementing the WBANSs with the hope of
realizing the WBANSs sooner in commercial market [23,24,25,26] and analyzing
performance of the WBANs and then optimizing parameters to improve the
system performance [27,28,-,38].

In the final way, there are also many previous works. In order to analyze
performance for the WBANs on medium access control (MAC) layer previous
works can be clarified into two methods, Markov approach that uses discrete
time Markov chain (DTMC) [27,28,--,35] and non-Markov approach [36,37,38].
By developing Markov chain to simulate the star topology WBANs, Markov
method can analyze MAC protocol of the WBANSs obviously and clearly as sys-
tem working in the real. However, there are some limitations on this approach
as most previous works considered system working in the ideal condition with
no noise or noise free and no interference. Moreover, previous works usually
finished at analyzing performance of system and considered that to evaluate
correctly system performance as final target and result.

While previous researches analyzed performance of system on MAC layer,
they usually set assumption that the channel is ideal. That seems like normal
approach when evaluating MAC layer, the channel should be ideal, meaning
that all effects of noise and interference of channel is assumed to be solved or
mitigated totally in physical (PHY) layer. In fact, this assumption is not true
in the real system. The effects of noise and interference can be mitigated or
decreased mainly at PHY layer, however, there is no technique as modulation
scheme and coding scheme can solve or mitigate totally the noise and interfer-
ence, leading to evaluate system on MAC layer with ideal channel obviously
produce not correct result. Different from previous work, in this PhD thesis
the system performance of the WBANSs is analyzed with consideration of non-
ideal channel. The thesis analyzed performance of the WBANs on MAC layer,
however, considering channel as a real channel with noise and interference and

setting bit error rate (BER) or packet error rate (PER) as additional parameters



Chapter 1. Introduction 3

when evaluating system on MAC layer. The thesis method can be considered
as cross layer approach and potentially the thesis method can produce more
correct result.

However, when non-ideal channel or BER and PER parameters were added in
performance analysis on MAC layer, the conventional DTMC method becomes
much more complex. In order to solve this problem, the thesis developed
Markov chain Monte Carlo (MCMC) method to overcome complexity due to
the additional BER and PER parameters, being presented in Chapter 4. In fact,
the proposal MCMC method can be considered as development and adjustment
of the conventional DTMC method with the key issue is to calculate the access
probability approximately.

On the other hand, in the previous works on IEEE 802.15.6, the performance
was frequently analyzed by using the access probability to calculate system
throughput system and the Markov chain model was proposed to calculate the
access probability in saturation or non-saturation conditions. The term satura-
tion means that in this condition sensors always have at least a packet to send
and this condition may be relative with really high traffic and packet generation
rate while non-saturation condition is relative to low traffic and packet gener-
ation rate. Nevertheless, in both saturation and non-saturation conditions, the
access probability or packet arrival rate defined as the number of generated
packets per second were assumed likely to be fixed or the same for all user
priority (UP). Moreover, the effect of remained packets, which are not transmit-
ted because of busy channel or collision, was not considered adequately. These
could make previous works meeting with limitations. In order to overcome
these limitations, in this thesis, instead of Markov chain model, saturation and
non-saturation conditions, the authors used statistical mathematics to calculate
the successful probability and the throughput of system, being presented de-
tail in Chapter 5. The proposal method still can give correct result under the

time-saturation condition, which can be defined as the connecting condition
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or the condition takes places between saturation and non-conditions, whereas
conventional method could find hard to give correct result. In addition, by tak-
ing into account remained packets and analyzing system performance changing
following operation time and due to variable packet arrival rate, the number of
sensors, payload size, retry limit and user priority levels, the proposal method
has been expected to be more flexible and precise.

Moreover, because of considering system on MAC layer under non-ideal
channel with BER and PER, the coding scheme is employed. Since the thesis
developed cross layer method, after analyzing performance of system, the thesis
could optimize Bose-Chaudhuri-Hocquenghem (BCH) code rates and then pro-
posed adaptive BCH code rates for the WBANSs, being presented in Chapter 6.
The result of thesis states that adaptive BCH code rates can produce significant
higher performance for the WBANSs. The idea about adaptive code rate is not
new. However, there are many previous works on adaptive code rate for other
application as in [39,40] focusing on the adaptive BCH code rates for Bluetooth
and data compression applications, respectively. The paper [17] proposed the
adaptive Reed-Solomon (RS) code rates for the WBANSs but in IEEE 802.15.6
this code is not used. The thesis is the really early work proposing adaptive
BCH code rates for the WBANs and also proving the higher throughput for the
WBANSs when this code is employed. Finally, this thesis uses BCH code as an
example and the proposal method can be extended potentially for other coding
scheme.

In conclusion, the thesis produced three main results, proposing two methods,
the MCMC and dynamic statistical method, for performance analysis of the
WBANS, and then proposing the adaptive BCH code rates for the WBANSs
with higher throughput, which was already proved. The thesis still contains
drawbacks or unsolved problems. Firstly, the proposal adaptive BCH code
may cause system become more complex and how to estimate the condition of

channel, and these are not solved yet in the thesis. Secondly, with the proposal
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dynamic statistical method in this thesis is only finished at algorithm. For
the future work of this thesis, the authors hope to apply the MCMC method
to other coding schemes with deep analysis of changing the complexity and
energy consumption of system when adaptive coding scheme is employed. With
the proposal dynamic statistical method, authors need to develop simulation
program to produce the throughput or energy consumption of system and
compare these with outstanding previous work results to prove the proposal
method and then extend the proposal method in the case of real channel under
noise and interference condition with deep analysis of these, employing cross
layer with coding in order to optimize parameters of system.

The thesis is organized as follows, Figl.1. Chapter 1 will introduce gen-
eral view about thesis. Chapter 2 reviews the WBANs with information about
structure, application, outstanding technical requirements and review of rela-
tive research on the WBANs. Chapter 3 describers shortly about Std. IEEE
802.15.6 in which related standards will be illustrated more detail. Chapter 4
will propose MCMC method for performance analysis of the WBANSs in which
the conventional methods will be described shortly and the proposal method
is expected to overcome limitations of the previous methods. Chapter 5 will
propose dynamic statistical method for performance analysis of the WBANSs
with really new idea about this work on the WBANs MAC layer based on sta-
tistical mathematics in which the proposal method is expected to open new
algorithm for performance analysis of systems based on carrier sense multiple
access with collision avoidance (CSMA/CA). Chapter 6 will propose adaptive
BCH code rates for the WBANS that can be considered as a fundamental result

of the thesis. Finally, Chapter 7 will conclude the thesis.
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Chapter 2

Wireless Body Area Networks
review

2.1 Structure of WBANSs

In fact, the WBANSs can be considered as WSNs. The general architecture of the
WBAN network has three tiers: Intra-WBAN, inter-WBAN and beyond-WBAN
as in Fig. 2.1. Each tier responds for typical tasks, however, when we develop
the real WBAN systems we can combine or optimize all devices in the tier for the
oriented application WBANSs. For example, we can develop a WBAN to collect
information about electroencephalography (EEG), electrocardiography (ECG),
temperature, peripheral capillary oxygen saturation (SpO2) and blood pressure
and then transmit to mobile phone network to emergency, private doctor and
family. As a result, we can optimize not only device but also technology as
coding scheme, modulation scheme and protocol for the oriented application
WBAN.

Firstly, the intra-WBAN communications responds for two types of communi-
cations. The first type is the communication between some sensors in the case of
multiple hoping as defined in IEEE 802.15.6 maximum multiple hoping is two.
The second type is the communication between sensors distributed through
body and a portable personal server or device (PS/PD), also called body control
unit (BCU), body gateway (BC), central node or coordinator usually set at the

center of body. The sensors can be on, near or implanted in the body, and these



Chapter 2. Wireless Body Area Networks review 8

Intra-WBAN communications Inter-WBAN communications Beyond-WBAN communications

AR
: p

-H_J%/( Internet. ‘
k, Hospital network)—/‘

{ Y
SPO2, Blood, ‘
EMG

Figure 2.1 Structure of WBAN:S.

define two types of WBANSs, wearable and implantable. There are also two
communication directions in this tier, some of sensors only collect data and then
process and report the information wirelessly to the portable PD while others
not only collect data to transmit to the coordinator but also receive data from the
coordinator in order to perform medicine administration based on the informa-
tion received from other sensors in the same network, through interaction with
the user or from professional doctor or emergency. The transmission direction
from the coordinator to sensor node may let the WBANSs can be applied directly
for treatment in medical application.

Secondly, the inter-WBAN communications responds for the communication
from the PD to access point or base station. After collecting data from sensors,
the coordinator will send this information some devices as mobile, tablet or
computer and then this information will be retransmitted to access point or base
station to public networks as Internet, hospital network or mobile network.

Finally, the data from the public networks will be sent to emergency center,
doctor, family, or medical sever or database. This communications belongs to

beyond-WBAN communications. The final tier may be developed basically
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based on the application and in this tier the private issue is essential due to
that the personal information of user is frequently processed and analyzed by

human being.

2.2 Application

In this section, the thesis will shortly illustrate many potential applications
of the WBANs. The WBANSs applications span a wide area such as military,
ubiquitous health care, sport, entertainment, solving disaster and many other
areas. In the IEEE 802.15.6, the WBANSs applications can be categorized into
medical and non-medical as can be seen in Table 2.1 [3,7]. In which some
implantable and wearable WBANSs applications, remote control medical devices
and non-medical applications are also defined in this table. Depending on the
applications, main characteristics as data rate, power consumption, quality of

service (QoS) and privacy are also required, Table 2.2 [3,7].

2.2.1 Medical Applications

As can be seen from Fig.2.2 and Fig.2.3 the WBANs can produce a huge
potential to revolutionize the future of health care monitoring by diagnosing a
number of life threatening diseases, providing real time patient monitoring and
also contributing directly to treatment. According to [1,2], it is predicted that the
worldwide population over 65 will have doubled in 2025 to 761 million from the
1990 population of 357 million. As a result, it is true that by 2050 medical aged
care will become an essential issue. Moreover, in many dangerous diseases,
one of the leading causes of death is related to cardiovascular disease, which
is estimated to be as much as 30 percent of deaths worldwide [1,2,7]. In order
to solve these, based on advanced information communication technology, the
deployment and servicing of health care services will be fundamentally changed

and modernized.
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Table 2.1 Applications of WBANS.

Assessing Soldier Fatigue and Battle
Readiness

Aiding Professional and Sport
Training

Wearable WBANs

Sleep Staging
Asthma
Medical Wearable Health Monitoring

The
WBANs Implantable

Applications WBANs Cancer Detection

Ambient Assisted Living
Patient Monitoring

Cardiovascular Diseases

Remote Control of
Medical Devices

Tele-medicine Systems

Real Time Streaming

Non-medical Entertainment Applications

Emergency

The use of the WBANS is expected to produce e-health care systems to en-
able more effective management and detection of diseases, and reaction to crisis
rather than just wellness. It is expected that by employing medical applications
of the WBANSs, we can design the real e-health care systems allowing for con-
tinuous monitoring of one ’ s physiological attributes such as EEG, ECG, SpO2,
blood pressure, heartbeat and body temperature. For example, in cases where
abnormal conditions are detected, this information will be collected by the sen-
sors and then the sensors will send to coordinator, after that the coordinator will
transmit this data to mobile phone, tablet or computer and then these devices
may retransmit to the public networks as mobile network, Internet or hospital
network. Finally, doctor, emergency or family will receive this information and
then the intermediate suitable action can be taken. In addition, the WBANs will
become a key approach in early diagnosis, monitoring and treatment of patients

with possibly fatal diseases of many diseases as diabetes, hypertension, cardio-



Chapter 2. Wireless Body Area Networks review 11

Table 2.2 Characteristics of application

Application Sensor Data Duty Power )
] QaS Privacy
Tvpe Type Rate Cyvcle | Consumption
Glucose Extremely i
0
Sensor Few Kbps = 1% low Yes High
Implantabl
mp Tn a. € Pacemaker | Few Kbps = 1% Low Yes High
Application
E?::iﬂge >2Mbps | <50% Low Yes | Medium
ECG 3 Kbps < 10% Low Yes High
Wearable Sp02 32Kb - 1% L Y Hi
=
Medical P ps ° ow e gh
Application | Blood | _joppe | <19 High Yes | Medium
ressure
Music for . Relatively
Headsets 1.4 Mbps High High Yes Low
Wearable Forgotten
Non-medical Things 256 Kbps | Medium Low Yes Low
Application | Monitor
Social =200 10 :
Networking Kbps 1% Low Yes High

vascular related diseases and so on. The medical applications of the WBANs

can be further classified into three subcategories as follows.

A. Wearable WBAN applications

Wearable medical applications of the WBANSs can further be classified into
the following two subcategories as disability assistance and human performance

management. Some of these applications are mentioned bellows.

Assessing Soldier Fatigue and Battle Readiness The military field is abso-
lutely special and hard. It is essential if the commander know exactly all activi-
ties of his soldiers in the battlefield, which can be monitored and analyzed more
clearly by the WBANSs. For example, the real typical WBAN systems consist-

ing of cameras, vital sensors, GPS (Global Positioning System) connected with
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wireless network producing communication between soldiers to other soldiers
and head quarter. As a result, the commander will know where his soldiers
are and how they are, leading to planning or adjusting campaign more effi-
ciently to achieve victory. However, in order to prevent ambushes, a secure
communication channel should exist among the soldiers and the security of
the system should be guarantee at really higher level to avoid enemy catching
this information. Moreover, the WBANS can be used in harsh environments as
for policemen, fire-fighters or solving disaster staff, reducing the probability of
injury while providing improved monitoring and care in case of injury in order

to make a timely support decision.

Aiding Professional Sport Training The combination of technology and sport
may improve the performance of many sports. The training schedules of ath-
letes can easily be tuned via the WBANSs as they provide monitoring parameters,
motion capture and rehabilitation, producing data to analyze to make adjust-
ment for higher result and performance. Moreover, sport scientists can use the
real-time feedback data provided from exercise of the athletes to analyze and
allow for performance improvement and prevents injuries related to incorrect

training.

Sleep Staging It is obvious that sleep is an important behavior and regular
physiological function, and one human being usually spends one-third of every-
day life for sleeping. In fact, according to many medical reports, there is large
population, an average of 27% of the world population, especially with elderly
and staff working in pressure environment, suffering from sleep disorders. A
good sleep is essential for all people and at least it can refresh our brain. Such
disorders may cause quite severe and lead to cardiovascular diseases, sleepiness
at work place and drowsy driving. As a result, sleep monitoring appears as a
burning issue and takes the great interest of many sleeping researchers in the

recent years. The sleep disorders can be realized through a sleep study test,
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which requires analysis of a number of bio-potentials and data recorded over
night. If we use such system requiring a lot of cables that run from the head
to a box connected to the patient " s belt and interrupt the patient from falling
sleep or the received data may not so correct due to the patient suffered by this
system. Moreover, the system also disturbs the motion of patient and initiates
artifacts, reducing the signal quality. It is clear that the WBANSs can produce an
excellent solution to overcome these limitations. In stead of many cables, the

WBAN:Ss will reduce the effect of device to the patient at lowest level.

Asthma Asthma is a chronic disease involving the airways or bronchial tubes
in the lungs, which allow air to come in and out of the lungs. If people have
asthma their airways are always inflamed and they become even more swollen
and the muscles around the airways can tighten when something triggers symp-
toms, making difficulty for air to move in and out of the lungs, causing symp-
toms such as coughing, wheezing, shortness of breath and chest tightness. The
WBAN:S can produce dynamic monitoring allergic agents in the air and provid-
ing real time feedback to doctor and family, which can help millions of patients

suffering from asthma around the world.

Wearable Health Monitoring It is clear that the WBANS can provide real time
health monitoring. For instance, a WBAN with glucose sensor can be used for
diabetes patients. The data from such the sensor may be stored or sent to a
doctor for analysis to produce efficiency treatment. With high blood pressure
patients, it is absolutely dangerous when such the disease acts while the patients
are staying alone. If the WBANSs are employed, the timely report will be sent to

doctors or relatives to support them to ban unwanted results.

B. Implant WBANSs

Not only are the WBANSs applied for medical monitoring, but they also can

be used directly for treatment of some diseases as diabetes, cardiovascular and
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cancer diseases. This class of applications is base on the implantable WBANSs
in which sensors are implanted in the body or under skin of human body. For
example, the thesis will illustrate how the WBANSs can be applied for monitoring
and treatment for diabetes disease, which is one type of metabolic diseases in
which there are high blood sugar levels over a prolonged period. The symptoms
of this disease include frequent urination, increased thirst, and increased hunger.
If left untreated, diabetes can cause many complications. According to some
medical reports, as of 2015, an estimated 415 million people had diabetes in
the world, representing 8.3% of the adult population with equal rates in both
women and men. By 2014, it is suggested that the rate would continue to rise, at
least doubling a person’s risk of early death. From 2012 to 2015, approximately
1.5 to 5.0 million deaths each year resulted from diabetes. In fact, this disease
does not cause death directly and fast, however, it brings many uncomfortable
and anxious things to patients and they will be no longer happy with meal.
Consequently, the global economic cost of diabetes in 2014 was estimated to be
$612 billion.

When diabetes patients use the WBAN systems, they will be monitored dy-
namically all the time. The data from patients will be used to analyze to adjust
treatment approach. Moreover, we also can develop some typical sensors im-
planted in the patient body, which can inject directly insulin to the body based
on the received and analyzed information from the patient. In addition with car-
diovascular disease and cancer, the implantable WBANS can produce dynamic

timely data for doctors to analyze and find out the best treatment solution.
C. Remote Control of Medical Devices

One other class of the WBANSs applications is the remote control of medi-
cal devices. With the ubiquitous mobile network and Internet connectivity of
WBANSs allows for networking of the devices and services in home care, which
is known as Ambient Assisted Living (AAL) in which the WBANSs wirelessly

communicates with a back-end medical network. The AAL system aims to pro-



Chapter 2. Wireless Body Area Networks review 15

Jess Communication
' Dosage System

*Udiform Management of Multi

g Dosage Confrol

g Automatic | dentification
Jstem

Real-time Transfusion
Blending System

Urinary Output "Electrolyte Monitor

Figure 2.2 Structure and application of WBANs

duce the self-conducted care of patients that are assisted in their home, resulting
in minimizing the dependency on intensive personal care, increasing welfare
and quality of life, and may decreasing health care costs. In fact, the AAL sys-
tem is expected to become an efficient e-healthcare system and will replace the
conventional and traditional heath care system, which is very expensive and
requires many doctors and medical staff. The thesis will shortly illustrate two
applications of this class of remote control of medical devices application as
patient monitoring and telemedicine systems.

Patient monitoring can be considered as one key application of the WBANs,
monitoring vital signals, as well as providing real time feedback and informa-
tion on the recovery process in health monitoring applications. For example,
when the WBANSs are employed, many vital signals such as heart rate, body
temperature, respiration rate, blood pressure, SpO2, EEG, ECG and so on will

be collected and transmit to doctors, hospital and family. The WBANSs are
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also used for administration of drugs in hospitals because of bringing remotely
monitoring of human physiological data, aid rehabilitation and providing an
interface for diagnostics. It is clear that continuous patient monitoring and
providing necessary medication when required are considered as an important
development field for the WBANSs. Because of the WBANSs providing an inter-
connection amongst various devices in, on or around the body such as hearing
aids and digital spectacles, we can develop many their applications for patient
monitoring, post-treatment follow-up, pharmaceutical research, trauma care,
remote assistance in accidents and research in chronic diseases [7,8].

In addition, telemedicine systems either use a power demanding protocol like
Bluetooth, however, this is open to interference from other devices working in
the same frequency band, or defined wireless channels with own distributed
frequency band for transferring information to remote stations. As a result,
the systems restrict prolonged monitoring. Whereas integrating WBANSs in a

telemedicine system allows for long periods of unobtrusive ambulatory health
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monitoring. In the near future, if we can develop recharging WBAN sensors,
which can be made by wireless energy transmission technology or energy har-
vesting devices that collect energy from various sources, external to the sensors
such as inertial energy harvesting devices and thermo-electric devices, the e-
telemedicine system will become more efficient and competitive than conven-

tional system.

2.2.2 Non-Medical Applications

A. Real Time Streaming

Not only are the WBANSs applied for medical, they are also can be applied for
non-medical, real time streaming, entertainment, emergency, emotion detection,
and secure authentication. Firstly, class of real time streaming applications con-
sists of video streaming such as capturing a video clip by the camera in a mobile
phone, trading shows for sport goods along with the latest fashion designs and
three dimensions (3D) video. The WBANSs also can produce audio streaming
possible through voice communication for headsets for instance listening to ex-
planation of art at the museum and speed in some events or listening to the bus
schedule information on the bus stop, multicasting for conference calls, brows-
ing music samples in a music compact disk (CD) store and so on. Moreover,
this type of applications also includes stream transfer, which is used for remote
control of entertainment devices, body gesture recognition or motion capture

for designing some games [7,8].
B. Entertainment Applications

This category consists of gaming applications and social networking. Ap-
pliances such as microphones, MP3-players, cameras, head-mounted displays
and advanced computer appliances can be used as devices integrated in the
WBANS, which produce information from game center or computer center to

players while other sensors or devices will illustrate how players are by collect-



Chapter 2. Wireless Body Area Networks review 18

ing dynamic data from players to transmit to center. As a result, because of
illustrating the real action and motion of players, the WBANs can be used in
virtual reality and gaming purposes such as game control with hand gesture,
mobile body motion game and virtual world game, personal item tracking,
exchanging digital profile, business card and consumer electronics, producing
more actual feeling for gamers. For this type of application, the requirement

about high data capacity is an essential issue [7,8].

C. Emergency

We also can integrate typical off-body sensors in the WBANSs or set up some
sensors in the house, which can communicate with the WBANSs, are capable
of detecting a non-medical emergency such as fire in the home or flammable
and poisonous gas in the house and must urgently communicate this data to
wearable devices to warn the wearer of the emergency condition. The fire
tighters also can use these WBANSs to alarm and detect dangers when they solve
disasters, which is job and action in really hard and dangerous environment in

order to prevent possible accidents.

D. Emotion Detection

By analyzing speed and visual data, recent research has shown the effective
realization of human emotions. For example, wearable WBANs have enabled
emotion detection through the induction of physical action or the human body,
leading to the production of signals to be measured via simple vital sensors. For
more detail, by collecting and analyzing many physiological signals as ECG,
EEG, electro dermal activity (EAD) and body temperature via the WBANSs, the
emotion status of a person can be detected and monitored dynamically all the
time at anywhere. As a result, a number of applications are proposed.

Firstly, emotion detection provide the data for psychology science by analyz-
ing how humans show universal consistency in recognizing emotions but also

show a great deal of variability between individuals in their abilities. Moreover,
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emotion recognition is used for other variety of reasons, for instance, Affectiva is
an emotion measurement technology company using it to help advertisers and
content creators to sell their products more effectively and Eyeris is an emotion
recognition company that works with embedded system manufacturers includ-
ing car makers and social robotic companies on integrating its face analytics and

emotion recognition software.

E. Secure Authentication

This application of the WBANS relates to utilizing both physiological and
behavioral biometrics such as iris recognition, fingerprints and facial patterns.
Because of produce absolutely private and outstanding information of a human
being, it is easy to detect correctly people when the WBANSs are employed. This
application may become interesting applications of WBANSs due to duplicabil-
ity and forgery, which has motivated the use of new behaviors and physical
characteristics of the human body, in essence multi-modal biometric, gait and
EEG. However, when we develop this application, the accompanied privacy

issue should be guaranteed.

2.3 Outstanding technical requirements of WBANs

To develop and realize the WBANSs in the real world is a challenging and
really complex task because of the broad range of requirements accompanied
by the applications described above. The most essential requirements, as rec-

ommended by the IEEE 802.15.6 standard, are illustrated in this section.

2.3.1 Bit rate and Quality of Service

Depending on the applications and on the type of data to be transmitted,
the bit rate, delay and BER requirements change on a very broad range. With
bit rate requirement, it goes from less than 1 kbps (Glucose level monitor) to

10 Mbps (Video streaming). This can be explained as, for some applications
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Table 2.3 Requirements for applications.

20

Application Bit rate Delay BER
Deep brain stimulation <320 kbps <250 ms <10"10
Drug delivery < 16 kbps <250 ms <1070
Capsule endoscope 1 Mbps <250 ms <1010
ECG 192 kbps <250 ms <1010
EEG 86.4 kbps <250 ms <1010
EMG 1.536 Mbps <250 ms <1010
Glucose level monitor < 1 kbps <250 ms <10710
Audio streaming 1 Mbps <20 ms <1071®
Video streaming < 10 Mbps <100 ms <1073
Voice 50 - 100 kbps < 100 ms <1073

such as glucose level monitor or drug delivery, there is few information while
for some applications as video streaming game high data capability is a key
issue. About, delay requirement, the entertainment applications such as audio
streaming, video streaming and voice are likely to require low delay, under
100ms, while medical applications allow higher delay, under 250ms. On the
other hand, the BER requirement is different from delay requirement. With
medical applications such as deep brain simulation, drug delivery, capsule en-
doscope, glucose level monitor, ECG, EEG and EMG require absolutely low
BER, under 10~'%, while entertainment applications as audio streaming, video
streaming and voice require higher BER, under 107°. It is obvious that medi-
cal applications require extremely low BER due to it affects directly to human
health and disease treatment. Table 2.3 [8] reports a list of requirements for the

different WBAN applications.
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2.3.2 Power Consumption

The power consumption requirement is a fundamental issue of the real WBAN:Ss.
For the real WBAN systems, the sensors, which are distributed through or im-
planted in the body of human being, should be absolutely thin and they should
work for long time, at least few years. Consequently, these sensors have to con-
sume as low as possible power while they have to guarantee enough SNR for
coordinator can detect signal. Moreover, if the sensors consume lower power,
the effect of signal to the body will lower, meaning that it is safer for user. In
order to reduce power consumption, there are some solutions.

Firstly, we should design ultra-low power transceivers and receivers as well
[23,24]. In addition, many proposal MAC protocols [9, -,14] and many tech-
nologies as coding scheme and modulations scheme [15,16,17,18] with key ideal
is low power consumption were developed. In short, ultra-low power design
for radio transceivers and power-wise MAC protocol design is fundamental. A
potential technique for power-wise MAC protocol at the expense of end-to-end
delay is lowering the duty cycle, allowing devices to be in sleep mode for most
of the time. This approach may be efficient for applications requiring infrequent
transmissions, however, there is a trade-off between delay and power consump-
tion, meaning that with this approach power consumption is reduced but delay

may increase.

2.3.3 Safety

Since the WBANSs consist of many sensors that are worn or implanted in
the body of human being, they should be very safe for user. It is clear that
these sensors will affect to human tissues including heating effect. As a result,
the International Commission on Non-Ionizing Radiation Protection (ICNIRP)
specifies general restrictions and limits that the WBANSs have to guarantee health
safety when the user is exposed to dynamic electromagnetic fields. For example,

with frequency band from 100 kHz to 10 GHz such restrictions are established
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in terms of Specific Absorption Rate (SAR). The SAR is defined as a measure
of the rate at which energy is absorbed by the human body when exposed to
a radio frequency (RF) electromagnetic field. For detail, it is measured as the
power absorbed per mass of tissue and has units of watts per kilogram (W/kg).
For designing hardware such as transceiver or antenna for the WBANSs, the SAR
index is a fundamental requirement. As a result, there are some international
or regional SAR regulations for the WBANSs and other systems (such as those
defined by the European Union for Europe and by the Federal Communications

Commission (FCC) for USA).

2.3.4 Antenna and Propagation

Designing antenna for the real WBANSs is a really hard task. The fundamental
requirements for the WBANs antenna are small and safe for human while it
have to guarantee enough SNR and transmit signal via unstable channel. In
the WBAN s scenarios diversity is really important, which is explained as that
the continuously moving human body may shield or block a single channel of
wave propagation. There are three types of diversity, which can be clarified as
space diversity, pattern diversity and polarization diversity. Depending on the
limited space on or around a human body, space diversity may be more difficult
to implement in some cases. The WBANSs usually require a low-power antenna,
so a patch antenna or a horizontal dipole or monopole antenna with a reflector
can be used to generate the two horizontal polarizations. As a result, some
new designs for antenna were proposed [25,26]. Furthermore, a correct radio
channel characterization is also mandatory in order to design an antenna able
to provide the proper radiation properties. Many types of channel were defined
in the IEEE 802.15.6 such as channel for communication from inside to on, from
inside to inside and on to outside of the body. The impact of radio channel
on network performance and the analysis of characterization of channel were

explored in [19,20,21,22].
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2.3.5 Coexistence

The coexistence is other important requirement of the WBANSs. In fact, the
WBANSs were proposed recently and how these systems works with other con-
ventional systems is essential. For example, some WBANs were designed to
operate in the license-free of the industrial, scientific, and medical radio (ISM)
band centered at 2.45 GHz. It is obviously that this band is an overcrowded
radio band, in which there are some traditional systems as Wi-Fi (IEEE 802.11),
Bluetooth (IEEE 802.15.1), IEEE 802.15.4, ZigBee and others operating in this
band. All WBAN medical applications require really high dependability and
stability, especially when an emergency or alarm traffic has to be established,
consequently, techniques to avoid, reduce or mitigate interference should be

studied proposed and implemented.

2.3.6 Signal processing

In the WBAN systems, there are many types of sensors which collect many
different types of signal such as EEG, ECG, SpO2, body temperature, heartbeat
and so on. While the WBAN applications are power consumption limited and
the radio circuits are often the power greedy part of the system, such many types
of signal require more efficient signal processing techniques. In fact, efficient
signal processing techniques can keep under control the power consumption
related to the acquisition and analysis of the vital signals. For example, com-
pressed sensing (CS) is a potential solution because it allows to sample sparse
analogue signal at a sub-Nyquist rate, leading to save energy while keeping the
information contained in it. The CS technique may be applied to some WBAN
scenarios such as EEG, ECG and EMG, in which many previous research re-
sults stated that energy consumption is reduced by decreasing the amount of
information transmitted using CS to compress data up to a factor. However, an
efficient signal processing for the WBAN hardware does not mean as a complex

signal processing technique, which may require more power consumption due
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to CPU has to perform more task. As a result, developing and proposing an effi-
cient but simple signal processing technique is an essential work for researchers

and engineers.

2.3.7 Security

Since the WBANSs collect, process and transmit private information of user,
the security issue should be guaranteed at high level. Especially, for some
applications for army or military field, if the security is not performed totally and
then the enemy may receive the transmitted data, the following consequence is
unpredicted. Furthermore, developing high secure level encryption algorithms
may conflict with many hard requirements of the WBANSs in terms of power
consumption, memory, communication rate and computational capability as
well as inherent security vulnerabilities, resulting in the security specifications
proposed for other networks and applications are not suitable with the WBANSs.

Some secure issues proposed for the WBANSs are illustrated as follows [7,8].

Secure Management The protocol to provide and share key between coordina-
tor and sensor nodes in the WBAN systems should be defined. The decryption
and encryption operation requires secure management at the coordinator or
center node in order to provide key distribution to the sensor nodes. In order
to manage the key, the center node will add and remove the sensor nodes in a

secure manner during association and disassociation.

Availability While we have to keep very high secure level, the availability of
the patient * s information to the defined doctor needs to be ensured at all the
time. This means that the defined received objects as doctor, emergency center
and family can receive information from user at any time. If there is an attack
towards availability in the WBANs could be capturing and disabling an ECG

node, leading to unpredicted consequence or even though loss of life. From
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these points, the operation, maintenance and capability to change or switch to

another WBAN in case of availability loss is required.

Data Authentication The data authentication is required for both medical and
non-medical applications of the WBANSs. In the WBAN systems, both the sensor
nodes and the coordinator require verification that data which is transmitted
from the trust center and not a false adversary. In order to perform this task,
the sensor nodes and the coordinator will compute a message authentication
code (MAC) for all data by sharing a secret key and then if the correct MAC is
calculated, the coordinator will recognize that the received data is transmitted

from the trust center.

2.4 Review of relative research on the WBANs

In recent years, the WBANSs have appeared as a burning issue. The WBANs
were proposed because of the necessity of monitoring health situations, and
hence the standard IEEE 802.15.6 for the WBANs was established in Feb 2012.
There are a high number of researches on the WBANs covering overview of
the WBANSs standard and the general WBANSs overview [4,5,6,7,8], develop-
ing MAC protocol for the WBANSs [9,10,-:+,14], developing technology for the
WBAN:Ss as coding or modulation [15,16,17,18], analyzing propagation model of
channel where WBANs workingin [19,20,21,22], implementing the WBANs with
the hope of realizing the WBANSs sooner in commercial market [23,24,25,26] and
analyzing performance of the WBANSs based on Markov chain [27,27,:+,35] or
non-Markov chain [36,37,38]. In this thesis a survey of researches on the WBANSs
was conducted, especially, the closely relative researches were illustrated more

detail to illustrate which remained problems are solved in this thesis.
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A. Overview of the WBANSs [4,5,6,7,8]

These previous works provide surveys on the WBANSs in order to produce
wide range information, including their applications and standard technologies,
the main features and challenges in their design and the possible future research
directions. After the definition of the WBANSs standard, main applications and
requirements, the standard solutions identified are illustrated and compared
through the introduction of some case studies. Particular attention is paid to the
IEEE 802.15.6 standard, being optimized for low power devices and operation
on, in or around the human body. Moreover, the papers presents some insights
with reference to the main issues identified above, by introducing other case
studies, with the aim of showing the impact on the WBAN performance of some
key factors to be addressed in the design, as the impact of the radio channel, the

energy consumption and the coexistence with external interfering networks.

B. Developing MAC protocol for the WBANS [9,10,---,14]

In these works, the authors proposed some protocol in order to reduce power
consumption, handoff delay. For example, in [9], all the sensors are in standby
or sleep mode until the centrally assigned time slot to reduce energy consump-
tion. When a sensor joins network, there is no possibility of collision within a
cluster as all communication is initiated by the central node and is addressed
uniquely to a slave node. For avoiding collisions with nearby transmitters, a
clear channel assessment algorithm based on standard listen-before-transmit
(LBT) is proposed. Moreover, to further reduce the handoff delay and signaling
cost, an enhanced group mobility scheme is proposed in [12] to reduce the num-
ber of control messages, including router solicitation and router advertisement

messages as opposed to the group-based proxy mobile IPv6 protocol.
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C. Developing technology for the WBANSs [15,16,17,18]

In these works, many modulation and coding schemes were proposed to im-
prove the system performance. In the paper [15], an iterative demodulation
and decoding receiver for M-ary differential chaos shift keying (DSCK) modu-
lation is proposed over Additive White Gaussian Noise (AWGN) channel. The
Log-Likelihood Ratios (LLRs) of coherent DCSK demodulator and decoder are
derived assuming that its perfect carrier synchronization happened. In the
paper [17], the RS coding scheme was proposed to avoid severe noise level

surrounding the human body.

D. Analyzing propagation model of channel [19,20,21,22]

In these works, authors investigated deeply about the characteristic of channel
where WBANs working in. For example, in [19] wave propagation in the
WBAN:s is analytically modeled as a polarized point source close to an elliptic
lossy dielectric cylinder. By employing the Fourier transform (FT) along the
axes, the expansion in terms of Mathieu functions in cross section, and the
impedance boundary condition (IBC) on surface, the field distribution outside
the cylinder can be formulated. In [21] the propagation models for IEEE 802.15.6

of implant communication is analyzed and then proved by experiment.

E. Implementing the WBANSs [23,24,25,26]

With the purpose realize the WBANSs in the real world, many works focused
on implementation for the WBANSs. In this trend, researchers hoped to design
low power consumption transmitters and receivers and antenna for the WBANs,

which can be considered as the most difficult tasks of the real WBANSs system.

F. Analyzing performance of the WBANs based on Markov chain [27,27,--+,35]

By employing DTMC model, many previous works can illustrate the state of

all sensor in WBANS’s or simulate how sensors working and affecting together in
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the system. As a result, previous works can calculate the access probability of
all sensors and then calculate throughput and energy consumption or delay and
consider these as final results. After reviewing carefully previous works, the
authors of the thesis found out limitations as frequent assuming that channel
is ideal and finishing such at analyzing, not optimizing or proposing any new
technology, protocol and system. In order to overcome these limitations, the
thesis developed MCMC method to analyze performance of the WBANSs under
non-ideal channel by taking into account BER and PER. The MCMC method
can be considered as development or adjustment of the DTMC method with
key idea is to find the access probability approximately. Moreover, not finish-
ing at analyzing performance, the thesis propose adaptive BCH code rates for
the WBANs and the thesis also proved that this adaptive code can produce
significantly higher throughput for the WBANS.

G. Analyzing performance of the WBANSs based on non-Markov chain [36,37,38]

The DTMC method consists of method limitations as using assumption like
saturation condition and non-saturation condition, and not taking into account
remained packets. The saturation condition in this thesis can be explained as
if a sensor in WBANs always has a packet to send or in its UP queue there is
always a packet waiting to be served, the sensor is saturated. In fact, saturation
condition is likely to be relative with high traffic. The remained packets are
the packets transmitted unsuccessfully due to collision or error. As a result,
there are some previous works on MAC layer for WBANSs not using the DTMC
method [36,37].

However, these works have limitations as consideration system having only a
sensor node and a coordinator [36], or system with many sensors but only single
UP, consequently, the effect each other of sensors in the same UP or different
UPs is not taken into account. From these points, the thesis proposed dynamic
statistical method for performance analysis WBANs on MAC layer [37], taking

into account remained packets and analyzing system performance changing
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following operation time and due to variable packet arrival rate, the number of
sensors, payload size, retry limit and user priority levels. The proposal method

has been expected to be more flexible and precise.



Chapter 3

Short description of Std. IEEE
802.15.6

3.1 PHY layer

The physical layer is primarily responsible for establishing a reliable and
physical link to transmit binary data. In simple terms, the physical layer proto-
col is an agreement between receiver and transmitter or other equipment. The
IEEE802.15.6 standard [3] not only provides an international standard for the
WBANSs, but also gives an opportunity for the development of the WBANS. This
section will work for the operation bands, channels, modulation and demodu-
lation, structure of data units. And the three physical layers, Ultra Wideband
(UWB), Human Body Communication (HBC) and Narrow Band (NB) are intro-
duced respectively as follows. In which the relative standard as narrow NB and

BCH code will be described more detail.

3.1.1 UWB PHY layer

The design and construction of the UWB PHY layer is not only in order
to improve the robustness of the WBANSs, but also provides opportunities for
implementation of high performance, low complexity and low energy consump-
tion. There are two different types of UWB technologies included in the UWB
PHY defined in the IEEE 802.15.6, impulse radio UWB (IR-UWB) and ultra wide-
band frequency modulation (FM-UWB). The specification defines two modes of

-30-
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SHR PHR PSDU

Transmit order

Figure 3.1 The structure of UWB PPDU

operation such as default mode and high quality of service (QoS) mode.

In the UWB PHY layer, the standard defines 11 channels, and the channels
are numbered from 0 to 10, in which each channel bandwidth is 499.2 MHz.
These channels are clarified into two frequency bands as low band and high
band. The low frequency band consists of three channels (channel 0 - 2), whose
center frequencies are 3494.4 MHz, 3993.6 MHz and4492.8 MHz. In addition, the
channel 1is mandatory while the other channels are optional. On the other hand,
the high frequency band consists of eight channels(channel 3 - 10), whose center
frequencies are 6489.6 MHz, 6988.8 MHz, 7488.0 MHz, 7987.2 MHz, 8486.4 MHz,
8985.6MHz, 9484.8 MHz and 9984.0 MHz, in which the channel 6 is mandatory
and the others are optional.

The UWB PPDU is formed by combination of the preamble synchronization
header (SHR), physical layer header (PHR) and physical layer service data unit
(PSDU), which is illustrated as in Fig.31 [3]. In comparison with NB PHY
layer, the length of the UWB PHY layer frame is 24 bits and it is added HARQ
mechanism. Some parameters of the UWB PHY layer is represented as in Table

3.1[3,4].

3.1.2 HBC PHY layer

Distributed at the lowest frequency band in PHY layer of the IEEE 802.15.6
is the HBC PHY. The HBC is also defined as Electric Field Communication
(EFC) in many previous literatures, in which the EFC is the basic of physical
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Table 3.1 Parameters of UWB PHY

Operation Data rate Operation
PHY Modulation
Modes (kbps) Band
Low band
IR-UWB 487.5 On-off keying
High band
Default
CP-BFSK
FM-UWB 250 High band
FM-UWB
Low band
QoS IR-UWB 487.5 DPSK
High band

realization. Because of working with electric field not electromagnetic field, its
transmitter is implemented with only digital circuits and needs one electrode,
instead of antenna. The implementation and design of the receiver need none
RF modules, which makes equipment easy to carry, leading to really low energy
consumption.

In the standard, the band of operation is centered at 21MHz, data rates dis-
tributed in 164.1kbps, 328.1kbps, 656.3kbps, or 1312.5kbps respectively. The
HBC PHY layer packet frame format is illustrated as in Fig. 3.2, which is com-
posed of the PLCP Preamble, the Start Frame Delimiter (SFD), the PLCP Header
and the PHY Payload (PSDU). The preamble and SFD that are transmitted be-
fore PSDU while SFD or rate indicator (RI) field is used as start frame delimiter

(SFD) non-burst packet or is used as the RI for burst packet.

3.1.3 NB PHY layer

In the thesis, we analyze the WBAN systems based on NB PHY layer, so this
type of PHY layer will be represented more detail. In the IEEE 802.15.6, the NB
PHY layer is optional and responds for the following tasks such as activation
and deactivation of the radio transceiver, clear channel assessment (CCA) within

the current channel and data transmission and reception.
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Figure 3.2 HBC PPDU structure

This NB PHY layer also provides an approach for transforming a physical-
layer service data unit (PSDU) into a physical-layer protocol data unit (PPDU). In
the transmission duration, the PSDU should be pre-appended with the physical
layer preamble and the physical layer header in order to create the PPDU. After
that, the physical layer preamble and physical layer header serve as aids in
the demodulation, decoding and delivery of the PSDU at the receiver side.
The PSDU, PPDU, physical layer convergence protocol (PLCP) preamble, PLCP
header and PHY header will be illustrated detail in the following sections.

A.PPDU

Figure 3.3 [3] shows the format for the PPDU consisting of three main com-
ponents such as the PLCP preamble, the PLCP header and the PSDU. These
components are listed in the order of transmission.

Firstly, the PLCP preamble is the first component of the PPDU. The use of the
preamble is to aid the receiver during timing synchronization and carrier-offset

recovery.
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Secondly, the PLCP header is the second main component of the PPDU. The
use of the PLCP header is to convey the necessary information about the PHY
parameters to aid in the decoding of the PSDU at the receiver side. Moreover, the
PLCP header also can be further decomposed into the RATE, the LENGTH, the
BURST MODE, the SCRAMBLER SEED, the reserved bits and the header check
sequence (HCS), and BCH parity bits. Since the BCH parity bits are added,
the robustness of the PLCP header is improved. The PLCP header will be
transmitted depending on the given header data rate in the operating frequency
band.

Finally, the PSDU is the last component of the PPDU. The PSDU is formed
by combination of the MAC header with the MAC frame body and the frame
check sequence (FCS). Before being scrambled, the PSDU may be encoded and
spread or interleaved. The PSDU shall be transmitted depending on one of the
data rates available in the operating frequency band as defined in the standard.

If the packet is transmitted, the first part, which is sent, is the PLCP preamble,
followed by the PLCP header and finally the PSDU. All multiple octet fields shall
be transmitted with least significant octet first and each octet shall be transmitted
with the least significant bit (LSB) first.

In the PHY layer, a compliant device shall be available to support transmission
and reception in at least one of the following frequency bands: 402 MHz to 405
MHz, 420 MHz to 450 MHz, 863 MHz to 870 MHz, 902 MHz t0928 MHz, 950
MHz to 958 MHz, 2360 MHz to 2400 MHz, and 2400 MHz to 2483.5 MHz as
shown in Table 3.2, Table 3.3 and Table 3.4 [3].

B. PLCP preamble

In order to aid the receiver in packet detection, timing synchronization and
carrier-offset recovery, the PLCP preamble is added prior to the PLCP header. In
the NB PHY layer, there are two unique preambles are defined in order to miti-
gate false alarms due to networks operating on adjacent channels. In the stan-

dard, each preamble is constructed by concatenating a length-63 m-sequence
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RATE Reserved | LENGTH | Reserved

MODE SEED
PHY BCH MAC MAC Frame
HCS FCS
Header Parity bits Header Body
;
PLCP
PLCP Header PSDU
Preamble

Figure 3.3 NB PHY layer PPDU

with a 010101010101101101101101101 extension sequence, consequently, the
length of the two preamble is the same as 90 bits. The preamble sequence
#1 can be used to implement packet detection, coarse-timing synchronization,
and carrier-offset recovery, while the preamble sequence #2 can be used to im-
plement fine-timing synchronization.

The two preamble sequences are illustrated in Table 3.5 [3]. The preambles
shall be transmitted at the symbol rate for the desired band of operation and
shall be encoded using the same modulation scheme and parameters as being
denoted for the PLCP header in the Table 3.2, Table 3.3 and Table 3.4.

C. PLCP header

After the PLCP preamble, the PLCP header shall be added in order to convey
information about the PHY parameters, which is needed at the receiver for
decoding the PSDU. The length of the PLCP header is 31 bits and the PLCP
header shall be built for transmission as shown in Figure 3.4 [3].

D. PHY header
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Table 3.2 Modulation parameters for PLCP header and PSDU in 402 MHz to
450 MHz

) Symbol rate Spreading Information
mrr:c:::m Mmll;gtlon =1T, Cm‘lij:ate factor Pulse shape | data rate Support
P ¢ (ksps) Wim) (0] (kbps)
402 MHz - 405 MHz
PLCPheader | "7PPONE | 1875 | 191 2 SRRC 575 | Mandatory
/2-
psDU | 7 A?ngK 187.5 51/63 2 SRRC 759 | Mandatory
PSDU m%&?fﬁf" 187.5 51/63 I SRRC 1518 | Mandatory
pspu | MEPOSK | 187 51/63 1 SRRC 3036 | Mandatory
pspu | ¥ E;EE’FSK 1875 51/63 I SRRC 455.4 Optional
420MHz - 450 MHz
PLCP header S?‘f!f) 187.5 19/31° 2 0.5 575 | Mandatory
GMSK |
5 5 2 5 5 andatory
PSDU (M=2) 187.: 51/63 2 0.5 75.9 Mandatory
PSDU 3_?’15; 187.5 51/63 ! 05 1518 | Mandatory
, GMSK _
PSDU (=2 187.5 11 1 05 187.5 Optional

*BCH (31, 19) code is a shortened code derived from a BCH (63, 51) code.

PHY Header

-
> BCH Bit Symbol
Concatenate Speaker Scrambler
— Encoder Interleaver Mapper
HCS \

Figure 3.4 PLCP header construction for transmission

In the NB PHY layer, the PHY header consists of information about the data
rate of the MAC frame body, the length of the MAC frame body, which does
not include the MAC header or the FCS, and information about the next packet
whether it is being sent in a burst mode. In addition, the PHY header field shall
be consisted of 15 bits, numbered from 0 to 14 as illustrated in Figure 3.5 [3].
The role of these bits will be illustrated as follows.

The first three bits, bit 0 to 2, shall encode the RATE field, which consists of
the information about the type of modulation, the information data rate, the

pulse shaping, the coding rate and the spreading factor used to transmit the
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Figure 3.5 PHY header

PSDU. In addition, bits 4 to 11 shall encode the LENGTH field, with the LSB
being transmitted first. With the two final bits, bit 13 shall encode whether or
not the packet is being transmitted in the burst mode while bit 14shall encode
the scrambler seed. In the standard, all other bits that are not yet defined in this
clause shall be understood to be reserved for future use and shall be set to zero.
E. D-PSK modulation
The differential phase shift keying (D-PSK) is given as Table 3.6

3.14 BCH coding scheme

In the NB PHY layer, the BCH coding scheme is used in some scenarios. In
order to improve the robustness of the PLCP header, it shall use a systematic BCH
(31,19,t = 2) code, which is a shortened code derived from a BCH (63, 51,¢ = 2)
code by appending 32 zero (or shortened) bits to the 19 information bits as
shown in Figure 3.6 [3]. However, in the case of encoding for the PSDU, a code
rate of 51/63 shall be supported by the systematic BCH encoder as shown in
Figure 3.7 [3].

The generator polynomial for a systematic BCH (63, 51, t = 2) code, where tis

the number of bit errors that can be corrected, is given by Equation (3-1)
g(x) =1+ 2% +2* +2° + 2% + 210 + 2" (3-1)

The parity bits are determined by computing the remainder polynomial r(x) as
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Figure 3.6 BCH coding scheme for PLCP header

shown in Equation (3-2):

ra) = Y s = ' m(@)g(z)

where m(x) is the message polynomial shown in Equation (3-3):

50
m(z) = Zmixl
i=0

38

(3-2)

(3-3)

Herer;,i =0,...,11andm;, i = 0, ..., 50 are elements of Galois field (2) (GF(2)).

The message polynomial m(x) is created as follows: ms is the first bit of the

message to be transmitted and m, is the last bit of the message, which may be a

shortened bit. The order of the parity bits is as follows: 1, is the first parity bit
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Figure 3.7 BCH encoding process for a single codeword.

transmitted, ;¢ is the second parity bit transmitted, and r, is the last parity bit

transmitted.

3.2 MAC layer

In the standard IEEE 802.15.6 for the WBANS, the entire channel is divided
into superframe structures in which each superframe is bounded by a beacon
period of equal length. The hub will select the boundaries of the beacon period
and after that select the allocation slots. Moreover, the hub may also shift
the offsets of the beacon period. In the standard, the beacons are transmitted
in each beacon period except in inactive superframes or unless prohibited by
regulations such as in medical implant communication service (MICS) band.
The IEEE 802.15.6 network operates in one of the three modes, beacon mode
with beacon period superframe boundaries, non-beacon mode with superframe
boundaries and non-beacon mode without superframe boundaries. The detail

of these modes is illustrated as follows.

3.2.1 Beacon mode with beacon period superframe boundaries

In this mode, the beacons are transmitted by the hub in each beacon period
except in inactive superframes or unless prohibited by regulations. The Figure
3.8 [3] shows the superframe structure of the IEEE 802.15.6, which is divided
into Exclusive Access Phase 1 (EAP1), Random Access Phase 1 (RAP1), Type I/II
phase, Exclusive Access Phase 2 (EAP 2), Random Access Phase 2 (RAP 2), Type
I/II phase, and a Contention Access Phase (CAP).
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Figure 3.8 Layout of access phases in a beacon period (superframe) for beacon
mode
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Figure 3.9 Allocation intervals and access methods permitted in a managed
access phase

In EAP, RAP and CAP periods, sensor nodes contend for the resource alloca-
tion using either the CSMA/CA or the slotted Aloha access procedure. While the
EAP1 and EAP2 are used for highest priority traffic such as reporting emergency
events, the RAP1, RAP2, and CAP are used for regular traffic only.

In addition, the Type I/Il phases are used for uplink allocation intervals, down-
link allocation intervals, bilink allocation intervals and delay bilink allocation
intervals in which polling is used for resource allocation. Depending on the
application requirements, the coordinator can disable any of these periods by
setting the duration length to zero. These allocation intervals along with the cor-
responding access methods whereby they are obtained are illustrated in Figure

3.9 [3].
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Figure 3.10 Layout of access phases in a superframe (beacon period) for
non-beacon mode

3.2.2 Non-beacon mode with superframe boundaries

In this mode, a hub may have only a managed access phase (MAP) as described
in Figure 3.9 [3], in any superframe (beacon period) as illustrated in Figure 3.10
[3]. Moreover, in this mode, the entire superframe duration is covered either by

a Type I or a Type II access phase but not by both phases.

3.2.3 Non-beacon mode without superframe boundaries

In this mode, a hub may provide unscheduled bilink allocation intervals
comprising type-II polled allocations and/or posted allocations, as illustrated
in Figure 3.11. After determining that the hub for the next frame exchange is
operating in non-beacon mode without superframe boundaries, a sensor node
may treat anytime interval as a portion of EAP1 or RAP1 and employ CSMA/CA

based random access to obtain a contended allocation [3].

3.2.4 Access mechanisms

The access mechanisms used in each period of the superframes are divided
into three categories as follows. The first one is random access mechanism,
which uses either the CSMA/CA or the slotted Aloha procedure for resource al-
location. The second one is improvised and unscheduled access (connectionless
contention-free access), which uses unscheduled polling/posting for resource
allocation. The third one is scheduled access and variants (connection oriented

contention-free access), which schedules the allocation of slots in one or multiple
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Figure 3.11 Allocation intervals and access methods permitted for non-beacon
mode without superframes

upcoming superframes, also called 1-periodic or m-periodic allocations. These
access approaches are comprehensively discussed in the standard.

In the thesis we focus on the CSMA/CA protocol so the thesis will explain
the basic procedures of the CSMA/CA protocol defined in the standard. In the
CSMA/CA, a sensor node sets its backoff counter to a random integer number
uniformly distributed over the interval [1, CW] where CW € (CW in, CWiax),
as in Table 3.7 [3]. The values of CWmin and CWmax vary depending on
the user priorities. The sensor node starts reducing its backoff counter by one
for each idle CSMA slot of duration equal to pPCSMASIotLength. The data is
transmitted when the backoff counter reaches zero. The CW is doubled for each
failure until it reaches CWmax.

The Figure 3.12 and Figure 3.13 [3] show the CSMA/CA procedure and CSMA
slot structure. In RAP1, the sensor node firstly waits for SIFS = pSIFS duration
and then unlocks its backoff counter until reaching zero and then the data
transmission starts. In CAP, the sensor node locks its backoff counter since
the time between the end of the slot and the end of the CAP is not enough for

completing data transmission. The backoff counter is unlocked in the next RAP2

period.
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Figure 3.13 CSMA/CA in IEEE 802.15.6
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Table 3.3 Modulation parameters for PLCP header and PSDU in 863 MHz to
958 MHz
Symbol rate Spreading Information
w;ﬂ:’:m MN:;:;“"“ =117, Co(l};:)ale factor  |Pulse shape | data rate Support
(ksps) 5 (kbps)
863MHz - 870MHz
PLCP header ""3(3;?}__32)8“ 250 19/31° 2 SRRC 766 | Mandatory
pspU | GPPOE | 250 51/63 2 SRRC 1012 | Mandatory
PSDU "’fﬁf‘z’?“ 250 51/63 1 SRRC 2024 | Mandatory
pspu | PR | 2s0 51/63 ! SRRC 4048 | Mandatory
pspu | WEDEPSK 1 550 51/63 1 SRRC 607.1 Optional
M=8)
902 MHz - 928 MHz
PLCP header | PH0P0SK | 250 19/31° 2 SRRC 766 | Mandatory
pspu | PEPBISR | 250 51/63 2 SRRC 1012 | Mandatory
PSDU ”%i?fgfx 250 51/63 1 SRRC 2024 | Mandatory
pspu | FEPASK] 250 51/63 1 SRRC 4048 | Mandatory
PSDU -y sr 250 51/63 1 SRRC 607.1 Optional
(M=$)
950 MHz - 958 MHz
PLCP header "‘%?f?,f“ 250 19/31° 2 SRRC 766 | Mandatory
n/2-DBPSK
PSDU =2 250 51/63 2 SRRC 1012 | Mandatory
PSDU u/i-‘?gln"fl{ 250 51/63 1 SRRC 202.4 Mandatory
PSDU ”3‘?‘3‘3" 250 51/63 1 SRRC 4048 | Mandatory
pspu | PEPSR | 250 51/63 | SRRC 6071 | Optional

*BCH (31, 19) code is a shortened code derived from a BCH (63, 51) code.
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Table 3.4 Modulation parameters for PLCP header and PSDU in 2360 MHz to

2483.5 MHz
Packet | Modulaton |STZ08) Coderate | S00TE | g | “Gatmratn | Sopport
(ksps) S (kbps)
2360 MHz - 2400 MHz,

PLCP header | 77275 | 600 19/31° 4 SRRC 919 | Mandatory
PSDU "‘“fi?fgf‘( 600 51/63 4 SRRC 1214 | Mandatory
PSDU m’%ﬁfg?“ 600 51/63 2 SRRC 2429 | Mandatory
PSDU ’”i‘l?fgfl‘: 600 51/63 1 SRRC 4857 | Mandatory
PSDU mf‘('ﬁfﬂflc 600 51/63 1 SRRC 9714 | Mandatory

2400 MHz - 2483.5 MHz

PLCP header | ™ %1.‘?:131;)31( 600 19/31° 4 SRRC 919 | Mandatory
pspU | %}“?EE?K 600 51/63 4 SRRC 1214 | Mandatory
pspu | EPPESE T 600 51/63 2 SRRC 2429 | Mandatory
pspU | ¥ %i?fi?‘ 600 51/63 1 SRRC 4857 | Mandatory
pspu | ™ ‘;&?SE?K 600 51/63 1 SRRC 971.4 Mandatory
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Table 3.5 Preamble sequence #1 and #2
. Bit value . Bit value . Bit value . Bit value
Bl Tz | % [a [#2 | P (51 [ #2 | P [ %1 ] #2
by | 1 0 | by | 0O 1 | by | 1 1 | by | O 0
b, 0 1 | by | 0 0 | by | O 1 | by | 1 1
b, | 1 1 | by | 1 0 | byg| 0 | 0 | by | 0 | 0
b, 1 0 | by | 1 1 | by | © 0 | by, | 1 1
b, 0 1 | b, | 1 0 | by | O 0 | b, | O 0
be 1 0 [ byg | © 0 | b, 1 1 | by | 1 1
b 1 0 | byy | © 1 | b, | O 1 | by 1 1
b, | 0 0 | by | O 1 | by | O 1 | by | O 0
bg | 0 1 | by | 1 1 | by | O 0 | by, | I 1
be 1 0 | by | 0O 1 | bee | O 1 | by | | 1
by | 1 0 | by | 1 0 | beg | O 0 | byy | O 0
by, | 0 0 | by | 1 0 | be, | 1 1 | bgy | 1 1
b, | 1 0 | bys | 1 0 [ bgg | 1 1 | bg | 1 1
by | 1 1 [ by | 1 0 | bg | 1 1 | bgp | O 0
by | 1 0 | by, | 0 0 | bg | 1 1 | bgy | 1 1
bis | 0 I [ by | O 1| bey [ 1 | bgy | 1 1
b | 1 I | by | 1 1 | by | 1 1 | bge | O 0
b, | 1 0 | by | O 0 | bz | 0 0 | by | 1 1
big | O 0 | by | 1 1 | be | 1 1 | by | 1 1
bio 1 1 | by | 0 1 | bee | 0 0 | bgg | O 0
by, | 0 1 | by | O 0 | by | 0 0 - - -
by, | 1 0 | by | 1 0 | beg | 1 1 - - -
Table 3.6 D-PSK constellation
Constellation Ideal constellation positions
1/2-DBPSK (0.1), (0.-1)

m/4-DQPSK (cos(r/4), sin(n/4)), (cos(3n/4), sin(3n/4)), (cos(5m/4), sin(57/4)), (cos(Tr/4), sin(7m/4))

T/8-DSPSK (cos(n/8), sin(n/8)), (cos(3n/8), sin(3n/8)), (cos(5/8), sin(57/8)), (cos(7n/8), sin(71/8)),
(cos(971/8), sin(97/8)), (cos(117/8), sin(117/8)), (cos(137/8), sin(137/8)), (cos(15m/8), sin(157/8))
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Table 3.7 Contention window for CSMA/CA and Slotted Aloha
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User Priority CSMA/CA Slotted Aloha access
CWmin CWmax CPmax CPmin
0 16 64 1/8 1/16
1 16 32 1/8 3/32
2 8 32 1/4 3/32
3 8 16 1/4 1/8
4 4 16 3/8 1/8
5 4 8 3/8 3/16
6 2 172 3/16
7 1 4 1 1/4




Chapter 4

Markov chain Monte Carlo method
for performance analysis of WBANSs

4.1 Chapter overview

In order to improve the performance of the WBANSs, the PHY layer, MAC
layer and network layer have been discussed in a number of literatures. Al-
though there are also many previous works on performance analysis for the
WBANSs, a noise free was frequently assumed when contention error is taken
into account in MAC layer. It means that in these works BERs were not taken
into consideration adequately. In this thesis, we propose the MCMC method
to analyze performance in the PHY and MAC layers for the WBANS, in which
BERs are taken into consideration. In fact, the proposal MCMC method can be
considered as development and adjustment of the conventional DTMC method

with the key issue is to calculate approximately.

4.2 The conventional DTMC method

In this section, the thesis shortly describes the conventional DTMC method
used in a number of previous works [27,28,. . .,35] on MAC layer for the WBANSs.
By employing Markov chain model, the previous works can calculate the access
probability of a sensor node and then can calculate the system throughput in
saturation or non-saturation conditions separately. The access probability of a

sensor node means that the medium is accessed by this sensor or the medium

—48 —
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is not set to busy due to either a transmission on the medium or the CSMA/CA
slot is outside the access phases in which this sensor is allowed to transmit a
packet. The term saturation in this method means that if a sensor node always
has a packet to send or in other words there is always a packet in its queue of
UP waiting to be served all the time, this sensor is saturated. In fact, saturation
condition is the mathematical condition and may be relative with high traffic

condition in real.

4.2.1 Analyzing system under saturation condition

With saturation condition described above, many previous works [28, 29, 31,
34] developed the DTMC model in order to calculate the access probability and
then the system throughput. The thesis will shortly represent the proposed
DTMC model in previous works.

In the previous works, authors considered a single hop WBAN with n;, sensors
with user priority k£ and each sensor in system is assumed to have one UP.
The backoff count for a node of UP;, is an integer distributed in the interval
[1,CWy], in which CW;, = W}, with i = 0,...,R. R is the retry limit taken
from IEEE.802.15.6. The minimum and maximum of value of CW,, are set to
CWimim = Wio and CWy jmar = Wi, respectively. When rezo'" backoff phase
starts, CW, is set to CWy im. As a result, contention window in the i*" backoff

phase of a sensor is calculated as

Wk,O - Wk,min - CWk,mm
Wi =min {2Wk,i — 1, CWj e} for2 <i < Rifiiseven (4-1)
Wii=Wk,i—1 for2 <i < Rif7isodd

The slots in which the sensors pause their backoff count down due to a trans-
mission on the medium are not taken into account when calculating the access
probability. Thus, probability that the medium is idle during a slot in RAP1 will

be obtained as

7
f=1Ja-mnm (4-2)

1=0
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Here 7 is the access probability of UP; sensor. With the UPj sensors, for
k =0,...,6, probability that the channel is idle during its backoff count down

in a slot within RAP1 is calculated as

7 s
fk: _ Hi:O(l — Ti) (4_3)

1—Tk

While the idle probability of the UPj, sensors, for k = 0, ..., 6, can be calculated
by equation (4-3), the idle probability of the highest, UP; , will be the probability
that the channel is idle during its backoff count down in a slot within EAP1 or
RAP1 and can be calculated approximately as

f= rapl szo(l — )% eapl(l— )"t
T (eapl + rapl) eapl + rapl

(4-4)

Here eapl and rap1 denote the lengths of EAP1 and RAP1 in slots, respectively.
If the remained time during the current access phase is not long enough for
completing a frame transaction the backoff counter shall be locked by the sensor,
for example, in case of an emergency event report. Moreover, during EAP, the
sensors that do not have the highest priority have to lock their backoff counters.
The backoff counter should be locked until beginning of the next access period
EPA1 if the sensor hs the highest UP or RAP1 if the sensor dose not have the
highest UP. The probability that in a given CSMA/CA slot there is not enough

time during the current access period is defined as

1
B rapl — L’
B 1
PT= tapl +eapl — L,

Pk ]{3:0,,6 (4:—5)

(4-6)

Here L, = (rts + cts + 1y + ack + 3sifs)s and L. = (rts + cts + 3sifs), are the
successful transmission time in slots and the unsuccessful transmission time in
slots in case of failure access to the channel, respectively. The length of request
to send (RTS), clear to send (CTS), the size of data frames and ACK frame is
defined as rts, cts, l; and ack, respectively, and is calculated in bits or in second.

The probability that neither RTS nor CTS is corrupted is denoted as § and the
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probability that the packet and the corresponding ACK are transmitted without
getting corruption is denoted as o [28].

The probability that the backoff counter of a sensor is decreased when the
counter is equal to j is denoted as gy j, for k =0,...,7and j = 1,..., Wy, It
is clear that this probability is illustrated in a way to consider the slots in which
the backoff counter is locked, however, the slots have to be considered when the

access probability being calculated. The probability g ; can be calculated as

gk = (L=pr (L= fu) A+ 2fu+ -+ 50 +5f1))
_pd
= fi (1 —pkl fk) (4-7)

L= fx
The length of slots in which the backoff counter for a UP), sensor have to be
locked is denoted as Ly, for k = 0, ...,7. While the sensors owning the highest
UP are allowed to transmit a packet or decrease their backoff counters during
EAP1 period, all the sensors in the system must lock their backoff counter when
there is not enough time for finishing packet transmission. On the other hand,
the sensor owning the highest UP is not required to lock its backoff counter

during EAP1 in stead of busy channel. As a result, L, can be calculated as

Ly = eqpl + (rts + cts + lg + ack + 3sifs)s, k=0,...,6

L7 = (rts + cts + lg + ack + 3sifs)s (4-8)

The conventional DTMC model illustrates the random process for changing
state of a WBAN, which is described as in Fig. 4.1 [28]. In this model by ; ; is the
stationary distribution, £ = 0,...,7 is the UP value, i = 0,...,my,..., R is the
backoff stage and j = 0, ..., W}, is the backoff counter value. The fundamental
target of this model is to describe and calculate the access probability of sensors.
As to be shown in Fig. 4.1, when the state of sensor becomes as (k, i, 0) state, the
sensor is allowed to access the channel to transmit a packet. Consequently, the

access probability of sensors can be calculated as

R
= brio (4-9)
=0
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The input probability to the zero™ backoff stage can be calculated as

Yi = T fid + be.ro (1 — frd) (4-10)

After analyzing the DTMC model with £k = 0,...,7and j = 1,..., W, the

stationary distributions can be obtained as
Wio —J+1) Y

b = W, 411
k,0,7 Wk,ogk,j ( )
beo0 = 9r1br01 = Yi (4-12)
1— f:0)' Y, =i+ 1
brij = (1 — fid) M/if (Wi —j+1) (4-13)
k,iJk,j

Herek =0,...,7;¢=1,...,Rand j=1,..., W},
brjo = (1 — fud) Y, (4-14)

After combining (4-10) and (4-14), the value of Y}, can be obtained as

Je0Tk
1= (1— fi0)™"
After combining (4-10) — (4-15), the total stationary distribution at the i"" backoff

Y, = (4-15)

phase can be obtained as

S . 1 LWy —j+1
; ]Z:; br,ij = ; (1 — fid) ( e, Z o (4-16)

Following the normalization of the DTMC, the total the total stationary distri-
bution at the i*" backoff phase is equal to 1. As a result, following equations are

obtained as

R Wi i .
| AL 77 A S
v (1—fk6)’(1+W'§ k, 7+)1 (4-17)
1=0

ki 5T Gk,j
In the set of equations (4-17), there are 8 unknown variable value 7;, and 8
equations, k = 0,...,7. Consequently, solving these equations, all access prob-
abilities are produced. As a result, the throughput of sensors can be calculated

approximately as

Xro, (1
5, = eIt xR0 () e o6 (4-18)
rapl + eapl
X Xgr) oo (l
57 _ T7 (w E T 5 R) g ( p)s (4_19)

rapl + eapl
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Here

rapl — L,, + eapl

a [+ ZZ:O T f10Ls + (1 —f— Zt?:O nttht(s) L.
_ eapl
G+ nrmpd Ly + (1 — ¢ — nyrpd) L

o=1-m)", v=01-m)"" &=
L,. = (rts + cts + 3sifs + lq + ack),

Xr

XE

HZ:O (L—71)"

1—7'7

4.2.2 Analyzing system under non-saturation condition

The WBANSs under saturation condition are modeled and analyzed in above
section. In this section, the thesis will shortly illustrate the conventional DTMC
model for performance analysis of the WBANSs under non-saturation condition
in many previous works [27, 30, 32, 35,37].

In this method, the star topology WBANSs consist of one coordinator and many
sensor nodes working with CSMA/CA mechanism are analyzed. The DTMC
model for performance analysis of the WBAN s is described as Fig. 4.2 [30].

In this model, k is the UP, m is the frame retry limit, W}, is the contention
window size of UP;, sensor and ), is the packet arrive rate of UP;, sensor. The
probabilities py, g, and fj is defined as the collision probability, channel idle
probability and the probability that there is sufficient time left for transmitting
a packet of the UP}, sensor. In the model in Fig. 4.2, these probabilities can be

described as

pr=1-(1—7m)" " J](1—7)" (4-20)
1#k
-
=1 — 4-21
a ll — (4-21)
fk = Pr {lremain period > lfmme} =1 (4_22)

Here 7, is the probability that a packet of the UP), sensor is transmitted. The
period lremained time and lgqme are the length of remained time for transmission a

packet and the length of frame in second.
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By analyzing the DTMC model in Fig. 4.2, the state transition probabilities

can be illustrated as

Prik,i,j |k i,j+1} = g f,
fori € (0,...,m), j€(0,...,Wg,; o)
Pr{k,i,j |ki—1,0} = qu/Wi,,
forie(1,...,m), je€(0,...,Wg,;1)
Pr{k,0,7 |k,i,0} = (1 — pr) e/ Who,
fori € (0,...,m—1), j€(0,...,Wgi_1)
Pr{k,0,j [k,m,0} = A/ Wiy,
forj e (0,...,Wio—1) (4-23)
Pr{k,0,j|e} = A/ Wio, forje (0,...,Wio—1)
Pr{e|k,i,0} = (1 —X\)(1 —pg), forje(0,...,m—1)
Pr{e|k,i,0} = (1 — \),
Pr{ele} = (1— \p).

As a result, the stationary distributions b;;; can be found by analyzing the

following equations

m Wki—1
1= Z bk,i,j + be
i=0 =0
m Wgi—1 m Wi,0—1
=3 b+ Y briot Y brog+be (4-24)
i=0 =0 j=1 =0
m 1— m
3 s = P (4-25)
i=1 ( - pk)
Wi o1
’ Wio+1
> broj = ———broo (4-26)
e 2k

Here

1—M\)(1—pp) o2 1— A\ 11—\
be = ( o)1 = pe) Z biio + %bk,m,o = ( " k>bk,0,0 (4-27)
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and transmission probabilities 7 can be calculated as

2060 fie(1 — pr)

b0 = (4-28)
.00 { 200 (1 — pr) + 20 frpr (1 — (p)™)+ }
Ne(L = pr) (Wio + 1) 4+ 2¢5 fe(1 — M) (1 — pr)

- (1—(px)™*)

T = Z bk,i,O - —bk,0,0 (4_29)
=0 L= pr
Here
o Wi —1

0, = z; P (4-30)

The probability that there is at least transmission P,r and the probability that a

UPj, sensor successfully transmits a packet can be calculated as

7
Pp=1-> (1—7)™ (4-31)
k=0
Py = [megnfu(t— 7)™ T (1 - 7)o (4-32)
i#k

Finally, the throughput of the UP}, sensor can be calculated as

P, P Ell,)

S, =
g (]— - Ptr)o_ + PsPtrls + (]- - Ps)Ptrlc

(4-33)

Here, P, = "1 _ nuPap, ls = lrrs+lors+lpHlack +3lsirs, L. = lrrs+Hlors+lsirs

and o is idle slot time.

4.3 The proposal MCMC method

4.3.1 System model

In the thesis, a star topology WBAN that consists of a single coordinator and
n sensor nodes is analyzed. Because the received SNR from every sensor node
is assumed to be different, the transmission failed probability as well as the
average backoff counter of every sensor node is also different. Although each
sensor node can be considered as to belong to different UPs, in this thesis, the
UP of all sensor nodes is assumed to be the same as zero-th UP. The extension for

multiple UPs is straightforward. The backoff counter of zero'" UP is represented
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Table 4.1 Contention window for zero'® UP

Number of retransmissions 0 | 2 3 4 and over
W 16 16 32 32 64

in Table 4.1 [35]. The DTMC method for analyzing the performance of non-
saturation WBANSs is described in Fig 4.3 [35 ] and notations used in this section
are listed in Table 4.2 [35]. The thesis assumes that packet generation rates
meaning a number of generated packets in one second of all sensor nodes are
the same. Therefore, packet arrive rate during a slot time can be calculated as,
p = 1 — e+, in which e and T, denote the Napier’s constant and CSMA slot

time, respectively.

4.3.2 Algorithm

The difference of access successful probability f’ivsuc and transmission suc-
cessful probability P, ,,. of sensor node i is explained as follows. The access
successful probability denotes the probability when the sensor node ¢ success-
fully accesses the medium, conditioned on the fact that at least one sensor node
is transmitting. The transmission successful probability is the probability that
the sensor node i successfully receive ACK from the coordinator. Therefore, we

have

. [T, (1 —1y)
Pisuc = =1 ! 4-34
’ (1 - Ti)Ptran ( )

Pi,suc - E,suc(l - PER’L)

Here, P, denotes the transmission probability and is defined as a probability
in which there is at least one sensor node sending a packet. The probability P,

can be calculated as

n

Puon=1-]J1 = 7) (4-35)

j=1
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Table 4.2 Explanation of the notations

Notation Explanation

A Packet generation rate

p Packet arrive rate during a slot time
m Frame retry limit

n Total number of sensor nodes

X Payload size

T; Access probability during a slot time
bi Stationary distribution

Piidie Channel idle probability

P; gail Transmission failed probability

Pi col Collision probability

P gue Access successful probability

Pi sue Transmission successful probability
PER,; Packet error rate

BER,; Bit error rate

Wi Contention window of k backoff stage

The transmission of sensor node 7 is failed due to two reasons. The first reason
is collision and the second one is that sensor node i successfully accesses the
medium to transmit data but received data is unable to decode at the coordinator.

Consequently, the transmission failed probability of sensor i is depicted by

]D'i,fail = Pi,col + ]AD'L',sucPERh (4_36)
Here
jji,col =T 11— H(l - Tk) ) (4_37)
k#i

k=1
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The probability P, ., denotes the collision probability and PER = 1—-(1-BER;)"
represents the PER of sensor node ¢. The sensor node i senses that the medium is
idle when no sensor node is transmitting. Thus, the idle probability is expressed

as

Pi,idle = H(l - Tj) =1~ Ptran7 (4_38)
j=1
After analyzing the proposal DTMC model as in Fig 4.3, the state transmission

probabilities of DTMC method are represented as follows [35].

Pr{i,k,j|i k,j+ 1} = P, for k € [0,m], j € [0, W]

Pr{i,k,j|ik—1,0} = MJ;’ for k € [1,m],j € [1, Wy
k

Pr{iakyj |Z7k>]} =1- Pi,idleafork € [07m]7.] € [vak]
Pr{i,0,j |i,m,0} = - for j € [0, W]
Wo

Pr{i,0,] |empty} = -~ for j € [0, W;]

Wo
Pr{empty |i,k,0} = (1 — p)(1 — P, taur), for k € [0,m — 1]
Pr{empty |i,m,0} = (1 - p)

Pr{empty | empty} = (1 — p).for k € [0,m — 1], (4-39)

The relation between stationary distributions b; ;. ; and b; oo can be obtained by

using the state transition probability.

m Wy

SN bis + bempry = 1 (4-40)

k=0 j=0

Moreover, from the state transition probability, we have

i fazl(]- Pin}ail)
Z bz k0 — P bi,0,0>
— 19, fail

Wo+1
meg = 2103 » bi0,0

bempty

1 _
= Phioo. (4-41)
P

From above equations, the stationary b, can be described as a function of

P, idies Pi fait, p, Wi, and 7,. Furthermore, The access probability of all sensor
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nodes can be obtained by solving n following equations.

m m+1
Ti:ZbikoziJ;lbiOO (4-42)
T — P

However, the access probability of all sensor nodes relates to each other. In
this work, the BER/PER are taken into account. It is clear that the PER of
each sensor node affects the access probability of all sensor nodes, including
itself. Consequently, solving n equations of access probability by mathematical
method is considerably complicated. We proposed the MCMC method to easily
obtain n access probabilities, considering variant PER in each sensor node for

each superframe. Let

1— Pt
f(Ti) =T — 1_—%5@0,0 (4-43)

and then the access probability 7; is obtained by solving equation f(7;) = 0.
The thesis constructs the MCMC method to find all access probabilities approx-
imately with which all functions f(7;), for i = 1,...,n, are close to zero. The
MCMC method is explained as follows.

Step 1: Creating 7, randomly within (0,1) for initializing.

Step 2: In order to obtain access probabilities with which all functions f(7;),

fori=1,...,n are close to zero, the thesis calculate a sum of absolute functions
f(Ti)/
sum =Y | f(7)], (4-44)
i=1

and compare with the given threshold, o. In this step, instead of sum of absolute
f(7:), each absolute f(7;) can be compared with the . If sum < o, the algorithm
is finished, otherwise go to Step 3. The accuracy of algorithm depends on the
o and the ¢ should be small enough to let all functions f(7;) be close to zero.
However, the smaller the o is, the more long time the algorithm takes.

Step 3: Adjusting all access probabilities with the given weight, v, it means
that the value —vf(7;) isadded to 7; (foralli = 1,...,n) and return to Step 2. In
this step, the 7; is slightly increased or decreased if f(7;) is respectively negative

or positive. The given weight ~ relates to convergence of the algorithm. In case
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the v is large, the algorithm can’t converge or takes a long time to converge.
In case the v is greatly small, the algorithm can converge, however, it takes a
long time. In this work, authors set the y be 107°. The reason is explained that
because the packet generation rate is assumed to be over one meaning sensor
nodes intend to transmit at least one packet in one second. Moreover, the slot
length, T, equals to Tackx + 20pus = 125pus and hence the minimum of access
probability is 1 — e+ ~ 1.2 x 10~*. Therefore, it can be said that v = 107 and

o = 107% is small enough to obtain the accurate access probabilities.

4.3.3 Throughput of system

If the transmission is successful, the sensor node receives a ACK packet,
otherwise the sensor node receives nothing from the coordinator after a certain
duration time. This means that the duration time of successful transmission
is the same as that of failed transmission. Therefore, the throughput of sensor
node ¢, which is calculated by the ratio of successfully transmitted information

data and the average transmission time, is represented as

PtranPi suclT
C; = : , 4-45
(1 - Ptran)Ts + PtranpsucT _I' Ptran(l - PsucT) ( )

Here, P,,. = o]_, P, . denotes the total successful probability of all sensor
nodes.

The successful transmission time is defined as total duration time to transmit
a packet, included the duration time to transmit a data packet 7)p 474, interframe

spacing T,s1rs, ACK packet Tycx and delay time a.
T =Tpara + Tack + 21 ps1rs + 2a, (4-46)

Let’'s T),, Truy, Tvac, Teopy and Tres denote the duration time to transmit
a preamble, PHY header, MAC header, MAC frame body and frame check

sequence, respectively. Hence, the duration time to transmit a data packet is
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represented as follows.

Tpara =T, +Tpuy + Thvac + Teopy + Trcs
_ Preamble N PHY header N 8(M ACheader + x + M AC footer)

R, Rprep Rpspu

(4-47)
An immediate ACK carries no payload, thus its transmission time is given by
Tack =Tp +Truy + Tuac + Trcs

_ Preamble =~ PHY header N 8(MACheader + M AC footer)

Rs RPLCP RPSDU

(4-48)
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Figure 4.1 The conventional DTMC model for saturation WBANSs
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Figure 4.2 The conventional DTMC model for non-saturation WBANs
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Figure 4.3 The DTMC model for analysis of non-saturation WBANSs



Chapter 5

Dynamic statistical method for
performance analysis of WBANSs

5.1 Chapter overview

By using Markov chain model, saturation and non-saturation conditions,
many previous works [27, 28,--+, 35] can calculate access probability and through-
put of system. Nevertheless, with both saturation and non-saturation condi-
tions, the access probability and packet arrival rate was assumed to be fixed and
effect of remained packets, which was transmitted unsuccessfully due to colli-
sion or busy channel, was not considered adequately. The target of the thesis
in this chapter is to evaluate the system performance more accurately and flexi-
bly, taking into account the remained packets and using statistical mathematics
instead of saturation and non-saturation conditions. The results of the thesis is
expected that proposal method can achieve the same results in saturation and
non-saturation conditions, however, in time-saturation that can be considered
as a connecting condition or takes place between saturation condition and non-
saturation condition, the proposal method gives more correct result because in
this condition the effect of remained packet is considerable. In addition, that the
system performance changes following operation time, different user priority
levels and some other parameters is analyzed as well. At the current state,
the thesis only finished at algorithm and the simulation program and compar-

ison between the simulation results and reproduced results from other relative

— 65—
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researches will be let for future work.

5.2 Service time calculation

Service time (7},) is defined as total time to transmit a packet of m'* UP
sensors included the backoff time (7} ), time to transmit a data packet (T}u1.),
short interframe spacing (7,s:rs), time of acknowledgement packet (74cx ) and
delay time (o) which is defined as the sum of propagation and signal processing
delay.

T = Tw + Thata + Tack + 215175 + 200 (5-1)

Let’s T; denote a CSMA slot length, the value of the average backoff time can be
calculated as
T = W T, (5-2)

Here, W, is average backoff counter defined more detail below, in formula

(5-6).

5.3 System model

In this method, we consider the WBAN system consists of a coordinator and
N sensors nodes. The structure of the WBAN is star topology without multiple
hoping, Fig. 5.1 [43]. There are also multiple UPs in the system. In order to
build algorithm more obviously and simply, firstly the channel is assumed as
ideal channel. After successful building all equations for algorithm, the method

is extended for non-ideal channel with additional BER and PER parameters.

5.4 Algorithm

In this thesis, the average backoff time is used, the average service time is con-

sidered and the performance in each service time is analyzed. The probability
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that there is a packet to transmit after 7,,, duration time of a m*" UP sensor is

described by
Pm = I eiAme (5_3)

Here ), denotes the packet arrival rate of the m™ UP sensors.

A packet of the m' UP sensors is successfully transmitted if both two fol-
lowing conditions are satisfied. The first condition is that one or more than
one m'™ UP sensors have packet to send but only one m' UP sensor accesses
the channel. The second condition is that all other ¢/ UP sensors (¢ # m) do
not have packet to send or if they have packet to send, their backoff counters
must be higher than backoff counter of the m' UP sensor accessing the chan-

nel. Let psuem, Psucym and pPsye,m denote successful probability that a packet of



Chapter 5. Dynamic statistical method for performance analysis of WBANSs 68

the m'™ UP sensors is successfully transmitted, probability of the first condition
and probability of the second condition, respectively. As a result, the successful

transmission probability of the m' UP sensors, psyen, can be calculated as

Psuem = PsucimPsucam (5_4)

In the first condition, we assume that the total number of the m!* UP sensors
is N,, and the number of the m'* UP sensors having a packet to send is iy,
im € [1, Ny,]. The probability that the m' UP sensors have i, sensors having a
packet to send can be obtained as

N

Psucym; = [ i ] P;T(l - ,Om)Nm_im (5—5)

Only one sensor of m' UP sensor successfully transmits when its backoff
counter is smallest and there is not other sensors have the same backoff counter
or other sensors do not have packet to send. The average backoff counter of the

mt" UP sensors can be calculated as

2

% + P Wnax for odd UPs

W, =

{WT'“ + Pfi, Wain + Py, Y32 for even UPs 5-6)

Here, Py,u,, is the transmission fail probability of the m'™ UP sensors.

The smallest backoff counter of the m' UP sensor having smallest backoff
counter is assumed as W,,,, W,,, € [1,W,, — 1]. The backoff counter of other m*"
UP sensors must be higher than W, meaning it must be within [W,,, + 1, W,,].
The probability that the backoff counter of a m'™ UP sensor is set as W, is

represented as [ Zvln ] W;m, and the probability that the backoff counter of the

W Wy ™
w, :

m

other m*™ UP sensors are within [W,, + 1,W,,] is represented as (
Consequently, the probability that in i,,, m UP sensors having a packet to send
there is one sensor takes the smallest backoff counter and others take higher

backoff counter can be obtained as

Wm—1 im—1
= . 1 (Wy =W
P = 2 [ ! ] Wm( W ) &)

Win=1
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As a result, the probability of the first condition, Ps,.,, is calculated as

suc1m - § Psuclm1 sSuci1msq

Im=1
Wm—1 im—1
| W : 1 (W — W
- L I B Zm]_< L )58
Z[ J stz o) W;[l - (P

Here [ Non ] denotes the binomial coefficient indexed by N,, and i,,.

In the senéond condition, we assume that the total number of the ¢'" UP (q # m)
sensors is N, and the number of the ¢'" UP sensors having a packet to send is i,,
i, € [0, N,]. Probability that the ¢"" UP sensors have i, sensors having a packet to
send can be obtained as [ ]qu ] pu (1= pg)Ne", the same with formula (5-5).
If any ¢'" UP sensor has packeqt to send, its backoff counter should be higher than
W,,. The probability that all i, ¢ UP sensors having packet to send but their

backoff counter are higher than I,,, is (TW"’) in which if Wq <W,, W“V_Vme is

assumed to be zero. Therefore, The probability of the second condition, Pic,m,
can be calculated as

Pocsm = HZ[ era o (B 6

q=0 iq=0
qFm

Finally, the successful transmission probability of the m'" UP sensors in formula

(5-4), P,ucm, can be rewritten as

psucm == Psuclm X PSUCQm

W1 — im—1
. R : 1 (W, =W,
— m T, 1_ m N —im /Lm ] < m m)
z[ J otz (1= sz:l[l = (T

x HZ [ ] i (L= p) (%) (5-10)

The throughput in each 7,,, duration time, S7;,, and the throughput of the mth
UP sensors 1s, S,,,, can be calculated as
STm - PsucmE[xL

Sm =nr,, STm (5—1 1)
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Here, E[z] is the average packet payload size and ny,, denotes the number of 7,
duration times in each second, ny,, = floor ( ﬁ)

In order to evaluate the effect of the remained packet, the successful probabil-
ity after ¢ times of T},,, Psycm (t), will be used. Therefore the successful probability
Pyyem is replaced by Py (t), in which p,, is replaced by p,,,(t) that is the probabil-
ity that a m' UP sensor has a packet to send after t times of T;,,. In [EEE 802.15.6
based on CSMA/CA, the packet is discarded after the retry limit. According to
application, the time-out data is deleted even the number of retransmission does
not reach the retry limit. The time-out of data is set as k times of 7},,, meaning
that at the time ¢t = k + 1 packets generated at time ¢ = 1 are discarded. As a

result, p,,(t) can be calculated as

= pPm Jfort=1
() = S = pun + pun(t — 1) — LoD forl<t<k
= pm+ pmlt — 1) = Lol () [T, P @ fort > k
(5-12)

Here, Pjaim(t) is the fail transmission probability at time ¢ of the m' UP
sensors due to the ¢ UP (¢ # m) sensors accessing the channel or the m' UP
sensors transmitting packet unsuccessfully because of collision or error. The

probability Py, (t) can be calculated as
Pfaz'lm =1- Psucm(t) - -Pidle (5_13)

Here, P,q. is the probability that all the sensors of system do not have a packet
to send, Py = H;:o(l — )V

In some scenarios, a sensor may have more than one packet to send and then
pm(t) may be more than one. In these scenarios, the data in the newest packet
is updated and the data in other packets is outdated. Consequently, only the
newest packet is kept to send and others are deleted as the time-out packets.
Therefore, p,,(t) is defined as p,,(t) = min (p,,(¢), 1) for all ¢. The throughput of

the m!" UP sensors after ¢ times of T, is calculated as

S1,,(t) = Poyern (1) Ex] (5-14)
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The throughput of the m'" UP sensors after ¢,, seconds can be obtained as

tnntm

Smt)= > Sr,(t) (5-15)

t=(tn—1)

The average system throughput after ¢,, seconds can be obtained as

7
m=0

Here, N is the total number of sensors

5.5 Performance analysis under non-ideal channel

At the above step, the thesis have developed algorithm for performance anal-
ysis of WBANSs under ideal channel. It means that if one sensor successfully
accesses the channel, it will successfully transmit a packet because of no noise or
interference. In other words, the successful transmission probability, Psyem (),
in Equation (5-10) has almost the same meaning with the successful access prob-
ability, ﬁ(i,suc), in Equation (4-34). As a result, when the proposal dynamic
statistical method is extended for non-ideal channel or real channel with ad-
ditional BER and PER parameters, the successful transmission probability in
Equation (5-10) should be changed as the successful transmission probability,
Pl suc), as in Equation (4-34). Finally, the successful transmission probability

under non-ideal channel condition, P,cusuem(t), is calculated as
Prealsucm(t) = Psucm(t)(l - PERm) (5_17)

Moreover, the throughput of the m'" UP sensors after ¢ times of T}, in the non-

ideal channel or real condition is calculated as

Sreale(t) = Prealsucm@)E[l‘] (5_18)

Finally, when we analyze the system on MAC layer, however, consider system
working in non-ideal channel, the coding scheme is employed, leading to the
proposal methods for performance analysis of WBANSs can be considered as

cross layer analysis.



Chapter 6

Proposal adaptive BCH code rates
for WBANSs

6.1 Chapter overview

In this thesis, we propose the MCMC and dynamic statistical methods to
analyze performance in the PHY and MAC layers for WBANSs, in which BERs
are taken into consideration. With the MCMC method, the BERs are theoretically
analyzed depending on different BCH code rates, and then the BCH code rate
for every sensor node is optimized in sense of the highest throughput while
assuming the signal to noise ratio (SNR) of every sensor node is different.

Furthermore, the dependence of throughput on the BER is clearly explained
by calculating the access probability for every sensor node in large SNR region.
The BCH code was adopted as an example and then adaptive BCH code rates
for WBANs were proposed. The application of proposal method to other error

correcting codes is straightforward.

6.2 Packet error rate

As explanation in the previous section, the BER/PER is taken into account and
the access probability is changed depending on PER. In this section, we describe
a method to calculate the PER of system.

Because of using the DBPSK modulation, the BER after demodulation is rep-
resented by p; = 1e~5" [41], here SN R; is the received SNR at the coordinator

—-72 —
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while the sensor node i is transmitting. Furthermore, due to application of the
BCH code, the BER after decoding is described as follows [42].
BER; = Em: Nl i = poym- (6-1)
7 A Z—q ] [ )
j=t+1
Where m and ¢ denote the block length and the error correction capability of
BCH code, respectively. Finally, the PER can be calculated as

PER; =1— (1— BER;)". (6-2)

According to the standard, the payload of frame can be changed within [0,
255] bytes and let the longest block length of BCH code be 127 bits. The detail of
BCH code is represented in Table 6.1. Here i denotes the number of information
bits in every block code. Thus, the code rate, r, becomes r = % In this thesis,
the BCH code is adopted as an example, however, the other error correcting

codes can be easily applied by changing (6-1).

6.3 Constant BCH code rate

In this work, we analyze the performance of WBANs with different received
SNR of coordinator and discuss the relationship between SNR and BCH code.
Thus, we assume that the received SNR of coordinator from every sensor node
is different and varies within [1dB, 10dB]. Let the received SNR from sensor
node ¢ be set as i dB, for i = 1,...,10. This means that the WBANSs consisting
of one coordinator and 10 sensor nodes are analyzed. The retry limit and the
packet generation rate are fixed to be 5 times and 5 packets/second, respectively.
The other parameters are the same as explanation in previous sections.

In this section, the code rate of all sensor nodes is assumed to be the same and
the payload is fixed as 200 bytes. An example of throughput of every sensor node
corresponded to several code rates is shown in Fig. 6.1 [35], the representation
of BCH code is as (m,h,t). According to the SNR, the throughput of all sensor

nodes, which equip the same code rate, is different. For small error correction
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Table 6.1 Examples of BCH code

m h t m h t m h t
7 4 1 63 39 4 127 02 5
15 11 1 36 5 85 6
7 2 30 6 78 7
5 3 24 7 71 9
31 26 1 18 10 64 10
21 2 16 11 56 11
16 3 10 13 50 13
11 5 7 15 43 14
6 7 127 120 1 36 15
63 57 1 113 2 29 21
51 2 106 3 22 23
45 3 09 4 15 27
8 31

capability meaning high code rate, the throughput of the sensor nodes in high
SNR region is high because of low PER, on the contrary, the throughput of the
sensor nodes in low SNR region is close to zero due to high PER. Moreover, for
high error correction capability, the throughput of sensor nodes in both low and
high SNR regions is the same. The reason is explained by (6-2) and Fig. 6.2 [35].
It can be said that the payload is large (1600 bits), the PER therefore is close to
one for low SNR, and then sharply decreased while increasing the SNR.

On the other hand, the access probability of every sensor node corresponded
to several code rates is shown in Fig. 6.3 [35]. For low SNR and low error
correction capability, the access probability reaches to the largest value 3.5 x 1072

due to the high number of retransmissions. On the other hand, the access
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Figure 6.1 The throughput of every sensor

probability achieves the smallest value 6 x 10~* with for high SNR and/or high
error correction capability, which is the same as the access probability of noise
free systems. The dependence of the access probability on SNR because of chain
of causes and effects is explained as that the SNR affects BER, and then BER
affects PER as well as the successful transmission probability. If one sensor node
unsuccessfully transmits data, it needs to retransmit the data, consequently, that
makes the access probability increase.

Figure 6.4 [35] shows the total throughput of all sensor nodes while the error
correction capability is varying. As explained above, when the error correction
capability is large, the number of sensor nodes that successfully transmitted is
large, however, the throughput of every sensor node is low due to low code

rate. Therefore, the total throughput of all sensor nodes is low. On the contrary,



Chapter 6. Proposal adaptive BCH code rates for WBANss 76

)

E:
@
@
¥
£

R:h)
F:

10

10‘ _\ . - \

PER

10 ¢

107°F \

1 [}_T - | 41‘ L | | ! | l1|
1 2 3 4 5 6 7 8 9 10
Index of sensor (SNR [dB])

Figure 6.2 The PER of every sensor

when the error correction capability is small, the throughput of some sensor
nodes is large, however, the throughput of many sensor nodes is close to zero.
As a result, the total throughput of all sensor nodes is also low. In this system
model, the total throughput achieves the maximum where the error correction
capability is nine.

From view of total throughput, the (127,71,9) of BCH code should be adopted,
whereas from view of error correction capability, the (127,8,31) of BCH code
should be used. It can be said that there is the trade-off of the error correction
capability and the access probability, which restricts the performance of system.

In order to improve the performance of system, adaptive code rates for WBANs

are proposed in following section.
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Figure 6.3 The access probability of every sensor

6.4 Adaptive BCH code rate

The optimal code rate for every SNR is defined as the value that achieves the
maximal throughput regardless of other sensor nodes. Therefore, the optimal

code rate is changed depending on the SNR, it is called as adaptive BCH code
rate for WBANSs.

OptiBCH; = arg max (Axr(1 — PER;)) (6-3)

VBCH code

The optimal BCH code rate of this system model is summarized in Table 6.2.
The bound of throughput in case all sensor nodes have the same code rate

(Fig. 6.1), named bound for constant code rate, is compared to the throughput of

adaptive BCH code rate in Fig. 6.5 [35]. The throughput of adaptive BCH code
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Figure 6.4 The total throughput of all sensors

rate is considerably higher, especially in high SNR region. It can be explained
that in high SNR region, the throughput reaches the maximum where the error
correction capability is small. However, for constant code rate, the PER of many
sensor nodes is close to one, thus the number of retransmissions and the access
probability of these sensor nodes greatly increases. Therefore, the collision
probability increases and the average access successful probability decreases,
meaning that the bandwidth efficiency is low. On the other hand, for adaptive
BCH code rate, the number of retransmissions is small due to low PER, therefore,
the access probability of every sensor nodes is small. This means that the access
successful probability and the bandwidth efficiency are high. As a result, the
throughput of adaptive BCH code rate is higher.
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Table 6.2 Optimal BCH code rate for every SNR

SNR 1 2 3 4 5 6 7 8 9 10

m 127 127 127 127 127 127 127 127 127 127

h 8 15 29 43 64 78 99 106 113 120

t 31 27 21 14 10 7 4 3 2 1
6000 T T T T T T T T

Adaptive BCH code
5000 — — - Bound for constant BCH code

4000

3000

2000

Throughput [bps]

1000

1 2 3 4 5 6 7 8 9 10
Index of sensor (SNR [dB])

Figure 6.5 Comparing throughput of adaptive BCH code rate and bound for
constant code rate
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Conclusion

A dependable and efficient MAC protocol is really important with WBANSs
when they are applied for medicine or even though for non-medicine. Better
MAC protocol can produce low energy consumption or at least can guarantee
the timely delivery of emergency traffic. Therefore, beside of improving MAC
protocol, correctly analyzing it is necessary. There have been many works on
performance analysis of IEEE 802.15.6, especially based on CSMA/CA scheme.
The performance analysis on WBANs MAC layer can be clarified into two
groups, using Markov chain model to simulate the state of sensor in WBANs
and non-Markov chain model approach.

By employing DTMC model, many previous works can illustrate the state of
all sensor in WBANSs or simulate how sensors working and affecting together in
the system. As a result, previous works can calculate the access probability of
all sensors and then calculate throughput and energy consumption or delay and
consider these as final results. After reviewing carefully previous works, the
authors of the thesis found out limitations as frequent assuming that channel
is ideal and finishing such at analyzing, not optimizing or proposing any new
technology, protocol or system. In order to overcome these limitations, the
thesis developed MCMC method to analyze performance of WBANs under
non-ideal channel by taking into account BER and PER. The MCMC method
can be considered as development or adjustment of the DTMC method with key
idea is to find the access probability approximately. Moreover, not finishing at

analyzing performance, the thesis propose adaptive BCH code rates for WBANs

—-80 -
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and the thesis also proved that this adaptive code can produce significantly
higher throughput for WBANSs.

On the other hand, the DTMC method consists of method limitations as using
assumption like saturation condition and non-saturation condition, and not
taking into account remained packets. The saturation condition in this thesis
can be explained as if a sensor in WBANSs always has a packet to send or in its UP
queue there is always a packet waiting to be served, the sensor is saturated. In
fact, saturation condition is likely to be relative with high traffic. The remained
packets are the packets transmitted unsuccessfully due to collision or error. As
a result, there are some previous works on MAC layer for WBANSs not using
the DTMC method. However, these works have limitations as consideration
system having only a sensor node and a coordinator, or system with many
sensors but only single UP, consequently, the effect each other of sensors in
the same UP or different UPs is not taken into account. From these points,
the thesis proposed dynamic statistical method for performance analysis of the
WBANSs on MAC layer, taking into account remained packets and analyzing
system performance changing following operation time and due to variable
packet arrival rate, the number of sensors, payload size, retry limit and user
priority levels. The proposal method has been expected to be more flexible and
precise.

The thesis produced three main results, proposing two methods, the MCMC
and dynamic statistical method, for performance analysis of WBANSs, and then
proposing the adaptive BCH code rates for WBANSs with higher throughput,
which was already proved. The thesis still contains drawbacks or unsolved
problems. Firstly, the proposal adaptive BCH code may cause system to become
more complex and this is not solved yet in the thesis. Secondly, with the proposal
dynamic statistical method in this thesis is only finished at algorithm. For
the future work of this thesis, the authors hope to apply the MCMC method

to other coding schemes with deep analysis of changing the complexity and
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energy consumption of system when adaptive coding scheme is employed. With
the proposal dynamic statistical method, authors need to develop simulation
program to produce the throughput or energy consumption of system and
compare these with outstanding previous work results to prove the proposal
method and then extend the proposal method with real channel under noise and
interference condition, employing cross layer with coding in order to optimize

parameters of system.
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