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Abstract

Traditional wireless sensor networks (WSNs) working in the license-free spectrum
suffer from uncontrolled interference as the license-free spectrum becomes increasingly
crowded. Designing a WSN based on cognitive radio can be promising in the near
future in order to provide data transmissions with quality of service requirements.
In this thesis, we introduce a cognitive radio sensor network (CRSN) and analyze its
performance for supporting real-time traffic. The network devices opportunistically
access vacant (or available) channels in the licensed spectrum. When the current
channel becomes unavailable, the devices can switch to a new channel.

Three types of real-time traffic are considered, constant-bit-rate (CBR) traffic,
bursty traffic, and Poisson traffic. For the CBR traffic, a fixed number of packets
are generated periodically; for the bursty traffic, a burst of packets are generated
periodically and the number of packets in each burst is random; and for the Poisson
traffic, the packet arrivals follow Poisson process. We derive the average packet
transmission delay for each type of the traffic. The analytical results are verified by
computer simulations. Our results indicate that real-time traffic can be effectively
supported in the CRSN, and packets with the Poisson arrivals may experience longer

average delay than the bursty arrivals.
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Chapter 1

Introduction

1.1 Introduction to Wireless Sensor Networks

1.1.1 Overview of Wireless Sensor Networks

Recent advances in wireless networking and electronics have significantly improved
the development of wireless sensor networks (WSNs), which are designed to provide
low-cost, low-power and multi-functional applications and interact with the physical
environment [1], [2]. WSNs have been widely used in both industrial and civilian
areas, such as in environmental monitoring, industrial process management, traffic
control, home automation, health care monitoring and so on {3], [4]. A WSN is
composed of a large number of spatially distributed devices, which can be deployed
in star or peer-to-peer topology [5], [6]. A WSN can have one or multiple data
sinks, which are responsible for sending query to and collecting data from the regular
Sensors.

Sensors are the most basic components in a WSN and used for gathering and
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disseminating collected information to designated sinks for further processing. A
sensor is usually equipped with a micro-processor, radio transceivers, a sensing unit
and a memory unit. Sensors are usually very small in size and powered by batteries,
which are not rechargeable in most applications.

A single sensor can be very small and have very limited capacity for collecting data.
In order for a WSN to cover a very large area and provide a rich and multi-dimensional
view of the environment, a large number of sensors may have to be deployed. Data
collected by a sensor may need multiple hops before reaching the sink. In a cluster-
based WSN, sensors are divided into clusters with a cluster head (CH) in each cluster.
Data collected by the sensors are first sent to the nearby CHs, which further forward
the data to the sink via one or multiple hops through other CHs. Fig. 1.1 shows
an example of a cluster-based WSN. In order to transport both intra-cluster and
inter-cluster traffic, energy consumption of a CH can be much higher than that of
a regular sensor. The CHs can be regular sensors, in which case the sensors take
turns to be the CHs in order to balance the energy consumptions. As a result, the
network topology changes dynamically from time to time. Alternatively, the CHs can
be specially designed nodes, and this results in relatively static network topology. The
CHs together with the sinks form a relatively stable wireless infrastructure, making
it possible for transmitting data with certain quality of service (QoS) guarantee.

It is essential for WSNs to provide data transmissions with strict QoS in various
applications, such as industrial monitoring, traffic control and so on, in which high
latency, high packet loss rate or other problems cannot be accepted. Besides, in many
applications, data are valid only for a limited duration and should be delivered before

they expire. For example, in health care a packet indicating an abnormal event
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Figure 1.1: Illustration of a wireless sensor network

of a patient should reach the doctor as soon as possible {7], [8]; in environmental
monitoring, a wireless smoke sensor should provide real-time recognition of smoke or
fire [9]. As a result, guaranteeing QoS of different types of traffic is becoming a key

issue in future WSNs.

1.1.2 Standards for Wireless Sensor Networks

The WPAN Working Group created IEEE 802.15.4 Low-Rate WPAN (LR-WPAN)
standard [10], which focuses on defining the physical layer (PHY) and medium access
control (MAC) sublayer specifications for low-cost, low-energy, and low-complexity
wireless networks. In order to provide a more complete networking solution, ZigBee
Alliance {11], an independent, open and non-profit corporation, developed network
and application layers specifications, which have not been covered by IEEE 802.15.4.
IEEE 802.15.4 combined with ZigBee is widely considered as one of the most promis-
ing standards suitable for WSNs.

According to the IEEE 802.15.4 standard, sensors are able to operate in three
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license free industrial, scientific, and medical (ISM) radio bands in 868 MHz (Europe),
915 MHz (America), and 2.4 GHz (worldwide). A low-band PHY operating contains
1 channel in the 868 MHz band and 10 channels in the 915 MHz band, and has a raw
data rate of 20 kbps and 40 kbps, respectively. A high-band PHY operating in the
2.4 GHz band has 16 channels. It specifies a data rate of 250 kbps and has nearly
worldwide availability [12]. The 2.4 GHz frequency band has the most potential
uses for large-scale WSN applications, since the high data rate reduces the frame
transmission time and thus the energy consumption per transmitted and received bit.

Beacons are used in the IEEE 802.15.4-based network to synchronize the attached
devices and to describe the structure of the superframe. The superframe is bounded
by network beacons and divided into 16 equally sized time slots [13]. The IEEE
802.15.4 standard allows the optimal use of a superframe structure, which can have an
active and an inactive portion. The active portion of each superframe is composed of
three parts: a beacon, a contention access period (CAP) and a contention free period
(CFP). The beacon is transmitted, without the use of carrier sense multiple access
with collision avoidance (CSMA-CA), at slot 0, and the CAP commences immediately
after the beacon. Devices wishing to communicate during the CAP between two
beacons compete with each other using a slotted CSMA-CA mechanism. The CFP,
if present, follows immediately after the CAP and extends to the end of the active
portion of the superframe.

ZigBee Alliance defines three network topologies above the IEEE 802.15.4 physi-
cal and MAC layers, the cluster-tree topology, the star topology and the mesh topol-
ogy [14]. Both the star and cluster-tree topologies can use beacon frames to syn-

chronize devices to their parent node, and thus minimize power consumption of the
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devices by intermittent operations. The cluster-tree topology has a better scalabil-
ity than the star topology and is more suitable for large-scale sensor networks. As

a result, the cluster-tree topology is attracting increasingly more attention recently,

e.g., [15], [16] and {17].

1.2 Wireless Sensor Networks Based on Cognitive
Radio

Most current WSNs work under IEEE 802.15.4 standard and operate in the license-
free bands. One of the most outstanding advantages of using the license-free bands
is the flexibility and low cost. Small business and household are able to implement
the networks without applying for licensed spectrum, and the WSNs can be deployed
anywhere as needed. However, utilizing the license-free bands also induces problems.
Since the license-free frequency bands are an open resource, other wireless networks
can also work in the same spectrum, and all of the users in the different networks may
have to share this resource at the same time and in the same geographical area. Cur-
rently, the license-free spectrum has been crowded by IEEE 802.11-based WILANS,
IEEE 802.15-based Wireless Body Area Networks (WBANS), and IEEE 802.16-based
WiMAX networks. Transmissions in the license-free bands can experience interference
from other networks sharing the same spectrum, making it very difficult to predict the
quality of service (QoS). The coexistence of multiple networks in the same license-free
spectrum also brings challenging issues [18] including spectrum utilization, security,
transmission collisions and other issues between the same or different wireless tech-

nologies, posing a major problem for supporting traffic with strict QoS requirements.



ST S A U S S,

M.A.Sc. Thesis - Shan Feng McMaster - Electrical Engineering

Assessment of the coexistence problems has been studied extensively, such as in [19]
and [20].

Furthermore, the coexistence of multiple networks in the license-free bands has
worse impact on WSNs than other networks due to the special properties of the
WSNs as shown in [21] and [22]. For example, a WSN based on IEEE 802.15.4
may operate in the presence of an IEEE 802.11-based wireless local area network
(WLAN) [23], and channels of the WSN may overlap channels of WLAN so that
interference affects users in both networks. Since transmission power in the WSN is
usually much lower than in the WLAN, the interference caused by the coexistence of
the two networks impacts the WSN more seriously. As a result, data transmission
performance in a WSN can be significantly deteriorated. As the license-free spectrum
becomes increasingly crowded, traditional WSNs operating on the license-free bands
are expected to suffer from heavy interference caused by other networks sharing the
same spectrum [24], [25], and therefore are not suitable for supporting traffic with
strict QoS requirements.

There has been some work that studies the coexistence problem in order to provide
better performance in WSNs. In [26], the packet error rate of a WSN coexisting with
other networks is analyzed. In [27], the IEEE 802.15.4 channel occupancy pattern
in presence of WLANs is studied, and the work provides a better understanding
of the interference caused by coexistence between these two standards. The authors
of [28] proposed to reduce interference by using energy detection-based measurements
conducted by sensors. All these efforts can help understand or reduce the effect of
interference to the WSNs caused by other networks coexisting in the same spectrum

band, but they do not provide solutions for providing services with QoS requirements
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in WSNs.

Building a WSN based on cognitive radio can be a promising approach in the
future in order to avoid issues caused by coexistence of multiple networks in the
license free spectrum. The low spectrum utilization in the licensed spectrum leaves a
large amount of resources for the WSNs to serve traffic with strict QoS requirements.
Without having to access dedicated licensed spectrum, it is possible to build WSNs
with a low cost. Another major advantage of combining wireless sensor networking
with the cognitive radio technology is the flexibility. There is little restriction on the
air interfaces, coverage area and network topologies. The MAC protocol and resource
allocations can be designed based on the specific requirements of the services and
network conditions in order to satisfy the various QoS requirements, while efficiently
utilizing the radio resources.

Due to these great advantages, there has been some recent work in cognitive radio-
based sensor networks (CRSNs). Some general implementation issues are discussed
in [29],[30] and [31]. Possible implementations of a CRSN is presented in [32] from a
system level point of view. In [33] a conceptual design of cognitive radio-based sensor
networks is proposed, where some advantages and challenges are discussed. In [34],
performance of a CRSN for supporting health care traffic is studied. Energy efficiency
in a CRSN with multi-carrier modulation is studied in [35] and {36]. On the other
hand, little work has been done on supporting real-time traffic in CRSNs. Next, we
give a brief overview for cognitive radio networks in Section 1.3 before introducing

the work of this thesis in Section 1.4.
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1.3 Related Works in Cognitive Radio Networks

With the successful development of wireless networks in the last decades, the demand
for wireless communications has significantly increased. The limited radio spectrum
assigned by the traditional fixed spectrum allocation method cannot afford such high
growing demands. Considering that bandwidth demands may vary highly along the
time and space dimension, a lot of spectrum that has been allocated to various net-
works may be under-utilized [37], leaving a large amount of idle resources. Therefore,
there is huge potential to increase the efficiency of spectrum usage [38].

Cognitive radio (CR) is a technology that helps fully utilize the scarce radio spec-
trum resources, while satisfying the increasing demands for wireless communications.
With the development of CR technologies, the Federal Communications Commission
(FCC) [39] in the United States allows unlicensed wireless users (secondary users) to
dynamically access the licensed bands from legacy spectrum holders (primary users)
on a negotiated or an opportunistic basis [40], [41]. A good survey regarding prob-
lems and solutions for cognitive radio networks (CRNs) can be found in [42] and the
references therein.

The basic function of CR is spectrum management [43], which contains spectrum
sensing, spectrum decision and spectrum sharing. Spectrum sensing is to detect
unused spectrum and share the resource with other users in the secondary networks
without harmful interference [44]. The detection methods for spectrum sensing can be
divided into several categories, such as transmitter detection, cooperative detection
and interference detection, and many detection algorithms have been investigated in
the literature [45]. After spectrum sensing, it is necessary to implementing spectrum

decision and spectrum sharing functions. The purpose of spectrum decision is to select
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the best unused spectrum based on spectrum availability to meet users’ requirements,
and spectrum sharing is used for coordinating access demands among different users
in the secondary networks.

Depending on the dynamics of spectrum usage in the primary networks, users in
the secondary networks may have to change their transmission parameters frequently.
Providing guaranteed QoS for various traffic in such an environment can be different
from that in traditional wireless networks. Recently, some work has been done on
supporting traffic with QoS in CRNs. For example, performance for transmitting
voice traffic in a CRN is studied in [46], [47], where a single channel is shared by the
CRN and the primary network. Capacity of VoIP traffic in a CRN with imperfect
spectrum sensing is studied in [48]. Other works studying real-time performance for

traffic in CRNs can be found in {49, [50].

1.4 Overview of The Thesis

In this thesis we study the performance of supporting real-time traffic in a CRSN,
where devices opportunistically access available channels in the licensed spectrum.
The MAC protocol is compatible with the IEEE 802.15.4 protocol, which is one of
the most popular standards for WSNs. The network is cluster-based. Sensors com-
municate directly with their associated cluster heads (CHs), which perform spectrum
sensing and inform the sensors about the channel availability. We consider three
types of real-time traffic, i) a fixed number of packets are generated periodically, ii) a
burst of packets are generated periodically and the number of packets in each burst is
random, and ii) packet arrivals follow a Poisson process. For each type of the traffic,

we derive the average packet transmission delay. We also consider best effort (BE)
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traffic which uses the radio resources remaining from serving the real-time traffic,
and derive the available service time the BE traffic. Capacity of the network is also
derived.

The remainder of the thesis is organized as follows. In Chapter 2, we give a general
description of the CRSN, including network topology, channel sensing mechanism, and
radio resource allocations. We also find the distribution of available channel time in
the network. The amount of available service time for the BE traffic and the network
capacity are also derived in the chapter. In Chapter 3, analytical models are derived
for analyzing the average delay for serving the real-time traffic. Numerical results are
shown in Chapter 4 to demonstrate the performance of the network, and computer
simulation results are used to verify correctness of the analysis. Chapter 5 concludes

the thesis.

10
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Chapter 2

Description of a CRSN

In this chapter, we first introduce the CRSN, including the basic network architec-
ture, channel sensing and switching, and channel time allocations. We then (ind the
distribution of available channel time, and based on this, system capacity in terms
of the maximum number of sensors that can be supported is derived. Finally, the

available service time for the BE traffic is derived.

2.1 Network Architecture

The IEEE 802.15.4 standard defines the PHY and MAC layers for low-rate, low-power
and flexible wireless personal area networks. It allows two types of contention-based
channel access mechanisms: a slotted CSMA/CA used in the beacon enabled network,
and an unslotted CSMA /CA used in the non-beacon enabled network. For the former,
a superframe is defined to be the period between two successive beacons. Beside the
contention-based period, contention free transmissions are also allowed, providing

much higher efficiency.

11
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Sensors in the CRSN are grouped into clusters and communicate directly with
their associated cluster heads (CHs). In addition to collecting data from the sen-
sors, the CHs are also responsible for sensing available channels from a number of
frequency channels in a licensed band, allocating radio resources, and sending control
signals to the sensors. In a CRSN, data transmissions are mainly from the sensors
to the CHs, and transmissions from the ClHs to the sensors are mainly for sending
acknowledgment (ACK) frames, channel allocation messages, and other control sig-
naling messages. The real-time traffic collected by a CH can be processed locally
if the CH is co-located with the data sink. Such a single-hop scenario can be very
common for real-time traffic due to the strict latency requirement. Alternatively, the
data may be further forwarded by the CIH to a remote data sink through traditional
communication networks, such as a wireline communication network or a high-speed
wireless communication network such as an IEEE 802.16-based wireless metropolitan
area network. In such cases, data transmission delay beyond the CH is usually much
smaller, compared to that between the sensors and the CH, and can be neglected.
Therefore, this work focuses on transmission delay between the sensors and the CH
within a cluster.

A common control channel is used for the CH to notify the sensors about the
current available channels. All sensors listen to the common control channel at the
beginning of each CS interval. The CH broadcasts channel information through the
control channel so that sensors can hear this message. If a new channel is available,
the CH and the sensors then switch to the new channel. Selecting the common control

channel requires coordinations between the sensors and the CH and this is discussed

in [34].

12
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2.2 Channel Switching

The CRSN opportunistically accesses frequency channels in a licensed spectrum.
When a frequency channel is not used by the primary network, it is “available” for the
CRSN. Once a channel is occupied by the primary network, it becomes “unavailable”
to the CRSN.

The system time is divided into equal length intervals, referred to as channel
switching (CS) intervals. If the current working channel becomes unavailable before
the end of the CS interval, the CH simply waits until the start of the next CS interval,
when it informs the sensors another available channel (if there is at least one available)
and then both the CH and the sensors switch to the new channel. Sensors can simply
go to a power saving mode once they detect a channel loss, and do not have to be
active until the beginning of the next CS interval. This simplifies the synchronization
between the sensors and the CH. It is also possible that the CH senses for new
channels as soon as the previous channel is lost, and this helps the CRSN find more
available channel time at the price of more complicated synchronization between the
sensors and the CH. This is studied in [51]. When the traffic load is relatively low and
capacity is not a concern, restricting the channel switchings to be at the beginning of
the CS intervals can be a better choice.

Each cluster requires only one available frequency channel. The CH keeps sensing
the frequency channels until an available channel is found or it finds that no channel is
available. The total amount time for channel sensing can vary, especially when there
is a large number of candidate channels to be sensed and each has a small probability
being available. In this case, the CH can be equipped with two radios, the first one is

dedicated for channel sensing and the second one is for data communications. With

13
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the dedicated radio for channel sensing, we can assume that the CH always has the
most updated information about the current available channels, and channel sensing
does not cause overhead to data communications. We use T}, to represent the time
for the devices to switch to a new channel, if there is at least one channel available
after the previous channel is lost. In case the CH is only equipped with one radio,
channel sensing is done before data communications, and 7}, includes not only the
time for channel switching, but also the time for channel sensing. In such a case,
the number of channels should be small and each channel should have a relatively
high probability of being available, since having a large number of candidate channels
can introduce long sensing delay and negatively affect the network performance as
demonstrated in [52]. Therefore, the value of Ty, should be much smaller than the

amount of time for data communications.

2.3 Detecting a Channel Loss

We assume that the status change of a channel from being available to unavailable
can be realized by the CH immediately. However, it may take time for the regular
sensors to be informed of the channel loss. Therefore, it is possible that the sensors
transmit at a channel, which is occupied by the primary network already. In this
case, the transmissions from the sensors interfere that in the primary network, and
this should be avoided as much as possible.

When the CH loses its channel, it stops broadcasting the beacons, and its associ-
ated sensors realize the channel loss in the next scheduled beacon time or earlier and
stop their transmissions. There can be multiple beacons in each CS interval. Having

more beacons can help the sensors know the availability of the current channel in time

14
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and reduce unnecessary transmissions. This also reduces interference to the primary
network.

For reliable transmissions, the CH sends back an ACK to the sensors for every cor-
rectly received packet. If a sensor does not receive an ACK in time after transmitting
a data packet, it considers that the current channel becomes unavailable and stops
transmitting immediately. Obviously, there can be other reasons, such as channel
fading, that cause transmission failures in the CRSN. Stopping transmissions in this

case is a conservative way to reduce interference to the primary network.

2.4 Traffic and Resource Allocations

Both real-time traffic and best effort (BE) data traffic can be served. The real-time
traffic is given a higher priority in order to satisfy its delay requirements, and its
performance should not be affected by the transmissions of the BE traffic.

We adopt the IEEE 802.15.4 MAC protocol, which is commonly used for WSNs
and specifies both contention-based and contention free transmissions. In order to
achieve small transmission delay, the real-time traffic is served with contention-free
transmissions using the guaranteed time slots (GTSs), and the BE traffic is served
using the contention access period (CAP). Since an available channel can be lost
during a CS interval and the sensors only switch to a new channel at the beginning
of the CS intervals, they have a better chance to transmit at earlier time during each
CS interval. Therefore, in each CS interval earlier time should be reserved for the
real-time traffic. On the other hand, we find that in the IEEE 802.15.4 MAC protocol,
each MAC superframe starts with a CAP which is then followed by G'T'Ss. In order
to have the CRSN fit into the IEEE 802.15.4 MAC, we can have the timelines of the

15
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MAC superframes and the CS intervals carefully arranged so that the real-time service
time is in the GTS periods of the MAC superframe and the earlier portion of the CS
interval, and the BE service time is in the CAP interval in the MAC superframe and
the later portion of the CS interval. An example of such timeline arrangement is
shown in Fig. 2.1 with Teg = Tsr, where Tog and Tsr are the durations of a CS
interval and a superframe, respectively. More examples can be found in Fig. 2.2 and
Fig. 2.3 when T # Tsr.

During the GTS period, an amount of 7. time is reserved for the real-time traffic.
Note that the actual amount of available channel time for serving the real-time traffic
in the reserved time interval is random due to the random channel availability, and
its distribution will be derived in the next section. Channel time not reserved for the
real-time traffic can be used for the BE traflic, and the available service time for the

BE traffic is derived in Section 2.7

+———— CS interval f CS interval ———+

% real-time data || BE data B real-time dataH BE data

T T SR i T

[ GTs [ car | Gts | cap |
fe——— Superframe ———— Time

% Channel sensing and switching IBeacon

Figure 2.1: Time relation between MAC superframes vs. CS intervals, Tgs = Tsr
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2.5 Distribution of Channel Available Time

The amount of available channel time for the CRSN is random. In this section, we
derive the distribution of the available channel time for the real-time traffic during
the reserved time interval of duration 7.

For a given frequency channel, we define a channel available interval, T,,, as
a continuous interval during which there is no primary transmission activity, and a
channel unavailable interval, T, s, during which the channel is always occupied by the

primary transmissions. Both Tg, and T;5s are assumed to be exponentially distributed

with mean T,, and Toff respectively, and P, = TDEL"%O” is the probability that a
channel is available to the CRSN. Given that there are N channels in total, the
probability of outage is P = (1 — P,,)" when all the N channels are unavailable.
We consider that all the frequency channels have the same statistical activities. That
is, they all have the same distribution for their channel available intervals and the
same distribution for their channel unavailable intervals. Furthermore, the available
intervals of different channels are independent of each other.

We use T, to denote the amount of available channel time during the reserved

interval for the real-time traffic in a CS interval. Below we derive the distribution of

T,. When all the channels are unavailable, T, = 0. That is,

Pr{T, = 0} = Pou. (2.1)

If there is at least one channel available and T,, < T, then T, = T,,. For any
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0 <t < T, we have
Pr AT, < £} = Poug + (1= Pout)Pr.{Tom < £} = Pous + (1 — Poua) (1 - e“fﬁ> . (2.2)
If there is at least one channel available and Ty, > T}, then T, = T,.. In this case,

T
Pr{T, =T} = (1 = Pout)Pr{Ton > T, } = (1 — Pyui)e Ton. (2.3)

2.6 System Capacity

Replacing 7, in (2.2) and (2.3) with Tg, we can find distribution of the amount of
available channel time in a CS interval. Let T, cs be the average amount of available

channel time in a CS interval. We have

Ta,C'S = (1 - Pout)TC'SPr-{Ton > TCS} + (1 e Paut)E[TonIO < Ton < TC'S]

o0 1 __t Tes ¢ __t_
= (1= Pou)Tos / ¢ Tondt + (1~ Pou) / ¢ Tendt
t=0

t=Tcs L on TOTL
_ _T
= (1= Pu)Ton(l—¢ Ton). (2.4)

Let My be the average number of packets that each sensor generates in every CS
interval. The maximum number of sensors that can be supported in the reserved
duration is given by

T,
Ny = =295 (2.5)
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2.7 Available Service Time for BE Traffic

After a period of T, time is reserved for the real-time traffic in each CS interval,
the rest of the CS interval can be used for transmitting BE traffic. Therefore, the
available service time for the BE trafficis T, — T, if T, < T, < Tgs, or Tes — 1 if

T, > T¢g. Define ;. as average available service time for the BE traflic. We have

T L= o) | [ =T e Tt 4 (Tos —T) [ e Tt
= — — — Ton — — Ton
e = (= Pu) | [ (= D) Tod + (Tos = T) [ e
_ _Ir. _Ics
= (1= Pout)Ton(e Ton —e Ton). (2.6)
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Chapter 3

Delay Performance Analysis for

Real-Time Traffic

Three types of real-time traffic are considered, constant-bit-rate (CBR) traffic, bursty
traflic and Poisson traffic. For the CBR traffic, a fixed number of packets are generated
periodically; for the bursty traffic, a burst of packets are generated periodically and
the number of packets in each burst is random; and for the Poisson traflic, packet
arrivals follow a Poisson process. The average packet transmission delay for the CBR
traffic is derived in Section 3.1, for the bursty traffic is in Section 3.2 and for the

Poisson traflic is in Section 3.3.

3.1 Delay Analysis for CBR Traflic

We consider that m packets are generated from the sensors at the same time right

after the beginning of each CS interval !, where m is a constant. In a practical

10ther cases when packets are generated at different and deterministic time instants can be
derived similarly.
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system, each sensor may generate one packet in every J CS intervals, where J can be
much larger than 1, and m represents the total number of packets generated by all
the sensors in a CS interval. We assume that all the packets are stored in a virtual
buffer until they are transmitted to the CH, and use Z to count the total number of
packets in the buffer. The distribution of Z can be complicated as the packet arrival
process is deterministic, the server availability (or service rate) is random and does
not follow a standard distribution, and therefore the service system does not fit any
standard queueing model. Instead of finding the distribution of Z directly, we define
a random variable X as the number of buffered packets at the end of each CS interval.
That is, X is the sample of Z at discrete time instants. We then find that X is a
Markov chain embedded in Z, since the buffer occupancy at the end of the current
CS interval only depends on its value at the end of the previous CS interval and the
packet arrivals and channel availability in the current CS interval, but not at earlier
time. Below we first find the state transition probability of X. Based on this, the
steady-state probability of X can be found. The mean of Z can then be found.
Define Ty as the packet transmission time, which is the amount of time for trans-
mitting one data packet, including the time for transmitting the ACK but not any
time caused by channel being unavailable. Channel time is divided into equal length
time slots each with duration of T,;. Assuming that both Tgg and T, are integer
multiples of Ty, Kpax = %ﬁ gives the total number of time slots in a CS interval,
and K = % is the number of time slots in the reserved interval for the real-time
traffic. We further define p;, as the probability of 7}, duration that is equivalent to the

amount of time for serving & and only k packets in the reserved time interval. Define
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e =01for k < 0or k> K. Given the distribution of 7}, we can find p; as

e e

,
Pr{T, < Ty}, if k=0,
P = & PrikTy<T, < (k+1)T,}, if1<k<K, (3.1)
| Pr{T. = KT.}, k=K,

T
P+ (1 = Pou)(1 — ¢ Tor), ifk =0,

Ty _(k+1)Ty

= (1 — Pout)[e__’f‘on —e Ton ], ifl<k< K, (32)
(1= Pout)e Tor, k=K.

The state transition probability of X can be found as

S itmPry ifj=0andi+m<K,
Qi =9 Pigm—g,  fitm-K<j<itmeandit+m>K, (3.3)

0, otherwise.

Note that the state transition matrix, @ = [Q;;], based on the above derivation
assumes an infinite buffer size, i.e., X can take any value from zero to infinity, and
therefore, the dimension of the matrix is infinite. Thus, solving the steady state
probability of X based on the above transition probability is very difficult.

Having a finite buffer size can simplify the problem. Let B represent the buffer
size, then 0 < X < B. Packets can be lost when the buffer is full. However, as long

as B is much larger than K, the packet loss rate can be very small and neglected. In
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this case, the state transition probability of X can be written as

,

SiitmPr, j=0andi+m< K,
Ditm—j» fi+m-K<j<i+mand K <i+m<B
Qij = (3.4)
DB-j, fB-K<j<Bandi+m>B,,
0, otherwise.

\

Define 7 = [m;] as steady state probability of X with m; as the ith element, i.e.,

m; = Pr.{X =i}. Then we can find = from the following relationship:

Q=

(3.5)
E?:I T = 1.

Based on the distribution of X, we find the mean of Z. Given X = z at the end
of the previous CS interval, the buffer size at the beginning of current CS interval is
7 = z + m. Furthermore, given that y packets can be transmitted in the current CS
interval, then the buffer size changes from Z =z+mtoZ =z+m—-1,...,24+m—
(y — 1) during the first y slots, and the buffer size becomes Z = = + m — y in the
remaining (Kyax — y) slots. Thus, the conditional average buffer size for given z and
y is

_ Y@ m =)+ (@ m = y) (e — Y)

7|I1y - K ? (3'6)

where the first term in the numerator on the right-hand side of (3.6) is for the period
when the buffer occupancy keeps decreasing, and the second term is for the period
when the buffer occupancy is constant.

The number of packets that can be served in each CS interval is a random variable,

which is denoted as Y. The conditional probability of ¥ = y given X = z is related
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to the transition probability of X and given by

z,z+m—y ifz+m<B
PrdY =y|X =z} = Qaotm-y (3.7)

Qz,B—y» ifz+m>B
fory=0,1,...,min{K,z 4+ m} and Pr.{Y = y|X =z} = 0 for other values of y.

Then, the unconditional average buffer size Z can be written as

Z =53 ZlsyPr{X = z}Pr{Y = y|X =z} (3.8)

=0 y=0
According to the Little's Law, the average packet transmission delay for CBR
traffic is given by

7 Tlus

D= =
m/TCS m '

(3.9)

where m/Tgs gives the mean packet arrival rate.

3.2 Delay Analysis for Bursty Traffic

In a practical system, each sensor may have a certain probability to generate data
packets to the CH at the beginning of each CS interval, and M, a random variable,
is used to represent the total number of packets generated by all the sensors in a
CS interval. Let P, be the probability that each sensor generates a packet in a CS
interval and N, be the total number of sensors. Then Pr.{M = m} is given by

N,!
Pr{M =m} = —

mpg“u — Byl (3.10)
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form=0,1,...,M, and Pr.{M =m} =0 for m > M.
Define Z and X the same as in the previous section. Given M = m, we can find

the transition probability of X from X =i to X = j as

S imPr, ifj=0andi+m <K,
Qijm = § Pitm—i, ifi+m—-—K<j<i+mandi+m> K, (3.11)

0, otherwise.

The unconditional transition probability for each case then can be found as
m=0

Let Y be the number of packets served in the CS interval. Given Y = y, the
buffer size keeps decreasing from z+m to z+m — (y — 1) in the first y time slots and
then becomes z +m — y and is unchanged for the remaining (Ky.x — y) time slots.

Therefore, given z and y, the conditional mean queue size for the entire CS interval

is given by
_ y—1 — 4 — ) (Knax —
Zm,:z:,y — EJ=0(‘T +m j) + (:E +m y)( max y) . (313)
Kma.x
The distribution of Y for given X and M is given by
e, s4m—y, my 0 <y < min{K,z + m},
Pri{Y =y|X =2,M =m} = e, w4my Y t J (3.14)

0, otherwise.

The mean buffer occupancy can be found as

Z=3 S ZmagPr{X =a)Pr{Y —y|X — o, M = m}Pr{M = m}. (3.15)

m=1 z,y=0
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Using the Little’s Formula, the mean delay can be found as

Z

D==— .
M/T(;S

(3.16)

3.3 Delay Analysis for Poisson Traffic

Packet transmission delay for the real-time traffic in the considered network can be
caused by i) the available channel is busy in serving other packets that arrive earlier,
ii) no channel is available during the reserved time interval, and iii) channel time is
not reserved for the real-time traffic. One way is to treat the system as an M/G/1
queue with server vacation, and the vacation time is a sum of the time due to reasons
ii) and iii). However, analyzing the average delay in such a system is difficult due to
the server vacation. Another way is to treat the “vacation” time due to reasons ii)
and iil) as part of the packet service time (PST). In this case the service system is a
standard M/G/1 queue, and the mean delay can be found provided the distribution
of the PST is found. Let M be the average number of packets generated by all sensors
during one CS interval, and 7 be the PST. The mean packet transmission delay can

be found using the delay formula of the M/G/1 queue as

(M [Tes)E[r?
2[1 — (M /Tes)/El7]]

ME[?]
2[Tes — M/E[7)]

D =Elr] + — Blr] +

(3.17)

In the remaining part of this subsection, we find the distribution of 7. We use ;
to represent the ith PST. As shown in Fig. 3.1, the first PST, or 7, starts at time
0. The ith PST starts at the end of the (i — 1)th PST and lasts until the current

packet finishing transmission. In the first CS interval, if £7y < T, < (k+1)T}, where
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t=— 15t CS interval—t=—2nd CS intervalt=—3rd CS interval—t=— 4th CS interval

- k=0 - —
k=2 (k=1 dashed lines) k=4 k=l
] ] G 1 1 1 L
(" s 2Tes 3T time
T, T2 T4(k=0in2ndCSinterval)
b - T A -

Figure 3.1: Hlustration of packet service time

1 < k < K, then there are k PSTs each with duration of 7 = T,. For the example
shown in Fig. 3.1, k = 2 and 1, = 75 = Ty. The next PST is different as the remaining
T, time in the first CS interval is insufficient to serve one packet. If 7, > Ty in the
second CS interval as shown in the dashed line, then 153 = Tgs — kTy + Ty, where
Tos — kT is from the first CS interval and Ty is from the second interval. If T, < Ty
from the second CS interval to the (n + 1)th CS interval (i.e., for n consecutive CS
intervals) and T, > T} in the (n+2)th CS interval, then 73 includes the remaining time
in the first CS interval after defining 73 and 7, the next n CS intervals, and the first
time slot in the (n+2)th CS interval, i.e., 73 = Tos — kTy+nTcs+Ty. In the example
shown in Fig. 3.1, when & = 0 in the second CS interval, 73 = Tcs — 2Ty +Tos+ Ty =
2Tcs — Ty.

‘We use ag to denote the number of PSTs with duration of Ty in a CS interval.
When kTy < T, < (k+1)Ty in a given CS interval, there can be k PSTs each lasting
for Ty in the CS interval if £ = K in the previous CS interval, or kK — 1 PSTs each
lasting for T in the CS interval if ¥ < K in the previous CS interval as the first time
slot in the current CS interval is combined with the remaining time in the previous
CS interval (and may be earlier CS intervals as well) to form a PST. As a special

case, a = k in the first CS interval. Based on these observations, we can find the
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mean number of PSTs with duration of Ty in a CS interval as

K

Qy = 2_: [(k — l)pk + pka] . (3.18)

Overall, each CS interval with kTy < T, < (k+1)T; (0 £ k < K — 1) can form
k PSTs, and each CS interval with T, = KTy forms K PSTs. The mean number
of PSTs in a CS interval is then given by oo = 3K, kpy. The fraction 20 gives the
probability of 7 = T, That is,

Qo _ Yoy [(k — 1)px + prpe]

Pr.{T = Td} = o Zi{_l k;pk

(3.19)

Among all the PSTs, the probability of having a PST with duration of Tgg — kTy +
nTes + Ty = (n+ 1)Tes — (k + 1)Ty is given by

PI’.{T = (n + 1)TCS - (k} + 1)Td} = pk(po)n(l — po), (320)

where 1 < k< K andn > 0, but n =0 and £ = K cannot be true at the same time

since in this case 7 = T and it has been considered in (3.18).
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Chapter 4

Numerical Results

A generic cluster with one CH and N, sensors is considered in this work. The system
setting is the same as described in Chapter 2. There are N homogeneous channels all
with the same statistics of being available and unavailable to the CRSN. The durations
of the available and unavailable periods are exponentially distributed. For the CBR
traffic, a constant number (m) of packets arrive at the beginning of each CS interval,
For the bursty traffic, sensors generate packets with probability P, at the beginning of
each CS interval. For the Poisson traflic, packets arrivals follow poisson distribution
and the average inter-arrival time between two consecutive packets generated by a
given sensor is T,,. Default parameters are listed in Table 4.1, where the values of
P, and T, are selected so that on average every sensor generates the same number
of packets in each CS interval in the bursty arrival case and in the Poisson arrival
case. In the remaining part of the Chapter, Sections 4.1-4.3 show the average packet
transmission delay for the real time traffic, Section 4.4 shows the available service time
for the BE traffic, Section 4.5 shows the system capacity, and Section 4.6 summarizes

the results.
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Table 4.1: Default Simulation Parameters

Parameter Value
Total number of channels N 10
Total number of sensors N 20
Arrival rate for CBR traffic m 3
Average available duration T, 100ms
Average unavailable duration Ty 100ms
Duration of a CS Interval Tgg 50ms—+Tg,,
Time for channel switching Ty, 2ms
Packet transmission time Ty 5ms
Reserved time interval for real-time traffic T;. 40ms
Packet generating probability for bursty traffic P, 0.2
Packet inter-arrival time for Poisson traffic T, 500ms

4.1 Delay Performance for CBR Traffic

Fig. 4.1 shows the average packet transmission delay vs. the total number of channels
(N). The figure shows very good match between the simulation and the analytical
results. As shown in the figure, the average packet transmissions delay decreases with
N. This is due to a lower outage probability when N is larger, which is equivalent to
more available channel time over a long term. When N is relatively small, increasing
its value can reduce the average delay very significantly, especially when the traffic
load is relatively high. On the other hand, when the system capacity is sufficiently
large, further increasing its value has only very slight effect on the transmission delay,
since the delay is mainly dominated by the queueing delay caused by bursty arrivals
of the packets.

Fig. 4.2 shows that the average packet transmission delay decreases with Ty.
When T, is relatively small, for example, below 400ms in the simulated case, the
average packet transmission delay drops very quickly with T,,. As T, increases, it
has less effect on the average packet transmission delay. This is because when T, is

much larger than Tgg, the probability that an available channel becomes unavailable
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Figure 4.1: Average packet transmission delay vs. number of channels, CBR traffic
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before the end of the CS interval is very small. Further increasing T, has little effect
on the available channel time, and therefore does not affect the system capacity very

much.
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Figure 4.2: Average packet transmission delay vs. T,,, CBR traffic

Fig. 4.3 shows that the average packet transmission delay increases with the total
number of packets that arrive in each CS interval. At the point where the increase of
average delay becomes very abruptly, we can find the CBR traffic capacity in number
of packets per CS interval, which is 7 when T,,, = 100ms and 9 when T',,, = 300ms.

When m is larger than these values, the service system is unstable.
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Figure 4.3: Average packet transmission delay vs. m, CBR traffic

34



M.A.Sc. Thesis - Shan Feng McMaster - Electrical Engineering

4.2 Delay Performance for Bursty Traffic

Fig. 4.4 shows the delay performance of the bursty traffic as T, increases. The
general trend is the same as the average delay performance for the CBR traffic. The
probability that each sensor generates a packet at the beginning of each CS interval
is P, = 0.2. When N; = 20 and 25, the average number of packets generated by all
the sensors at the beginning of each CS interval is 4 and 5, respectively. Comparing
the delay when Ny = 20 for the bursty traffic case to the delay when m = 4 for the
CBR traffic case, we find that the former is much larger. That is, the random arrivals

further increase the packet transmission delay.
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Figure 4.4: Average packet transmission delay vs. T,,, bursty traffic

Fig. 4.5 shows the average packet transmission delay as the number of channels

increases. The figure shows the same trend as in the CBR traffic case but much longer
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delay due to the random packet arrivals.
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Figure 4.5: Average packet transmission delay vs. number of channels, bursty traffic

Fig. 4.6 shows the average packet transmission delay as the number of sensors
increases. We can find the maximum number of sensors that can be supported (before
the delay goes to infinity) is 35 when T,, = 100 and 45 when T, = 300. With
P, = 0.2, the numbers are equivalent to 7 and 9 packets that arrive at the beginning
of each CS interval on average. These capacity numbers are the same as in the CBR

traflic case.
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Figure 4.6: Average packet transmission delay vs. number of sensors, bursty traffic

4.3 Comparison of Delay Performance for Bursty

and Poisson Traffic

Qualitatively, the relationship between the average packet transmission delay and the
network parameters is the same for the Poisson traffic as that for the bursty and CBR
traffic. Therefore, in this section we emphasize more comparison between the delay
performance of the bursty traffic and the Poisson traffic.

Both Figs. 4.7 and 4.8 demonstrate that the bursty traffic in general experiences
shorter average delay than the Poisson traffic. This is because that the sensors have a
better chance to transmit in the earlier portion of the CS intervals. Therefore, packets
that arrive in later time of a CS interval for the Poisson arrival case can easily miss

the transmission chance in the current CS interval and have to be buffered until the
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Figure 4.7: Comparison between bursty and Poisson traffic, delay vs. number of
channels
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next CS interval. On the other hand, for the bursty arrivals, all packets arrive at the
beginning of the CS intervals and are more likely to be served in the same CS interval

when they arrive.
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Figure 4.8: Comparison between bursty and Poisson traflic, delay vs. number of
Sensors

4.4 Available Service Time for BE Traffic

The available service time for the BE traffic depends on how much time is reserved
for the real-time traffic. Both Figs.4.9 and 4.10 show more available service time for
the BE traffic when the reserved period for the real-time traffic is shorter. Having a
larger P,y or T,, can increase the amount of available service time for the BE traffic,
but the increase becomes less obvious as P, or T,y is larger. The reason is similar

to the effect of these parameters on the capacity of the real-time traffic.
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4.5 System Capacity

The capacity is defined as the maximum number of sensors that system can support.
Fig. 4.11 shows the system capacity. Since the capacity is derived without considering
the packet transmission delay, it is more precisely the capacity upper bound when
considering the real-time traffic. Theoretically, the capacity increases with P,, and
the number of channels. On the other hand, when these values are sufficiently large,
further increasing them does not affect the capacity very much. This is due to that
the capacity has reached the limit, which is determined by the number of slots per
CS interval and the average number of packets generated by each sensor during each

CS interval.
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Figure 4.11: System capacity
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4.6 Summary
From the numerical results we can find that
e the simulation results match the analytical results very well,

o very low average packet transmission delay (e.g., < 100ms) can be achieved for

different types of real-time traffic, and

e the bursty traffic with packets arriving at the beginning of the CS intervals

experiences shorter packet transmission delay than the Poisson traffic.
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Chapter 5

Conclusion and Future Work

In this thesis, we have introduced a cognitive radio sensor network, where devices can
opportunistically access unused channels in the licensed spectrum and both real-time
traffic and best effort data traffic can be supported. Resource allocations in the system
takes advantage of the channel availability information by serving the real-time traffic
in the time interval when the devices have better transmission opportunities. The
MAC protocol of the network is based on the IEEE 802.15.4 protocol. The real-time
traffic is supported using the contention free transmissions and the non-real-time
traffic is served using the contention-based transmissions.

We have derived the average packet transmission delay for different types of real-
time traffic. For both the CBR and the bursty traffic, an embedded Markov chain
is formulated, based on which the average packet transmission delay is found. For
the Poisson traffic, an M/G/1 queue is formulated, where the packet service time
is defined in order to take into consideration the time intervals during which the

real-time traffic cannot be transmitted due to different reasons.
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Computer simulation results have verified the accuracy of the analysis. Further-
more, the results show good potential of supporting real-time traffic in the CRSN.
That is, very low average transmission delay can be supported in the CRSN. In addi-
tion, the results indicate that packets with the Poisson arrivals can experience longer
average delay than packets with the bursty arrivals.

For practical applications, real-time packets can be dropped if their experienced
transmission delay exceeds a certain threshold. Next we will study how to allocate the
radio resources in order to balance the requirements of low packet drop rate and high
resource utilization in the CRSN. We will also analyze the system capacity by taking
into consideration the delay requirements of the real-time traffic. Performance of

multi-cluster CRSNs with mixed real-time and best effort traffic will also be studied.

44



Bibliography

(1)

F. Zhao and L.J. Guibas. Wireless sensor networks: an information processing

approach. Morgan Kaufmann Pub, 2004,

D. Estrin, D. Culler, K. Pister, and G. Sukhatme. “Connecting the physical world
with pervasive networks”. IEEE Pervasive Computing, 1(1):59 — 69, Jan.-Mar.
2002.

H. Karl and A. Willig. Protocols and architectures for wireless sensor networks.

Wiley-Interscience, 2007.

Chee-Yee Chong and S.P. Kumar. “Sensor networks: evolution, opportunities,

and challenges”. Proceedings of the IEEE, 91(8):1247 — 1256, Aug. 2003.

M. Tubaishat and S. Madria. “Sensor networks: an overview”. IEEE Potentials,

92(2):20 — 23, Apr.-May 2003.

K. Romer and F. Mattern. “The design space of wireless sensor networks”. IEFFE

Wireless Communications, 11(6):54 — 61, Dec. 2004.

U. Varshney. “Managing wireless health monitoring for patients with disabili-

ties”. IT Professional, 8(6):12 —16, Nov.-Dec. 2006.

45



M.A.Sc. Thesis - Shan Feng McMaster - Electrical Engineering

8]

(9]

[10]

[11]

[12]

J.R. Gallego, A. Hernandez-Solana, M. Canales, J. Lafuente, A. Valdovinos, and
J. Fernandez-Navajas. “Performance analysis of multiplexed medical data trans-
migsion for mobile emergency care over the UMTS channel”. TEEE Transactions

on Information Technology in Biomedicine, 9(1):13 —22, Mar. 2005.

M. Soyturk and D.T. Altilar. “Reliable real-time data acquisition for rapidly de-
ployable mission-critical Wireless Sensor Networks”. In IEEE INFOCOM Work-
shops 2008, pages 1 —6, Apr. 2008.

"Approved draft revision for IEEE standard for information technology-
telecommunications and information exchange between systems-local and
metropolitan area networks-specific requirements-Part 15.4b: Wireless Medium
Access Control (MAC) and Physical Layer (PHY) specifications for Low Rate
Wireless Personal Area Networks (WPANSs) (Amendment of IEEE Std 802.15.4-
2003)”. IEEE Std P802.15.4/D6, 2006.

7.B. Alliance. ”ZigBee specification 2006”.

Mikko Kohvakka, Mauri Kuorilehto, Marko Hé&nnikainen, and Timo D.
Hémaldinen. ” Performance analysis of IEEE 802.15.4 and ZigBee for large-scale
wireless sensor network applications”. In PE-WASUN ’06: Proceedings of the
3rd ACM international workshop on Performance evaluation of wireless ad hoc,

sensor and ubiquitous networks, pages 48-57, New York, NY, USA, 2006. ACM.

J.-S. Lee. “Performance evaluation of IEEE 802.15.4 for low-rate wireless per-
sonal area networks”. IEEE Transactions on Consumer Electronics, 52(3):742

749, Aug. 2006.

46



M.A.Sc. Thesis - Shan Feng

McMaster - Electrical Engineering

(14]

[15]

[16]

[19]

[20]

M. Kuorilehto, M. Hannikéainen, and T.D. Hamaéldinen. “Rapid design and eval-
uation framework for wireless sensor networks”. Ad Hoc Networks, 6(6):909-935,

Aug. 2008.

Y. Zhou, M. Hart, S. Vadgama, and A. Rouz. “A hierarchical clustering method
in wireless Ad Hoc sensor networks”. In IFEE International Conference on

Communications, 2007. ICC 07., pages 3503 —3509, June 2007.

F. Cuomo, S. Della Luna, E. Cipollone, P. Todorova, and T. Suihko. ”Topol-
ogy formation in IEEE 802.15.4: cluster-tree characterization”. In Pervasive
Computing and Communications, 2008. PerCom 2008. Sizth Annual IEEE In-
ternational Conference on, pages 276 —281, 17-21 2008.

Jaejoon Cho and Sunshin An. ”Optimal beacon scheduling scheme for cluster-
tree WPANS”. In Sensor Technologies and Applications, 2008. SENSORCOMM
’08. Second International Conference on, pages 160 165, 25-31 2008.

S.Y. Shin, H.S. Park, and W.H. Kwon. “Mutual interference analysis of IEEE
802.15. 4 and IEEE 802.11 b”. Computer Networks, 51(12):3338-3353, Aug.
2007.

L. Angrisani, M. Bertocco, D. Fortin, and A. Sona. “Assessing coexistence prob-
lems of IEEE 802.11b and IEEE 802.15.4 wireless networks thro////////ugh
cross-layer measurements”. In IEEE Instrumentation and Measurement Tech-

nology Conference Proceedings, 2007. IMTC 2007., pages 1 -6, May 2007.

L. Angrisani, M. Bertocco, D. Fortin, and A. Sona. “Experimental study of co-

existence issues between IEEE 802.11b and IEEE 802.15.4 wireless networks”.

47



RSN S S

M.A.Se. Thesis - Shan Feng

McMaster - Electrical Engineering

21]

[22]

23]

24

25)

IEEE Transactions on Instrumentation and Measurement, 57(8):1514 -1523,
Aug. 2008.

M. Timmers, S. Pollin, A. Dejonghe, L. Van der Perre, and F. Catthoor. “Ex-
ploring vs exploiting: enhanced distributed cognitive coexistence of 802.15.4 with

802.11”. In 2008 IEEE Sensors, pages 613 —616, Oct. 2008.

Sangjin Han, Sungjin Lee, Sanghoon Lee, and Yeonsoo Kim. “Coexistence per-
formance evaluation of IEEE 802.15.4 under IEEE 802.11B interference in fading
channels”. In IEEFE 18th International Symposium on Personal, Indoor and Mo-

bile Radio Communications, 2007. PIMRC 2007., pages 1 -5, Sept. 2007.

"ISO/IEC standard for information technology - telecommunications and infor-
mation exchange between systems - Local and Metropolitan Area Networks -
specific requirements part 11: Wireless LAN Medium Access Control (MAC)
and Physical Layer (PHY) specifications (includes IEEE Std 802.11, 1999 Edi-
tion; IEEE Std 802.11A.-1999; IEEE Std 802.11B.-1999; IEEE Std 802.11B.-
1999/Cor 1-2001; and IEEE Std 802.11D.-2001)”. ISO/IEC 8802-11 IEEE Std
802.11 Second edition 2005-08-01 ISO/IEC 8802 11:2005(E) IEEE Std 802.114-
2008 Edition, pages 1 —721, 2005.

S. Pollin, 1. Tan, B. Hodge, C. Chun, and A. Bahai. “Harmful coexistence be-
tween 802.15.4 and 802.11: a measurement-based study”. In 3rd International
Conference on Cognitive Radio Oriented Wireless Networks and Communica-

tions, 2008. CrownCom 2008., pages 1 -6, May 2008.

A. Sikora and V.F. Groza. “Coexistence of IEEE802.15.4 with other systems
in the 2.4 GHz-ISM-Band”. In Proceedings of the IEEE Instrumentation and

48



[N T B

M.A.Sc. Thesis - Shan Feng

McMaster - Electrical Engineering

[26]

27

28]

131]

Measurement Technology Conference, 2005. IMTC 2005., volume 3, pages 1786
-1791, May 2005.

Soo Young Shin, Hong Seong Park, Sunghyun Choi, and Wook Hyun Kwon.
“Packet error rate analysis of ZigBee under WLAN and Bluetooth interferences”.

IEEE Transactions on Wireless Communications, 6(8):2825 —2830, Aug. 2007.

Kwang il Hwang, Sang-Soo Yeo, and Jong Hyuk Park. “Adaptive multi-channel
utilization scheme for coexistence of IEEE802.15.4 LR-WPAN with other inter-
fering systems”. In 11th IEEE International Conference on High Performance

Computing and Communications, 2009. HPCC ’09., pages 297 —304, June 2009.

H. Khaleel, C. Pastrone, F. Penna, M.A. Spirito, and R. Garello. ” Impact of Wi-
Fi traffic on the IEEE 802.15. 4 channels occupation in indoor environments”.

11th ICEAA, Turin, Italy, pages 14-18, 20009.

0. Akan, O. Karli, and O. Ergul. “Cognitive radio sensor networks”. IEEE
Network, 23(4):34 —40, July-Aug. 2009.

A.S. Zahmati, S. Hussain, X. Fernando, and A. Grami. “Cognitive wireless sensor
networks: emerging topics and recent challenges”. In IEEE Toronto International
Conference Science and Technology for Humanity (TIC-STH) 2009, pages 593
~-596, Sept. 2009.

D. Cavalcanti, S. Das, Jianfeng Wang, and K. Challapali. “Cognitive radio based
wireless sensor networks”. In Proceedings of 17th International Conference on
Computer Communications and Networks, 2008. ICCCN ’08., pages 1 -6, Aug.
2008.

49



A A

M.A.Sc. Thesis - Shan Feng

McMaster - Electrical Engineering

[32]

[33]

[34]

[35]

[36]

[38]

K. Shenai and S. Mukhopadhyay. “Cognitive sensor networks”. In 26th Interna-
tional Conference on Microelectronics, 2008. MIEL 2008., pages 315 -320, May
2008.

K.-L.A. Yau, P. Komisarczuk, and P.D. Teal. “Cognitive radio-based Wireless
Sensor Networks: conceptual design and open issues”. In IEEFE 34th Conference

on Local Computer Networks, 2009. LCN 2009., pages 955 —962, Oct. 2009.

Shan Feng, Zhongliang Liang, and Dongmei Zhao. “Providing telemedicine ser-
vices in an infrastructure-based cognitive radio network”. IEEE Wireless Com-

munications, 17(1):96 —103, Feb. 2010.

Song Gao, Lijun Qian, D.R. Vaman, and Qi Qu. “Energy efficient adaptive
modulation in wireless cognitive radio sensor networks”. In IEEE International

Conference on Communications, 2007. ICC ’07., pages 3980 —3986, June 2007.

Song Gao, Lijun Qian, and D.R. Vaman. “Distributed energy efficient spectrum
access in wireless cognitive radio sensor networks”. In IEEE Wireless Commu-
nications and Networking Conference, 2008. WCNC 2008., pages 1442 -1447,
Mar. 2008.

Xiugin Lin and Yang Fang. “A survey on the available digital TV bands for cog-
nitive radio operations”. In Fourth International Conference on Communications

and Networking, 2009. ChinaCOM 2009., pages 1 -7, Aug. 2009.

M. Nekovee. “A survey of cognitive radio access to TV white spaces”. In In-
ternational Conference on Ultra Modern Telecommunications Workshops, 2009.

ICUMT ’09., pages 1 -8, Oct. 2009.

50



F o HOU S,

M.A.Sc. Thesis - Shan Feng

McMaster - Electrical Engineering

[39]

[40]

[41]

[42]

[43]

[44]

F.C.C.S.P.T. Force. ”Report of the spectrum efficiency working group”. Federal

Communications Commision, Technical Report, pages 02-155, 2002.

Zhu Ji and K.J.R. Liu. “Cognitive radios for dynamic spectrum access - dy-
namic spectrum sharing: a game theoretical overview”. IEEE Commaunications

Magazine, 45(5):88 94, May 2007.

Qing Zhao and B.M. Sadler. “A survey of dynamic spectrum access”. IEEE
Signal Processing Magazine, 24(3):79 -89, May 2007.

S. Haykin. “Cognitive radio: brain-empowered wireless communications”. IFEFE

Journal on Selected Areas in Communications, 23(2):201 - 220, Feb. 2005.

LF. Akyildiz, Won-Yeol Lee, M.C. Vuran, and S. Mohanty. “A survey on spec-

trum management in cognitive radio networks”. IEEE Communications Maga-

zine, 46(4):40 —48, Apr. 2008.

D.D. Ariananda, M.K. Lakshmanan, and H. Nikoo. “A survey on spectrum sens-
ing techniques for cognitive radio”. In Second International Workshop on Cog-
nitive Radio and Advanced Spectrum Management, 2009. CogART 2009, pages
74 —79, May 2009.

T. Yucek and H. Arslan. “A survey of spectrum sensing algorithms for cognitive
radio applications”. IEEE Communications Surveys Tutorials, 11(1):116 —130,
Mar. 2009.

Ping Wang, D. Niyato, and Hai Jiang. “Voice service support over cognitive
radio networks”. In IEEE International Conference on Communications, 2009.

ICC ’09., pages 1 -5, June 20009.

ol



M.A.Sc. Thesis - Shan Feng McMaster - Electrical Engineering

[47]

ja8]

[49)

[50]

[51]

[52]

P. Wang, D. Niyato, and H. Jiang. “Voice-service capacity analysis for cognitive
radio networks”. IEEE Transactions on Vehicular Technology, 59(4):1779 -1790,
May 2010.

H. Lee and D-H. Cho. “Capacity improvement and analysis of VoIP service in a
cognitive radio system”. IEEE Transactions on Vehicular Technology, 59(4):1646
-1651, May 2010.

Hang Su and Xi Zhang. “Cross-layer based opportunistic MAC protocols for QoS
provisionings over cognitive radio wireless networks”. IEEE Journal on Selected

Areas in Commaunications, 26(1):118 —129, Jan. 2008.

Shao-Yu Lien, N.R. Prasad, Kwang-Cheng Chen, and Chih-Wei Su. “Providing
statistical quality-of-service guarantees in cognitive radio networks with coop-
eration”. In Second International Workshop on Cognitive Radio and Advanced

Spectrum Management, 2009. CogART 2009., pages 6 —11, May 2009.

D. Zhao X. Shen Z. Liang, S. Feng. “Delay performance analysis for supporting
real-Time traffic in a cognitive radio sensor network”. IEEE Transactions on

Wireless Communications, 2010.

Dan Xu, E. Jung, and Xin Liu. “Optimal bandwidth selection in multi-channel
cognitive radio networks: How much is too much?”’. In 8rd IEEE Symposium
on New Frontiers in Dynamic Spectrum Access Networks, 2008. DySPAN 2008.,
pages 1 —11, Oct. 2008.

52



