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Abstract

In this dissertation, we investigate spectrum management techniques in
cognitive radio (CR) networks with quality of service (QoS) provisioning.
One fundamental issue in enhancing QoS performance for the secondary users
is the multiple interruptions from the primary users during each secondary
user’s connection. These interruptions from the primary users result in the
phenomenon of multiple spectrum handoffs within one secondary user’s con-
nection. Thus, a set of target channels for spectrum handoffs are needed to
be selected sequentially. In order to characterize the general channel usage
behaviors with multiple handoffs from a macroscopic viewpoint, an analyti-
cal framework based on the preemptive resumption priority (PRP) M/G/1
queueing theory is introduced. Based on the PRP M/G/1 queueing network
model, we can evaluate the effects of multiple handoffs on the overall system
time, which is an important QoS performance measure for the secondary

connections in CR networks.



The proposed analytical framework can provide important insights into
the design of spectrum management techniques in CR networks. In order
to demonstrate the effectiveness of this analytical model, we discuss various
spectrum management techniques, consisting of spectrum decision, spectrum
sharing, and spectrum mobility. For the spectrum decision issue, we show
how to determine which channels are required to probe and transmit. For
the spectrum mobility issue, we illustrate how to characterize the effects of
multiple handoffs, where the secondary users can have different operating
channels before and after spectrum handoff. For the spectrum sharing issue,
we explore how to determine the optimal admission probability to avoid the
interference between primary and secondary users in the presence of false
alarm and missed detection. From numerical results, we can develop traffic-
adaptive spectrum management policies to enhance the QoS performance of
the secondary users in CR networks with various traffic arrival rates and
service distributions.

To summarize, the main contribution of this dissertation is to investi-
gate the modeling techniques for CR networks from a macroscopic viewpoint
based on the queueing theory. The proposed analytical framework can help
analyze the performances of CR networks and provide important insights
into the design of various spectrum management techniques with enhanced

QoS performances.
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Chapter 1

Introduction

Recent measurements show that the licensed spectrum is under-utilized [1].
In order to solve this spectrum waste issue, many technologies have been pro-
posed. Cognitive radio (CR) is one of the promising approaches to improve
spectrum utilization [2-8]. A CR network consists of the primary and the
secondary networks as shown in Fig. 1.1. The primary networks are defined
as the systems that own the licensed spectrum, such as the cellular mobile
networks or the TV broadcast networks. By contrast, the secondary net-
works do not have any licensed frequency. By allowing the secondary users
to temporarily access the primary user’s under-utilized licensed spectrum,
CR can significantly improve spectrum efficiency and enhance the quality of
service (QoS) performance of the secondary users.

One fundamental issue for enhancing QoS performance of the secondary
users in CR networks is the spectrum handoff issue. When the high-priority
primary user appears at its licensed channel being occupied by the low-
priority secondary users, these secondary users must vacate the occupied
channel. In order to vacate the occupied channel to the primary user and

discover the suitable target channel to resume the unfinished transmission,



Figure 1.1: An illustrative example of CR network, which consists a primary
network and a secondary network. There are three primary users (PUs) and

one secondary user (SU) in the primary and secondary networks, respectively.
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Figure 1.2: During the transmission period of secondary user (SU), it expe-

riences multiple handoffs.

the spectrum handoff procedures are initiated for the secondary users |9,
10]!. During the transmission period of a secondary connection, multiple
interruptions from the primary users result in multiple spectrum handoffs as
show in Fig. 1.2. These spectrum handoffs will degrade the QoS performance
of the secondary users.

In order to overcome the performance degradation issue due to multiple

ISpectrum handoff in CR networks is different from the conventional handoff mecha-
nisms in cellular mobile networks. Spectrum handoff considers two types of users with
different priorities, where the high-priority primary users have the right to interrupt the
transmission of the low-priority secondary users. When the interruption event occurs,
the secondary user must stop using the current channel even though the received signal
strength is still acceptable. In contrast, all users in the conventional handoff mechanisms
have the same priority to access channels and they change their operating channels mainly

due to deterioration of signal quality [11].



spectrum handoffs for the secondary users, various spectrum management
techniques in CR networks are re-examined from a link connection quality
perspective. There are four spectrum management functionalities in CR

networks [12]:

1. Spectrum sensing: The secondary users should monitor all channels
in order to capture channel characteristic and detect spectrum holes.
Based on sensing results, the secondary users can find some candi-
date channels to transmit data. In this dissertation, we consider a
fully-connected CR network. Hence, the transmitter and receiver of a

secondary connection can have the same consensus on sensing results.

2. Spectrum decision: The secondary users can select the best channel
from many candidate channels to transmit data. This decision should
take the traffic statistics of the primary users as well as the secondary

users into account.

3. Spectrum mobility: The secondary users must vacate the occupied
channel when the primary user appears because the primary users
have the preemptive priority to access channels. In order to return
the occupied channel to the primary users and resume the unfinished
transmission at the suitable channel, the spectrum handoff procedures

are initiated for the interrupted secondary user.

4. Spectrum sharing: The secondary users must coordinate their trans-

missions and avoid interfering with transmission of the primary users.

Referring to [13], the relationships of these four spectrum management
functionalities are shown in Fig. 1.3. In the beginning, the traffic requests

of secondary users arrive at the CR network. With the spectrum decision
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Figure 1.3: Relationships between spectrum sensing, spectrum decision, spec-

trum mobility, and spectrum sharing functionalities.

functionality, they can determine their initial operating channels from all M
candidate channels, which can be found by the spectrum sensing functional-
ity. In order to alleviative the channel contention when multiple secondary
users select the same channel and the interference on the primary users when
missed detection occur, the spectrum sharing functionality must be imple-
mented. Furthermore, if the primary user appears at the occupied channel,
the spectrum handoff procedures in the spectrum mobility functionality must
be initiated. Based on this dynamic spectrum management, spectrum effi-
ciency can be improved. Note that the multiple handoff issue should be taken

into account when designing these spectrum management functionalities.



In this dissertation, we focus on the spectrum decision, spectrum mobility,
and spectrum sharing issues. In order to evaluate the system performance
of the proposed spectrum management techniques, an analytical framework
based on the preemptive resumption priority (PRP) M/G/1 queueing the-
ory is developed to characterize the connection-based channel usage behav-
iors with multiple handoffs. We investigate the effects of multiple handoffs
on the QoS performance and study the performance limitation of various
spectrum management techniques in different traffic loads. Different from
the traditional work which investigated the effects of multiple handoffs on
the network throughput, this dissertation concentrates on the effects of la-
tency performance of the secondary users. Based on the proposed analytical
framework, some useful insights into the design of the spectrum management
techniques can be provided and the traffic-adaptive spectrum management
schemes can be developed according to traffic conditions such as traffic arrival

rates and service time distributions.

1.1 Problems and Solutions

In this section, we will briefly describe our problem formulations and the cor-
responding solutions, including modeling technique for CR networks, traffic-
adaptive spectrum mobility issues, load-balancing spectrum decision issues,

and interference-avoiding spectrum sharing issues.

1.1.1 Modeling Techniques for Cognitive Radio Net-

works

In this part, we outline the fundamental modeling issues of opportunistic

spectrum access in cognitive radio (CR) networks. In particular, we identify



the effects of the general behaviors for the connection-based channel usage
on the quality of service (QoS) performances of spectrum management tech-
niques. During the transmission period of a secondary user’s connection, the
phenomenon of multiple spectrum handoffs resulted from the interruptions
of the primary users arises quite often. In addition to multiple interruptions,
the connection-based channel usage behaviors are also affected by other fac-
tors, including spectrum sensing time, channel switching between different
channels, generally distributed service time, and channel contention between
multiple secondary users. An analytical framework based on the preemptive
resumption priority M/G/1 queueing theory is introduced to characterize
these effects simultaneously. The proposed analytical framework can pro-
vide important insights into the design of spectrum management techniques
in CR networks and can be adapted more flexibly for various traffic arrival

rates and service time distributions.

1.1.2 Load-Balancing Spectrum Decision

In this part, we present an analytical framework to design system param-
eters for load-balancing multiuser spectrum decision schemes in cognitive
radio (CR) networks. Unlike the non-load-balancing methods that multi-
ple secondary users may contend for the same channel, the considered load-
balancing schemes can evenly distribute the traffic loads of secondary users to
multiple channels. Based on the preemptive resume priority (PRP) M/G/1
queueing theory, a spectrum decision analytical model is proposed to evaluate
the effects of multiple interruptions from the primary user during each link
connection and the sensing errors of the secondary users. With the objective
of minimizing the overall system time (i.e., waiting time plus data delivery

time) of the secondary users, we derive the optimal number of candidate



channels and the optimal channel selection probability for the sensing-based
and the probability-based spectrum decision schemes, respectively. We find
that the probability-based scheme can yield a shorter overall system time
compared to the sensing-based scheme when the traffic loads of the sec-
ondary users is light, whereas the sensing-based scheme performs better in
the condition of heavy traffic loads. If the secondary users can intelligently
adopt the best spectrum decision scheme according to sensing time and traf-
fic parameters, the overall system time can be improved by 50% compared
to the existing methods. Furthermore, the proposed analytical model also
takes into account of the probability of missed detection and false alarm for
the appearance of the primary users, and can help evaluate the impacts of

imperfect sensing on the spectrum decision schemes for CR networks.

1.1.3 Proactive Spectrum Handoff

In this part, we present an analytical framework to evaluate the latency
performance of connection-based spectrum handoffs in cognitive radio (CR)
networks. During the transmission period of a secondary connection, multi-
ple interruptions from the primary users result in multiple spectrum handoffs
and the need of predetermining a set of target channels for spectrum hand-
offs. To quantify the effects of channel obsolete issue on the target channel
predetermination, we should consider the three key design features: (1) gen-
erally distributed service time of the primary and secondary connections; (2)
different operating channels in multiple handoffs; and (3) queueing delay due
to channel contention from multiple interrupted secondary connections. To
this end, we propose the preemptive resume priority (PRP) M/G/1 queue-
ing network model to characterize the spectrum usage behaviors with all the

three design features. This model aims to analyze the extended data delivery



time of the secondary connections with proactively designed target channel
sequences under various traffic arrival rates and service time distributions.
These analytical results are applied to evaluate the latency performance of
the connection-based spectrum handoff based on target channel sequences
used in the IEEE 802.22 wireless regional area networks standard. Then, to
reduce the extended data delivery time, a traffic-adaptive spectrum handoff
is proposed, which changes the target channel sequence of spectrum handoffs
based on traffic conditions. Compared to the existing target channel selection
methods, this traffic-adaptive target channel selection approach can reduce
the extended data transmission time by 35%, especially for the heavy traffic

loads of the primary users.

1.1.4 Optimal Proactive Spectrum Handoff

In this part, we investigate how to determine an optimal target channel se-
quence for multiple spectrum handoffs with the minimum cumulative handoff
delay for the secondary users in cognitive radio networks. In addition to mul-
tiple interruptions from the high-priority primary users, the optimal sequence
for spectrum handoffs incorporates the effects of various traffic statistics of
both the primary and the secondary users. Compared to the exhaustive
search with time complexity of O(M¥), where L is the total number of ele-
ments in the target channel sequence and M is the total number of candidate
channels for spectrum handoffs, a dynamic programming algorithm with the
complexity of O(LM?) is proposed to determine the optimal target channel
sequence for spectrum handoffs. Furthermore, we propose a greedy algorithm
with time complexity of O(M) for spectrum handoffs and prove that it only
requires to compare six permutations of the target channel sequences. Nu-

merical results show that the cumulative handoff delay of the low-complexity



greedy algorithm can approach that of the optimal solution.

1.1.5 Reactive Spectrum Handoff

Spectrum handoff is an important functionality in cognitive radio (CR) net-
works. Whenever a primary user appears, transmission of the secondary users
must be interrupted. In this case, spectrum handoff procedures are initiated
for the secondary users in order to search the idle channel to resume the un-
finished transmission. Although this dynamic spectrum access scheme can
enhance channel utilization, multiple interruptions from the primary users
will result in multiple handoffs and thereby increase the transmission latency
of the secondary users. Hence, two fundamental issues in CR networks are
how much channel utilization can be improved and how long transmission
latency is extended for the secondary users due to multiple spectrum han-
odffs. To solve the first problem, we introduce the preemptive resume priority
(PRP) M/G/1 queueing network to characterize the channel usage behaviors
of CR networks. Based on this queueing network, channel utilization under
various traffic arrival rates and service time distributions can be evaluated.
Furthermore, on top of the proposed queueing network, a state diagram is
developed to characterize the effects of multiple handoff delay on the trans-
mission latency of the secondary users. The analytical results can provide a
helpful insight to study the effects of traffic arrival rates and service time on
the transmission latency and then facilitate the designs of admission control

rules for the secondary users subject to their latency requirements.

1.1.6 Interference-Avoiding Spectrum Sharing

In this part, we present an analytical framework to design key system param-

eters for an interference-avoiding admission control mechanism to enhance
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channel utilization, while maintaining the quality of service (QoS) require-
ments for both the primary users and secondary users in cognitive radio
(CR) networks. Intuitively, a larger admission probability for the secondary
users can increase channel utilization, but it leads to more contention be-
tween the secondary users and thus affects the latency performance of the
secondary users. More importantly, if the missed detection for the presence
of the primary user happen, the larger the admission probability of the sec-
ondary user, the more the interference to the primary user. In order to find
the optimal traffic admission probability, a cross-layer optimization problem
is formulated. Our cross-layer design can incorporate the following effects:
(1) false alarm and missed detection, power outage in the physical layer; (2)
admission probability in the medium access control (MAC) layer; and (3) the
traffic statistics as well as the QoS constraints of both the primary and the
secondary users in the application layer. The analytical results proposed in
this part can calculate the optimal traffic admission probability under various
cross-layer parameters and provide useful insights into the tradeoff design of
channel utilization and the QoS performance for both the primary and the

secondary users.

1.2 Dissertation Outlines

This dissertation consists of four themes as shown in Fig. 1.4. The first part
is to outlines the fundamental modeling issues of various spectrum manage-
ment techniques in CR networks. Then, an analytical framework based on
the preemptive resumption priority M/G/1 queueing theory is introduced to
characterize these modeling issues simultaneously. In order to demonstrate

the effectiveness of this model, three illustrative examples are presented in
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Figure 1.4: Outline of this dissertation.

the second. third, and fourth parts as follows. The second part investi-
gates the spectrum decision issue. We determine which channels to probe
and transmit in a load-balancing manner. The third part focuses on the
spectrum mobility issue. We illustrate how to model the effects of multiple
handoffs, where the secondary users can have different operating channels
before and after spectrum handoff. The final part considers the spectrum
sharing issue. The optimal admission probability for the secondary users is
determined to satisfy the interference constraint to the primary users.

The remaining chapters of this dissertation are organized as follows. In
Chapter 2, we first give a literature survey of the state-of-the-art techniques.
Chapter 3 provides an analytical framework to characterize the general chan-
nel usage behaviors with multiple handoffs from a macroscopic viewpoint.
Based on the proposed analytical framework, Chapter 4 designs system pa-
rameters for load-balancing multiuser spectrum decision schemes in CR net-
works. Furthermore, Chapters 5 and 6 evaluate the latency performance and
determine the optimal target channel sequence for the proactive spectrum

handoff, respectively. Next, the effect of sensing time on the latency per-
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formance of the reactive spectrum handoff is investigated in Chapter 7. In
Chapter 8, an admission control mechanism for the secondary users’ spectrum
sharing is discussed. Finally, the concluding remarks and some suggestions

for future research topics are given in Chapter 9.
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Chapter 2

Background and Literature

Survey

In this chapter, we firstly survey related work to the modeling techniques of
the connection-based channel usage behaviors with multiple handoffs. Then,
the existing spectrum management techniques, which consist of spectrum

decision, spectrum mobility, and spectrum sharing, also are discussed.

2.1 Modeling Techniques for Cognitive Radio
Networks

Most of the modeling techniques of channel usage behaviors in CR networks
can be classified into three categories: the partially observable Markov de-
cision process (POMDP), the two-dimensional Markov chain (TDMC), and
the PRP M/G/1 queueing model (QM). However, these models have not

simultaneously considered all of the five design features. Table 2.1 classifies

13 7 2

the existing modeling techniques, where the signs “o” and “ x 7 indicate

that the proposed model “does” and “does not” consider the corresponding
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Table 2.1: Comparison of Various Analytical Models for CR Networks.

Multiple Spectrum  Various  General Multiple

Model Name Spectrum  Sensing  Operating Service  Secondary

Handoff Time Channels Time Connections
POMDP [14] o X o X X
TDMC [15] o X o X o
QM [16-18] o X X o o
Proposed
o] (o) O o] O
Model

feature, respectively.

In [14], the evolutions of the channel usage of the primary network is char-
acterized by a discrete-time Markov chain which has two occupancy states
(the busy and the idle states). The framework of partially observable Markov
decision process (POMDP) was developed to preselect the best action (target
channel) to maximize the immediate reward (expected per-slot throughput)
of the decision maker (secondary user) at the next time slot [14]. Unlike [14]
considered only the effects of the traffic loads of the primary network, the
authors in [15] considered the effects of the traffic loads of both the primary
and the secondary users on the statistics of channel occupancy. In [15], the
channel usage behaviors of a CR network is modeled by a two-dimensional
Markov chain where the two dimensions represent the total numbers of the
primary and the secondary users in a CR network, respectively. When the
secondary users are interrupted, it is assumed that they can immediately find
the idle channel if at least one idle channel exists. Hence, the spectrum sens-
ing time is neglected in this model. Note that the two Markov chain models

are suitable for the exponentially distributed service time, and how to extend
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them to the case with generally distributed service time is not clear.

Some researchers used the PRP M/G/1 queueing model to character-
ize the spectrum usage behaviors of each channel. For example, the effects
of multi-user contention and multiple interruptions on the latency perfor-
mance of the secondary users’ connections were studied in [16-18]. This
PRP M/G/1 queueing model assumed that the secondary user must stay on
its current operating channel to resume its unfinished transmission when it
is interrupted. That is, there is one candidate channel for spectrum handofff

and thus the sensing time issue has not been addressed.

2.2 Load-Balancing Spectrum Decision

The load-balancing spectrum decision schemes can be categorized into two
methods: the sensing-based spectrum decision and the probability-based
spectrum decision. Table 2.2 compares the existing load-balancing spectrum
decision schemes. In the following, we discuss the features of these spectrum

decision methods in more details.

2.2.1 Probability-based Spectrum Decision

In the literature, many probability-based spectrum decision schemes were
proposed to balance the traffic loads of secondary users in multi-channel
CR networks, which can be categorized into three types: (1) packet-wise
probabilistic (PP) approach [19-23]; (2) game-theoretic (GT) approach [24-
26]; and (3) learning automata (LA) approach [27].

e Packet-wise probabilistic spectrum decision approaches [19-23] aim at
maximizing the expected throughput of the secondary users at each

slot by determining the probability of selecting each channel from the
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Table 2.2: Comparison of Various Load-balancing Spectrum Decision
Schemes for Cognitive Radio Networks, where PP, GT, and LA stand for the

packet-wise probabilistic, game-theoretic, and learning automata approaches,

respectively.
Channel Occupancy Model Multiple Sensing
of a Primary Network Interruptions | Errors
Bernoulli Process [19] X X
PP
Probability- Bernoulli Process [20-23] X o
based Deterministic Process [24] X X
Methods RY M/M/1 [25] or M/G/1 [26] o X
LA | General Distribution [27] o X
Sensing- Deterministic Process [28] X X
based Two-state Markov Chain [29] X X
Methods Bernoulli Process [30-32] X X
Proposed Model M/G/1 o o
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pool of candidate channel. Based on busy probability and capacity
of each channel, [19] suggested a method to determine the probabil-
ity for selecting channels on top of p-persistent carrier sense multiple
access (CSMA) medium access control (MAC) protocol in a decentral-
ized manner. They claimed that their proposed sub-optimal channel
probability assignment can achieve the Nash equilibrium as the number
of secondary users tends to infinity. Furthermore, [20,21] considered
the effects of sensing errors in terms of false alarm and missed detec-
tion on the throughput of the secondary users in a two-channel system,
and proposed a probabilistic channel selection approach to maximize
the throughput of the secondary users in each slot while maintaining
the latency constraint of the primary users. Moreover, [22] formulated
an optimization problem for channel selection probability to maximize
the throughput of the secondary users in each slot while maintaining
the interference constraint of the primary users when the primary and
secondary networks are asynchronous. Unlike [20-22] considered only
the case that one single secondary user can select the channel at each
time instant, [23] further extended the probabilistic channel selection
approach of [20,21] to the case that multiple users can simultaneously
select their operating channels from the pool of candidate channels, and
analyzed the throughput of the secondary users based on the proba-
bilistic channel selection approach taking into account of the effects of
channel contention as well as sensing errors. Note that the packet-wise
probabilistic spectrum decision approaches in [19-23] were executed
in a slot-by-slot manner, which may lead to many channel-switching
behaviors during each secondary user’s link connection. Moreover, it

is assumed that the traffic loads of the secondary users are saturated.
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Further, the channel occupancy model of a primary network is modeled
as a Bernoulli process and thus the length of busy and idle periods are

exponentially distributed.

Game-theoretic approaches were proposed to solve the spectrum deci-
sion problem in CR networks [24-26]. Based on the game theory model,
each player (secondary user) can decide the best strategy (channel se-
lection probability) to maximize its utility function. [24] proposed a
game-theoretic load-balancing approach to find a set of channel selec-
tion probabilities so that no secondary user has incentive to unilaterally
change his/her action. To converge to such the Nash equilibrium, a
best-reply algorithm was designed for each user to calculate each chan-
nel’s selection probability as well as its transmission duration based on
a utility function related to the load-balancing channel selection. Be-
side the load-balancing issue, [25] suggested that the utility function
in the game-theoretic spectrum decision should also incorporate the
channel bandwidth and its idle period as well as the cost of spectrum
handoff because the spectrum decision procedure must be executed
many times due to multiple interruptions. They emphasized that the
channel selection game shall be repeated many times to capture the
scenario when primary users stochastically activate or deactivate at
each epoch. Unlike the pervious work that considered the homoge-
neous secondary users, [26] assumed that the secondary users can have
different priorities. They proposed a dynamic strategy learning algo-
rithm to determine the channel selection strategies that can converge
to the Nash equilibrium. Noteworthily, the Nash equilibrium solution
of the game-theoretic approach is not necessary the globally optimal

solution from the viewpoint of the overall network [33].
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e In [27], a learning automata (LA) approach was suggested to determine
the channel selection probabilities by exploring the uncertainty of traffic
patterns in CR networks. After a huge number of trials, the secondary
users can estimate the optimal channel selection probability. However,
the problem for this method is its converging speed, especially for a

large number of users.

2.2.2 Sensing-based Spectrum Decision

The sensing-based spectrum decision scheme requires scanning all the candi-
date channels to determine the most suitable operating channel. Thus, the
total number of candidate channels significantly affects the overall system
time in the sensing-based spectrum decision scheme. In [28-30], the opti-
mal number of candidate channels to maximize the spectrum accessibility
and the procedures to determine the optimal set of candidate channels were
investigated. Furthermore, the authors in [31,32] formulated the sequential
channel sensing problem as an optimal stopping problem with the objective
of maximizing the throughput of the secondary users. They studied when
the secondary users shall stop sensing and start transmitting data. Never-
theless, the effects of multiple interruptions from the primary user and the
sensing errors for the primary user’s occurrence on the overall system time
of the secondary users in the CR networks have not been addressed in these

existing sensing-based spectrum decision methods.

2.3 Proactive Spectrum Handoff

In order to characterize the multiple handoff behaviors in CR networks, we

should consider the three key design features, consisting of (1) generally
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Table 2.3: Comparison of Various Proactive Handoff Models.

General  Various Multiple

Model Name Service Operating  Secondary

Time Channels  Connections
TMC [29, 34-39] X o X
OORP [40-42] o o X
BRP [43] X o X
MMC [44] X X o
QM [16-18,26,45-49)] o x o
Proposed Model o o o

distributed service time; (2) various operating channels; and (3) queueing
delay due to channel contention from multiple secondary connections. Based
on these three features, Table 2.3 classifies the existing modeling techniques
for the proactive spectrum handoff. In the literature, the modeling techniques
for spectrum handoff behaviors can be categorized into the following five
types: (1) the two-state Markov chain; (2) the Bernoulli random process;
(3) the arbitrary ON/OFF random process; (4) the birth-death process with
multi-dimensional Markov chain; and (5) the PRP M/G/1 queueing model.
One can observe that the current modeling techniques have not considered all
the aforementioned three design features. In the following, we briefly discuss

the features of these analytical models for spectrum handoff behaviors.

e Two-state Markov chain (TMC): In [29,34-39], the evolutions of
the channel usage of the primary networks at each channel were char-
acterized by a discrete-time Markov chain which has two occupancy
states: busy (ON) and idle (OFF) states. The idle (OFF) state can be

regarded as a potential spectrum opportunity for the secondary users.
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Note that the Markov chain model is suitable for the exponentially dis-
tributed service time, and it is not clear how to extend it to the case
with generally distributed service time. In this model, the target chan-
nel selection problem in every time slot is modeled as a Markov decision
process. According to the channel occupancy state at the current time
slot, a decision maker (secondary user) can preselect the best action
(target channel) to maximize its immediate reward at the next time
slot such as expected per-slot throughput [29,34-37], expected idle pe-
riod [38], or expected waiting time [39]. Note that this model belongs
to the slot-based modeling technique because the secondary user shall
decide its target channel at each time slot. In this scheme, even though
the primary users do not appear at the current operating channel, the
secondary user may still need to change its target channel, resulting in

frequent spectrum handoffs.

Arbitrary ON/OFF random process (OORP): Unlike [29,34-39]
assumed that the channel usage behaviors of the primary networks have
the Markov property, the authors in [40-42] used the ON/OFF random
process with arbitrary distributed ON/OFF period to characterize the
channel usage behaviors of the primary networks at each channel. It
was assumed that the secondary user can estimate the distributions of
the ON period and the OFF period based on long-term observations.
In each time slot, the secondary user must calculate the expected re-
maining idle periods of all channels and then will immediately switch
to the channel with the longest remaining idle period. This model
also belongs to the slot-based modeling technique because the target

channel is decided in each time slot.
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e Bernoulli random process (BRP): The authors in [43] examined
the effects of multiple interruptions from the primary users on the con-
nection maintenance probability in a connection-based environment,
where the spectrum usage behaviors of the primary networks on each
channel were characterized by a Bernoulli random process. Because
both the busy and idle periods of the considered primary networks
follow the geometrical distributions, it is more difficult to extend this
modeling technique to the cases with other generally distributed service

time.

e Multi-dimensional Markov chain (MMC): In [44], the spectrum
usage behaviors of both the primary and secondary networks were mod-
eled by the multi-dimensional Markov chain. Each state in the Markov
chain indicates the identity number for the serving users and the wait-
ing users for the channel. It was assumed that the secondary user must
stay on its current operating channel after the primary user’s interrup-
tion. This analytical model is suitable for the single channel network,
and the issue of different operating channels in multiple handoffs has

not been addressed.

e M/G/1 queueing model (QM): Some researchers used the preemp-
tive resume priority (PRP) M/G/1 queueing model to characterize the
spectrum usage behaviors in a single-channel CR network. The effects
of multi-user sharing and multiple interruptions on the extended data
delivery time of the secondary users were studied in [16-18,26,45-49].
Note that the authors in [16-18,26,45-49] also assumed that the sec-
ondary users must stay on the current operating channel to resume

their unfinished transmissions when they are interrupted.
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To summarize, the first three analytical models, two-state Markov chain,
arbitrary ON/OFF random process, and bernoulli random process, did not
incorporate the effects of the traffic loads of the secondary users on the statis-
tics of channel occupancy. How to extend these models to consider the queue-
ing delay due to channel contention from multiple secondary connections is
unclear. The last two models, multi-dimensional Markov chain and M/G/1
queueing model, can characterize the effects of spectrum sharing between
multiple secondary users. However, these two models assumed that the in-
terrupted secondary user must stay on the current operating channel. and

have not dealt with the handoff interaction issue among different channels.

2.4 Optimal Proactive Spectrum Handoff

In the literature, some predetermined target channel selection methods for
spectrum handoffs have been proposed and can be categorized into two kinds:

probability-based channel selection methods and Markov decision process.

e In [20,21,23], the probability-based channel selection methods were de-
veloped to predetermine the probability that each channel is selected
to the target channel. Based on the predetermine probabilities, the
optimal channel hopping sequence can be decided in packet-by-packet
or slot-by-slot manners. The work in [20, 21] designed of the optimal
channel hopping sequence in the single-user case, while [23] extended
the similar problem to the multiple user case. The above approaches
for channel hopping sequence design are optimal in the sense of maxi-
mizing the per-slot throughput. However, the latency issue in spectrum
handoff has not been considered yet. Clearly, the cumulative delay in

one connection due to multiple spectrum handoffs is an important QoS
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performance measure for CR networks.

e Besides the probability-based channel selection methods, another kind
of target channel selection approach is to apply the theory of Markov
decision process. In [29,34-39], the target channel selection problem
in every time slot is modeled as a Markov decision process. According
to the channel occupancy state at the current time slot, a decision
maker (secondary user) can preselect the best action (target channel)
to maximize its immediate reward at the next time slot. The considered
reward or objective function includes the expected per-slot throughput
[29,34-37], expected idle period [38], and expected waiting time [39].
However, only the effects of channel usage behaviors of the primary
users are considered on the channel occupancy. In fact, the traffic
loads of the secondary users are also needed to be considered in channel

selection.

2.5 Reactive Spectrum Handoff

A key property of reactive spectrum handoff is that the interrupted secondary
user can actually find the idle if at least one idle channel exists at the moment
of link transition. In order to characterize the channel usage behaviors with
this property, we should consider the three key design features, consisting of
(1) heterogeneous arrival rates of the primary users (PUs); (2) various arrival
rates of the secondary users (SUs); (3) handoff processing time. Based on
these three features, Table 2.4 classifies the existing modeling techniques for
the reactive spectrum handoff. In the literature, the modeling techniques
for spectrum handoff behaviors can be categorized into the following four

types: (1) ON/OFF random process; (2) M/M/m queueing Model; (3) two-
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Table 2.4: Comparison of Various Channel Usage Models.

Heterogeneous Various Handoff
Model Name Arrival Rates  Arrival Rates Processing
of PUs of SUs Time

OORP [50,51] X X X
OORP [43] X X o
M/M/m [52] X X X
MDMC [15,53-66] X X X
M/G/1 [67,68] o o X
Proposed Unifying Model o o o

dimensional Markov chain; and (4) M/G/1 queueing model. One can observe
that the current modeling techniques have not considered all the aforemen-
tioned three design features. In the following, we briefly discuss the features

of these analytical models for spectrum handoff behaviors.

e ON/OFF random process (OORP): In [43,50,51], the ON/OFF
random process was used to characterize the channel usage behaviors
of the primary networks at each channel, where the distributions of ON
(busy) period- and OFF (idle) period at each channel are geometrical
distributed. The OFF state can be regarded as a potential spectrum
opportunity for the secondary users. The authors in [50] and [51] inves-
tigated the channel utilization factors and the extended data delivery
time of the secondary users, respectively. Unlike [51] that did not ad-
dress the effects of spectrum sensing time, the authors in [43] examined
the effects of spectrum sensing time on the extended data delivery time
of the secondary users. However, [43] assumed that at least one chan-

nel is certainly available after spectrum sensing, and the case that all
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channels are busy after spectrum sensing did not been considered.

e M/M/m queueing model: In [52], the channel usage behaviors of
the primary users are characterized by the M/M/m queueing model,
where m is the total number of channels in the CR network. The author
in [52] calculated the handoff delay of the secondary users. However,
it is assumed that the handoff delay only results from the waiting time
which is the duration from the instant that interruption event occurs
until the instant that one idle channel is found. The sensing time had

not been considered when calculating handoff delay.

e Multiple-dimensional Markov chain (MDMC): In [15,53-63], the
spectrum usage behaviors of both the primary and secondary networks
were modeled by a two-dimensional Markov chain, where the two di-
mensions represent the total numbers of the primary and the secondary
users in a CR network, respectively. The blocking probability and
forced termination probability for the secondary users’ connections in
the CR network without and with queue are studied in [15, 53-58]
and [59-61], respectively. Different from [15,53-61] that considered
infinite user population, [62,63] derived the blocking probability in a
CR network with finite user population. Furthermore, the authors
in [64-66] further extended the two-dimensional Markov chain model
to the multiple-dimensional Markov chain, where the new dimension
is used to describe the channel state or queue length. Note that these
analytical models are suitable for the CR network with homogeneous
traffic loads, and the issues of heterogeneous arrival rates of the primary

and the secondary users has not been addressed.

e M/G/1 queueing model: [67,68] used the M/G/1 queueing model to
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characterize the channel usage behaviors of a secondary network, where
each secondary user can simultaneously use all idle channels to transmit
its data. Because the total number of idle channels depends on how
many channels are occupied by the primary users, the service rates of
the secondary users are related to the traffic statistics of the primary
users, which results in a non-trivially distributed service time. Thus,
the authors suggested using the M /G/1 queueing system to characterize
this system. However, authors did not show how to obtain this non-

trivial service time distribution.

2.6 Interference-Avoiding Spectrum Sharing

In order to determine the optimal admission probability, we should con-
sider four key design features: (1) interference on the primary users (PUs),
where the transmission of the primary users may be stained by the secondary
users due to missed detection; (2) channel contention between multiple sec-
ondary users (SUs), where channel contention will increase waiting time of
the secondary users; (3) multiple handoffs, a secondary user may have mul-
tiple handoffs due to multiple interruptions from the primary users during
its transmission period; and (4) generally distributed service time, where the
probability mass functions (pmfs) of service time of the primary and sec-
ondary connections can be any distributions. Based on these four design

features, Table 2.5 classifies the existing admission control techniques.

2.6.1 Admission Control with Perfect Sensing

e Network-throughput-oriented approach: The authors in [6,19,44]

determined the optimal admission probability to maximize the overall
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Table 2.5: Comparison of Various Objective Functions.

Interference Channel Multiple  General

Objective Function on Contention  Spectrum  Traffic

PUs between SUs Handoffs  Loads
Network Throughput [6,19, 44] X o X X
User Throughput [49] X X o o
Dropping Probability [57] X o X X
Transmission Latency [64] X o X X
Network Throughput [20, 21] o X X X
User Throughput [69] o X X X
The Proposed Model o o o o

throughput of a secondary network. They found that a larger admission
probability can enhance the per-secondary-user throughput. However,
it results in more competition between the secondary users, thereby de-
grading the overall network throughput. In [6,19], the authors provided
the analytical approaches to determine the admission probability p on
top of p-persistence carrier sense multiple access (CSMA) medium ac-
cess control (MAC) protocol. They assumed that the secondary users
have the saturated traffic load, i.e., the secondary users always have
data to send. Unlike [6,19] that assumed only one secondary user can
transmit data at one slot, [44] considered the case that multiple sec-
ondary users can transmit data simultaneously. The interference from
the coexistence of multiple secondary users is incorporated in the pro-
posed analytical model, where each secondary user’s service time is

exponentially distributed.
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e User-throughput-oriented approach: [49] determined the optimal
payload length of the secondary users to maximize the throughput of
each secondary user. They assumed that the interrupted secondary
users must retransmit whole data connection instead of resume the un-
finished transmission. They found that the longer payload length can
increase per-secondary-user throughput when header length is a con-
stant, but it also increase the interrupted probability, thereby degrad-
ing per-secondary-user throughput. Then, a preemptive repeat priority

queueing model was proposed to solve this tradeoff issue.

e Dropping-probability-oriented approach: In [57], the optimal ar-
rival rate (admission probability) is determined to minimize the drop-
ping (or forced termination) probability of the secondary users by for-
mulating it as a nonlinear optimization problem with the constraint
of given the blocking probability for the secondary users. In order to
derive the closed-form expressions for the dropping and blocking proba-
bilities in terms of arrival rate, a two-dimensional Markov chain is used
to characterize the channel usage behaviors of a CR network, where
the two dimensions represent the total numbers of the primary and
the secondary users, respectively. Note that this Markov chain model
is suitable for the exponentially distributed service time, and how to
extend it to the case with generally distributed service time it is not

clear.

e Latency-oriented approach: In [64], authors proposed a Markov
chain model to characterize channel usage behavior of both the primary
users and the secondary users. Based on this model, the transmission

latency of the secondary users under various arrival rates of the primary
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users and the secondary users can be evaluated. Hence, when the arrival
rate of the primary users is given, the maximum arrival rate of the
secondary users can be determined to satisfy the transmission latency

requirement of the secondary users.

2.6.2 Admission Control without Perfect Sensing

e Network-throughput-oriented approach: [20,21] considered the
effects of sensing errors in terms of false alarm and missed detection
on the throughput of the secondary users in a two-channel system, and
determined the optimal channel access probability for each channel to
maximize the throughput of the secondary users in each slot while
maintaining the latency constraint of the primary users. [20,21] consid-
ered only the case that single secondary user can select the channel at
each time instant and assumed that the secondary users have infinite

amount of data to transmit.

e User-throughput-oriented approach: [69] further extended the an-
alytical model of [20,21] to determine the optimal false alarm probabil-
ity to maximize the throughput of each secondary users, while main-
taining the latency constraint of the primary users. They found that a
lower false alarm probability can enhance per-secondary-user through-
put. However, a lower false alarm probability results in higher missed
detection probability and thus increasing interference to the primary

users. Hence, an optimal false alarm probability exists.
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Chapter 3

Queueing-Theoretical Modeling
Techniques for Cognitive Radio

Networks

Basically, according to the principle of selecting the target channel for spec-
trum handoff, the operating mode of the secondary networks can be catego-
rized as either the non-hopping mode or the hopping mode. The secondary
user always stays on its current operating channel when it is interrupted in
the non-hopping mode, which is the basic mode of IEEE 802.22 systems [70].
In the hopping mode, the interrupted secondary user can either stay on its
current operating channel or change to another channel, which is determined
according to traffic statistics. An example of hopping mode is the phase-
shifting hopping method of the IEEE 802.22 systems [70]. As a result, the
non-hopping mode is a special case of the hopping mode. Note that the
secondary users’ connection may execute multiple handoffs during its trans-
mission period due to the interruptions from the primary users [71]. Clearly,

these handoffs will degrade the quality of service (QoS) performances of the
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latency-sensitive traffic for the secondary users.

In this chapter, in order to evaluate the QoS performances of spectrum
management techniques in the non-hopping or the hopping modes, an analyt-
ical framework based on the preemptive resumption priority (PRP) M/G/1
queueing theory is developed. The proposed analytical framework can pro-
vide important insights into the system parameter design of spectrum man-
agement techniques and can be adapted more flexibly for various traffic ar-
rival rates and service time distributions. Finally, we also provide some new

research directions and open issues on top of this model.

3.1 Motivation

Although it is conceptually simple, the proposed PRP M/G/1 queueing net-
work model faces the new challenges. Specifically, it is needed to consider the
general behaviors of the connection-based channel usage, including the fol-
lowing key design features: (1) multiple interruptions and handoffs; (2) spec-
trum sensing time; (3) various operating channels, the operating channels
before and after spectrum handoff can be different; (4) generally distributed
service time, where the probability mass functions (pmfs) of service time of
the primary and the secondary connections can be any distributions; and (5)
channel waiting time due to multiple secondary connections’ contention.
How to find a unifying analytical model to characterize the effects of the
five key design features is important. Because there are many approaches
for target channel selection in the hopping model, it is challenging to find a
unifying model to facilitate the QoS performance evaluation for various spec-
trum management techniques. Based on the proposed analytical framework,

we provide a systematic approach to catch the randomness property of the
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target channel selection and can evaluate its effects on system performance
metrics such as transmission latency and channel utilization. Many analyt-
ical models have been proposed to characterize the channel usage behaviors
in the CR networks [14-18]. However, these five key design features have
not been considered simultaneously. To our knowledge, an analytical model
which is integrated with these design features has rarely been discussed in

the literature.

3.2 Transmission Processes with Multiple Hand-
offs for the Secondary Users’ Connections

Figure 3.1 illustrates the transmission processes of a secondary connection in

a two-channel CR network. The procedures consist of the following steps:

1. In Fig. 3.1(a), a secondary user plans to establish a new connection

flow SC4 to its intend receiver.

2. Next, in Fig. 3.1(b), the transmitter and receiver of SC, select the
initial operating channel. In this example, they can select channel Chl

or Ch2.

3. In Fig. 3.1(c), SC4 is established at Chl. During the transmission

period of SCy, a request of primary connection may arrive at Chl.

4. Next, in Fig. 3.1(d), SC4 detects the appearance of the primary user!.

In this dissertation, we assume that the considered CR network is a time-slotted
system. In order to detect the presence of primary users, each secondary user must perform
spectrum sensing at the beginning of each time slot. If the current operating channel is
idle, the secondary user can transmit one slot-sized frame in this time slot. Otherwise,

the secondary user must perform spectrum handoff procedures to resume its unfinished
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Figure 3.1: Illustration of transmission procedures in a two-channel system.
The gray areas indicate that the channels are occupied by the existing pri-

mary users’ connections (PCs) or the other secondary users’ connections

(SCs).
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Then, the spectrum handoff procedures are initiated to vacate Chl and
discover the suitable target channel to resume the unfinished transmis-

sion.

5. Then, in Fig. 3.1(e), the target channel of SC4 must be decided for
spectrum handoff. If the non-hopping mode is adopted, the operating
channel of SC4 cannot be changed and thus SC4 must select Chl to
be its target channel. However, SC4 can select Chl or Ch2 for its
target channel when the hopping mode is adopted. There are many
methods to select the target channel. For example, the target channel
can be searched by instantaneous spectrum sensing at this moment of
interruption. In this case, the effect of spectrum sensing time 7 on the

latency performance of SC4 must be considered.

6. Finally, if SC4 chooses to stay on Chl, its remaining transmission will
be resumed after all traffic loads of the primary users at Chl have
been served as shown in Fig.3.1(f). On the other hand, if the decision
is change to Ch2, there are two possible situations. If Ch2 is idle,
SC4 can transmit remaining data immediately as shown in Fig.3.1(g).
Otherwise, SC 4 must wait at the queue until all secondary users in the

present queue of Ch2 are served as shown in Fig.3.1(h).

7. Note that the similar spectrum handoff behaviors may be executed
many times because a secondary connection may experience multiple
interruptions from the primary users during its transmission period.

Hence, the procedures from Figs. 3.1(c) to 3.1(h) will be executed

transmission at the target channel. Furthermore, The secondary user can differentiate
the appearance of the primary user or the secondary user by exiting spectrum sensing

techniques such as feature detection.
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repeatedly. In this case, a set of target channels will be selected se-

quentially, called the target channel sequence in this dissertation.

3.3 Queueing Theoretical Framework for Spec-

trum Management

3.3.1 Assumptions

Assume that the considered CR network is a time-slotted system as [34, 72—
75]. In order to detect the presence of primary users, each secondary user
must perform spectrum sensing at the beginning of each time slot. If the
current operating channel is idle, the secondary user can transmit one slot-
sized frame in this time slot. Otherwise, the secondary user must perform
spectrum handoff procedures to resume its unfinished transmission at the
preselected target channel. This kind of listen-before-talk channel access
scheme is implemented in many wireless techniques, such as the quiet period
of the IEEE 802.22 standard [76] and the clear channel assessment (CCA) of
the IEEE 802.11 standard [77].

3.3.2 Overview of the PRP M/G/1 Queueing Network
Model

Now we propose a preemptive resume priority (PRP) M/G/1 queueing net-
work model to characterize the connection-based spectrum usage behaviors
in CR networks. This queueing network analytical framework is quite general
and can be easily adjusted to evaluate the performance of various spectrum
management techniques under different traffic conditions. Furthermore, it

can also be applied to general CR network architectures, including ad hoc
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CR network and centralized CR networks such as the IEEE 802.22 standard.
Key features of the proposed PRP M/G/1 queueing network model are listed

below:

e Each server (channel) has two types of customers (connections). Before
transmitting data, the traffic of the primary and the secondary users en-
ter to the high-priority queue and the low-priority queue?, respectively.
Then, according to the traffic arrival time at queues, the primary con-
nections and the secondary connections can be established without any
collision. Here, we assume that the connections with the same priority

follow the first-come-first-served (FCFS) scheduling discipline?®.

e The primary users have the preemptive priority to interrupt the trans-
mission of the secondary users. The interrupted secondary user can
resume the unfinished transmission on the selected target channel, in-
stead of retransmitting the whole data. Note that the target channel of
an interrupted secondary connection can be different from its current
operating channel. This is a key difference from the spectrum usage

model based on the conventional PRP M/G/1 queueing theory [16-18].

e A secondary connection may experience multiple interruptions from the
primary users during its transmission period. This model can charac-

terize the effects of multiple spectrum handoffs.

Note that this model can be also extended to characterize the effects of

sensing errors (i.e., missed detection and false alarm) and the heterogeneous

2Note that we assume the considered two queues have an infinite length.
3In fact, the analytical results of mean values obtained based the proposed framework

can be applied to other scheduling discipline which is independent of the service time of the
primary and secondary connections because the averages of system performance metrics

will be invariant to the order of service in this case (see page 113 in [78]).
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Figure 3.2: The PRP M/G/1 queueing network model with three channels.
/\gf), )\gk), and wT(lk) are the arrival rates of the primary connections, the sec-
ondary connections, and the type-n secondary connections (n > 1) at channel
k. Note that w{” = A% Furthermore, f*(z) and f*)(¢) are the pmfs of
Xék) and @Z(k), respectively.

channel bandwidth [79]. Some assumptions are adopted for ease of analysis.

e The arrival processes of the primary and the secondary connections are

Poisson.
e Only one user can transmit on each channel at any time instant.

e The secondary transmitter can notifies its corresponding receiver of the

interruption event by certain spectrum handoff protocols [80].

Figure 3.2 shows an example of the PRP M/G/1 queueing network model
with three channels. Let Ag (arrivals/slot) be the arrival rates of the sec-

ondary connections in CR network. When a secondary connection arrives
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at CR network, it can select its initial operating channel from one of three
channels. Let p® be the probability that it selects channel k for its initial op-
erating channel. Thus, the effective arrival rate of the secondary connection
at channel k is A" = p®) \,. Note that various spectrum decision algorithms
will yield different values of p*).

When a newly arriving secondary connection is connected to the low-
priority of its initial operating channel, it can be transmitted immediately
if the selected channel is idle. Otherwise, it must wait until this channel
becomes idle. Furthermore, when a secondary connection is transmitting at
channel k, it will be interrupted if a primary user appears at channel k. In
this case, the secondary connection can either stay on the current operating
channel or change to another channel through different feedback paths. The
decision depends on which operating mode and spectrum handoff scheme are
adopted. If the secondary connection chooses to stay on its current operating
channel, the remaining data of the interrupted secondary connection must
wait at the head of the low-priority queue of the current operating channel.
If the decision is to change its operating channel, its remaining data will
be connected to the tail of the low-priority queue of another channel. Note
that & represents that the traffic of the interrupted secondary connection is
merged. Furthermore, when the interrupted secondary connection transmits
its remaining data on the selected target channel, it may be interrupted
again. Hence, this model can describe the effects of multiple handoffs.

In Fig. 3.2, represents the channel selection point, where the newly
arriving secondary connection must select its initial operating channel or the
interrupted secondary connection must select its target channel for spectrum
handoff. There are many methods to select these channels. For example,

the secondary connection can decide its initial operating channel or target
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channel according to the predetermined probability or the outcomes from in-
stantaneous spectrum sensing. If the spectrum sensing is executed to search
the idle channels, can be regarded as a tapped delay line or a server
with constant service time, which related to sensing time. Hence, the ef-
fect of spectrum sensing time on the latency performance of the secondary

connections can be characterized.

3.3.3 Modeling of the Connection-based Channel Us-

age Behaviors

Now, we explain why the proposed model can characterize the connection-
based channel usage behaviors in a CR network. In order to accurately
characterize the transmission processes of a secondary connection, we must

take the seven events as discussed in Section 3.2 into account.

1. Secondary connection arrival event as shown in Fig. 3.1(a): We assume
that the arrival process of the secondary connections is Poisson. Let
X be the service time of the secondary connections and fs(x) be the

probability mass function (pmf) of Xj.

2. Initial channel selection event of the secondary connections as shown
in Fig. 3.1(b): We use p®) to represent the probability that the sec-
ondary connection selects channel k for its initial operating channel.
Furthermore, if the spectrum sensing is executed to decide the initial

operating channel, the effect of sensing time can be modeled by .

3. Primary connection arrival event as shown in Fig. 3.1(c): We assume
that the arrival process of the primary connections is Poisson. Denote
)\Z(,k) as the arrival rate of the primary connections whose default chan-

nels are channel k. Furthermore, let Xlgk) be the service time of the
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primary connections whose default channels are channel k£ and f;k) (x)

be the pmf of X,()k).

. Interruption event as shown in Fig. 3.1(d): In the PRP M/G/1 queue-
ing network model, the primary users have the preemptive priority and
thus they can interrupt transmission of the secondary users. In other
words, the secondary users must vacate the occupied channel when the

primary users appear.

. Target channel selection event as shown in Fig. 3.1(e): An interrupted
secondary connection can either stay on its current channel or change to
another channel. To this end, its remaining transmission must be con-
nected to the low-priority queue of current channel or another channel
through different feedback paths. Furthermore, if the spectrum sensing

is executed to search the target channel, the effect of sensing time can

be modeled by [S].

. Resumption event as shown in Figs. 3.1(f)-(h): The interrupted sec-
ondary connection can resume its unfinished transmission on the target

channel, instead of retransmitting the whole data.

. Multiple handoff events: Two auxiliary parameters (wlgk) and CDZ(»k)) are

suggested to characterize the traffic flows of the interrupted secondary

connections.

3.3.4 Two Auxiliary Parameters: wgk) and (IDZW

In Fig. 3.2, we use two auxiliary parameters to characterize the traffic flows

of the interrupted secondary connections. We call the secondary connec-

tions which have experienced ¢ interruptions the type-z secondary connec-
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(k)

)

as the arrival rate of traffic
(k)

%

tions where ¢ > 0. At channel k, denote w
flows redirected from the type-(i — 1) secondary connections. That is, w
is the arrival rate of the type-i secondary connections at channel k. Note
that w(()k) = A" Furthermore, let q>§k) be the transmission duration of a sec-
ondary connection between the i’ and the (i + 1) interruptions at channel
k and fi(k)(@ be the pmf of CI)Z(-k). That is, @gk) is the effective service time of
the type-i secondary connections at channel k.

Figure 3.3 illustrates the physical meaning of random variable CIDEk). Recall
that X is the service time of the secondary connections. We generate X five
times in Fig. 3.3. The five realizations are divided into many segments due
to multiple primary users’ interruptions. For example, the first secondary
connection (realization) is divided into four segments because it experiences
three interruptions in total. The first, second, third, and fourth segments
are transmitted at channels 1, 1, 1, and 2, respectively. Thus, this secondary
connection’s initial operating channel is Chl and its target channel sequence
is (Ch1,Ch1,Ch2). In Fig. 3.3, random variable q)él) is one of the gray
regions, representing the transmission duration of a secondary connection
between the 2"¢ and the 3" interruptions at Chl. That is, <1>§1) is one of the
third segments of the first, the third, and the fourth secondary connections
in Fig. 3.3. Note that the fifth secondary connection in Fig. 3.3 does not
have the third segment because it is interrupted only once.

In the hopping mode, it is quite complex to find the probability mass
function of the effective service time of each segment because the effective
service time is dependent on the traffic statistics of the primary and other sec-
ondary users of each channels and the operating channels for these segments
can be different. Fortunately, based on the proposed analytical framework,

we provide a systematic approach to study the effects of various system pa-
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rameters on the effective service time and then can derive the closed-from
expression for the probability mass function of the effective service time of

each segment.

3.3.5 Constraint

Finally, we denote p*) as the busy probability of channel k. In an M-channel

network, the following constraint shall be satisfied:
P ENVEXP)+ Y WPER <1 (3.1)
=0

Note that p®) can be also interpreted as the utilization factor of channel k.

3.4 Summary

In the following chapters, we will discuss various spectrum management tech-
niques to demonstrate the effectiveness of this analytical model. For the spec-
trum decision issue, we show how to determine which channels are required
to probe and transmit. For the spectrum mobility issue, we illustrate how to
characterize the effects of multiple handoffs, where the secondary users can
have different operating channels before and after spectrum handoff. For the
spectrum sharing issue, we explore how to determine the optimal admission
probability to avoid the interference between primary and secondary users in

the presence of false alarm and missed detection.
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Chapter 4

Load-Balancing Spectrum

Decision

Spectrum decision is a crucial process in CR networks [13], which helps the
secondary user select the best channel to transmit data from candidate chan-
nels. In order to distribute the traffic loads of the secondary users evenly to
these candidate channels, an effective spectrum decision scheme should take
the traffic statistics of the primary users as well as the secondary users into
account. In this chapter, we introduce a performance measure for evaluating
various spectrum decision schemes — the overall system time of the secondary
connection, which is defined as the duration from the instant that data arrives
at system until the instant of finishing the whole transmission.

In this chapter, we investigate how to evaluate the overall system time
for the sensing-based and the probability-based spectrum decision schemes
in the CR network when multiple interruptions from the primary user and
sensing errors are taken into account. To this end, we design our multiuser
spectrum decision schemes on top of the preemptive resume priority (PRP)

M/G/1 queueing model. Based on the proposed analysis-based framework,
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we can design the suitable parameters to shorten the overall system time.
Unlike the non-load-balancing methods that multiple secondary users may
contend for the same channel, the channel selection schemes based on the
designed parameters of the proposed analytical model can evenly distribute
the traffic loads of secondary users to multiple channels, thereby reducing
the average overall system time. The major contributions of this chapter are

summarized in the following:

e Derive the optimal selection probability for the probability-based chan-

nel selection scheme.

e Develop a method to determine the optimal number of candidate chan-

nels for the sensing-based channel selection scheme.

e Compare the sensing-based and the probability-based channel selection
methods and suggest which spectrum decision scheme can result in
shorter overall system time with various sensing error probabilities and

traffic parameters.

e Characterize the effects of sensing errors on the spectrum decision
schemes of CR networks in terms of the overall system time of the

primary and the secondary connections.

4.1 Motivation

The overall system time of the secondary users’ connections is affected by
the multiple interruptions from the primary users and the sensing errors
like missed detection and false alarm for the primary users. Within the
transmission period of the secondary users’ connection, it is likely to have

multiple spectrum handoffs due to the interruptions from the primary users.
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Clearly, multiple spectrum handoffs will increase the overall system time [71].
In the meanwhile, false alarm occurs when the detector mistakenly reports
the presence of a primary user. In this situation, the overall system time
of the secondary user’s connections becomes longer because the secondary
users cannot transmit data even with an idle channel. When the detection
of a primary user is missed, data collision of both the primary user and
the secondary user occurs, resulting in retransmitting and prolonging the
overall system time of the secondary users’ connections. Hence, it is crucial
is incorporating the effects of multiple handoffs and the sensing errors of false
alarm and missed detection in spectrum decision methods for CR networks.

In this chapter, two kinds of spectrum decision schemes are considered:
(1) the sensing-based spectrum decision scheme; and (2) the probability-
based channel selection scheme. For the sensing-based spectrum decision
method, a secondary user selects its operating channel according to the in-
stantaneous sensing results from scanning the wideband spectrum. For the
probability-based spectrum decision method, the operating channel is se-
lected based on the predetermined probabilities which are determined ac-
cording to traffic statistics from the long-term observation. Note that the
sensing outcomes in both the methods are related to the traffic statistics of
both the primary users and the secondary users. The two considered spec-
trum decision schemes have different design issues. For the sensing-based
spectrum decision scheme, the total number of candidate channels for chan-
nel selection significantly affects the overall system time because this scheme
requires scanning all the candidate channels. Intuitively, a narrowband sens-
ing (or a smaller number of candidate channels) can reduce the total sensing
time. However, it is difficult to find one idle channel from a small number of

candidate channels. Hence, one challenge is to determine the optimal num-
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ber of candidate channels to minimize the overall system time. On the other
hand, the probability-based spectrum decision scheme needs to prevent the
secondary users from selecting a busy channel. Hence, the most important
issue is to determine the optimal channel selection probability to minimize

the overall system time.

4.2 System Model

4.2.1 Assumptions

In practice, many reasons may lead to an error on sensing the presence of
the primary users. If such an sensing error occurs, not only the primary
user’s connection will be stained, but the secondary user’s transmission will
be affected. There are two types of sensing errors regarding the detection
of the primary users: false alarm and missed detection. False alarm occurs
when the detector reports the presence of a primary user while it is absent,
while missed detection occurs when the detector reports the absence of a
primary user while it is present. In this chapter, the effects of false alarm
and missed detection on CR network performance are discussed in Section

4.5.

4.2.2 Spectrum Decision Behavior Model

Fig. 4.1 illustrates the spectrum decision behavior model, which will be used
to evaluate the overall system time of a secondary user’s connection for dif-
ferent channel selection schemes. We assume that the arrival processes of the

primary and the secondary connections® are Poisson. Let )\ék) (arrivals/slot)

'When a secondary transmitter has data to send, how to establish a secondary connec-

tion to its intended receiver has been investigated in [81].
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Figure 4.1: Spectrum decision behavior model.

and A, (arrivals/slot) be the average arrival rates of the primary connections
at channel k£ and the secondary connections of CR network, respectively.
Also, denote X" (slots/arrival) and X, (slots/arrival) the service time of
the primary connections of channel k and the secondary connections, respec-
tively; and let f,ﬁk) (z) and fs(x) be the probability mass functions (pmf) of
ngk) and X, respectively. It is assumed that )\ék), As, f,gk)(x), and fy(x),
which can be estimated by the existing methods [82], are known to all the
secondary users.

As shown in Fig. 4.1, each secondary connection can select one of M can-
didate channels for its operating channel. Based on our proposed analytical
framework, which will be discussed in more detail later, all the secondary
users can dynamically select their operating channels with suitable probabil-
ity that can balance the traffic loads of secondary users in multiple channels.
The distribution probability vector (denoted by p = (pV), p@, ...  p()))
represents the set of probabilities for selecting all the candidate channels, in

which p*) denotes the probability of a secondary connection selecting channel
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k for its operating channel. Thus, the effective arrival rate of the secondary
connection at channel k is /\gk) = p®))\,. Note that various channel selection

algorithms yield different distribution probability vectors.

4.3 Problem Formulation

4.3.1 Performance Metric: Overall System Time

The overall system time (denoted by S) is an important quality of service
(QoS) metric for the connection-based service of the secondary users. It
consists of the waiting time (denoted by W) and the extended data delivery
time (denoted by T') as shown in Fig. 4.2. Hence, we have

E[S] = E[W] + E[T] , (4.1)

where E[] is the expectation function. Here, the waiting time is defined as
the duration from the instant that a data transmission request arrives at
the system until the instant of starting transmitting data. The duration of
waiting time depends on the channel selection scheme that the secondary
users adopt. Furthermore, the extended data delivery time is defined as
the duration from the beginning of transmitting the data in the first time
slot until the completion of the data in the last time slot. Clearly, multiple

handoff behaviors significantly affect the extended data delivery time.

4.3.2 Overall System Time Minimization Problem for

Probability-based Channel Selection Scheme

For the probability-based channel selection method, each secondary user se-

lects its operating channel from all the M candidate channels based on a
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Figure 4.2: Example of the overall system time of the secondary connection
SC4. The white areas indicate that channel is occupied by SC,4. Further-
more, the gray areas indicate that channel is occupied by the primary connec-
tions (PCs) and its duration is the busy period resulting from transmissions
of the primary connections. Here, SC4 encounters two interruptions from

the primary connections during its transmission period.
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predetermined distribution probability vector p,,. In this case, an Overall
System Time Minimization Problem for Probability-based Channel
Selection Scheme can be formulated as follows. Given the set of candidate
channels Q = {1,2,..., M}, we aim to find the optimal distribution proba-
bility vector (denoted by p*) to minimize the average overall system time of

the secondary connections (denoted by E[Sy]). Formally,

p* = argmin E[Sy(p,y)] , (4.2)
VD,
subject to:
k
0<py <1, VkeQ, (4.3)
M
k k
> =D e =1 (44)
keQ k=1
and
p® = pP) 4 o) <1, (4.5)

where p®*) is the busy probability of channel k. Furthermore, ,oz(,k) and pgk

)
are the busy probabilities resulting from the primary and the secondary con-
nections at channel k£ when sensing errors are considered, respectively. In

Section 4.4, we will derive the closed-form expressions for pj(,k) and pgk).

4.3.3 Overall System Time Minimization Problem for

Sensing-based Channel Selection Scheme

For the sensing-based channel selection scheme, the secondary users perform
wideband sensing to find an idle channel from all the candidate channels. If
more than one idle channel is found, the secondary user randomly selects one
channel from the idle channels for its operating channel. Furthermore, if all

the candidate channels are busy, the secondary user still randomly select one
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channel from all the candidate channels and wait for the available time slot
of the selected channel.

In order to decrease the total sensing time, the secondary users shall re-
duce the number of candidate channels by sensing only the best n channels
among M channels. Without loss of generality, we assume that the channel
preference of the secondary users follows the lexicographic order. That is,
channel 7 is not better than channel j if + > j. Note that the ordering issue
for channel preference has been discussed in [83]. Let € be the set of can-
didate channels. Then, we can have Q = {1,2,...,n}, where n = |Q| < M.
Next, we formulate an Overall System Time Minimization Problem
for Sensing-based Channel Selection Scheme as follows. Given the to-
tal number of channels M, we aim to find the optimal number of candidate
channels (denoted by n*) to minimize the average overall system time of the

secondary connections (denoted by E[Sg]). Formally,

n* = arg min E[Sg,(n)] . (4.6)

1<n<M

4.3.4 Performance Model

In order to calculate the overall system time of various spectrum decision
schemes, we extend the general model in Fig. 4.1 to characterize the sensing-
and the probability-based channel selection schemes. Fig. 4.3 shows the per-
formance model for the probability-based scheme. When the traffic of the
secondary user (i.e., the secondary connection) arrives at the system, it can
be directly connected to the selected channel based on the predetermined
distribution probability vector. On the other hand, Fig. 4.4 shows the per-
formance model of the sensing-based scheme. When the traffic of a secondary
user arrives at the system, the secondary user performs spectrum sensing to

find idle channels. The total sensing time can be modeled by a tapped delay
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Figure 4.3: Performance model for the probability-based channel selection
scheme where the channel usage behaviors are characterized by the PRP

M/G/1 queueing systems.

line . In this case, can be regarded as a server with constant service
time, which equals to sensing time. If an idle channel can be found, the
secondary connection can be served immediately. Finally, in Figs. 4.3 and
4.4, the channel usage behaviors of each channel is characterized by a PRP
M/G/1 queueing model, which had been presented in Chapter 3. Here, we
assume that the non-hopping mode is adopted. Hence, the secondary user
must stay on its current channel when it is interrupted.

Based on the proposed performance models, we can analytically compare
the overall system time resulting from both the spectrum decision schemes for
various sensing time and traffic parameters. Then, each secondary user can

intelligently adopt the best channel selection scheme to minimize its overall
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system time. Thus, the optimal overall system time (denoted by S*) can be

expressed as follows:
S* = min (E[Sy], E[Sw]) - (4.7)

In the next section, we will show how to derive E[S,;] and E[S)].

4.4 Analysis of Overall System Time

As discussed in Section 4.3.1, the overall system time consists of the waiting
time and the extended data delivery time. Let E[T),;] and E[Ty] be the
average data delivery time for the probability- and sensing-based spectrum
decision methods, respectively. Furthermore, denote E[W,] and E[Wy] as
the average waiting time for the probability- and sensing-based spectrum

decision methods, respectively. Then, we can have
E[Sp] = E[Wy] + E[T,] (4.8)
and

In the following, we will investigate how to obtain the average extended data

delivery time and the average waiting time.

4.4.1 Extended Data Delivery Time

First, we investigate the effects of multiple interruptions on the extended data
delivery time. Within the transmission period of a secondary connection, it
is likely to have multiple spectrum handoffs due to the interruptions from the
primary users. The spectrum handoff procedure helps the secondary users

vacate the occupied channel and then resume the unfinished transmission
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when this channel becomes idle. Clearly, multiple spectrum handoffs will
increase the extended data delivery time and degrade the QoS for the latency-
sensitive traffic of the secondary users [84].

Based on the PRP M/G/1 queueing model, we can derive the extended
data delivery time of the secondary connections as follows. Let N®*) be the
total number of interruptions for a secondary connection at channel k. Fur-
thermore, denote Yp(k) as the duration from the time instant that channel
k is occupied by the primary connections until the time instant that the
high-priority queue becomes empty. This duration is called the busy period
resulting from transmissions of multiple primary connections at channel k.
When a secondary connection is interrupted by primary users, it must stop
transmitting on the current operating channel until all the primary connec-
tions in the high-priority queue have been served. In this case, the secondary
connections of channel £ must wait for the duration of E[Yp(k) | on average
after the interruption event occurs. Denote )Zs as the actual service time of
the secondary connections when the effects of sensing errors are considered?
and T™ as the extended data delivery time of the secondary connections at

channel k. We can have

E[T®] = E[X,] + EINW]E[Y,®] | (4.10)

p

Let )?f,k) be the actual service time of the primary connections at channel k&

when the effects of sensing errors are considered. One can obtain E[N®)] =

2 Although this chapter assumes that all M channels have the same data transmission
rate (or equivalently service rate), the proposed model can be applied to the CR network
where all channels have different data rates. In the CR network with heterogeneous data
rates, the secondary connections at different channels have different average service time.
Hence, they will have different average actual service time. In this case, the notation )~(s
in (4.10) should be replaced by the notation X S(k), which is the actual service time of the

secondary connections at channel k. More discussions had been shown in [79].
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_ (k) _
)\ék)E[XS] and E[Y})(k)] = H]?,E)X—é[)?]w] according to to [85]. Note that E[X{]
and E[X}gk)] will be derived in Section 4.5.

Finally, the average extended data delivery time for the probability- and

sensing-based channel selection methods can be expressed as follows:

M
B[l = > plyEIT™] (4.11)
k=1
and
BTy = pYBI®) . (4.12)
k=1

For various channel selection algorithms, we use different methods to eval-
uate the corresponding distribution probability vectors p. For the probability-
based scheme, the distribution probability vector p,;, can be designed by solv-
ing the Overall System Time Minimization Problem for Probability-
based Channel Selection Scheme in (4.2). For the sensing-based scheme,
the distribution probability vector p,, is determined inherently based on the
given traffic patterns. Intuitively, a channel with larger idle probability will
be selected more frequently through spectrum sensing. How to derive p,

from the given traffic parameters will be discussed in Appendix A.

4.4.2 Waiting Time

Next, we focus on the derivations of the average waiting time for the probability-
based and sensing-based channel selection schemes.

Probability-based Channel Selection Scheme

For the probability-based channel selection scheme, a secondary connection
selects its operating channel based on the predetermined probability. Then,

it is directly connected to the low-priority queue of the selected channel. It
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cannot be served until all the primary and the secondary connections in the
high-priority queue and the present low-priority queue of the selected channel
have been served. Hence, the waiting time is the required duration from the
time instant that a secondary connection arrives at the low-priority queue of
the selected channel until the time instant that the selected channel becomes
idle. That is, the waiting time is the duration spent in the waiting queue by

a secondary connection. Hence, E[IW,] can be expressed as follows:
M
k k
EW,s] =Y pEWS)] (4.13)
k=1

where WIE: ) is the waiting time of the secondary connections at channel k for

the probability-based channel selection scheme. Applying the PRP M/G/1

queueing theory [86], one can obtain

E[R™)]
(1—p)(1 = = pl)

(k) (k)

where p,’ and ps’ are the busy probabilities resulting from the primary and

EWY)] =

pb

| (4.14)

the secondary connections at channel & when sensing errors are considered,
respectively. Hence, we can have pi) = Al()k)E[)?,gk)] and pF) = Agk)E[)?s].
Furthermore, E[R(*)] is the average remaining time to complete the service

of the connection being served at channel k. Referring to [86], we have

E[R®] = APE[(X]

M2 4 %p;’,?ASE[()?S)?] . (4.15)

Then, substituting (4.14) and (4.15) into (4.13), we can obtain the closed-
from expression for E[W,,)].

Finally, substituting (4.11) and (4.13) into (4.8), we can obtain the rela-
tionship between the average overall system time and the distribution prob-
ability vector p,,, for the probability-based channel selection scheme. Then,

the optimal distribution probability vector p* can be determined by solving
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the Overall System Time Minimization Problem for Probability-
based Channel Selection in (4.2).

Sensing-based Channel Selection Scheme

The waiting time Wy, for the sensing-based channel selection method consists
of the total sensing time and the queueing time (denoted by W7/,). Let 7
be the sensing time for scanning one candidate channel. Hence, n7 is the
total sensing time for scanning all the n candidate channels. After wideband
sensing, the secondary user can decide channel availability and then transmits
data at one of the idle channels. Moreover, if the idle channel cannot be
found, the secondary user cannot transmit immediately. In this case, the
secondary user’s connection will be put into the low-priority queue of the

randomly selected channel. Hence, we can have
E[Wgy] = nt +Pr(€) x 0+ Pr(&°) x E[W,,] , (4.16)

where £ is the event that at least one idle channel can be found after sensing,
and £¢ is the compliment of £.

Next, the closed-form expressions for Pr(£) and Pr(£¢) can be derived
by the following two observations. First, a channel is called actual idle if
and only if (1) this channel is not occupied by the primary connections and
(2) the low-priority queue of this channel is empty. Note that the second
condition should be contained because the FCFS scheduling discipline is
adopted. Secondly, an actual idle channel is assessed as idle through spectrum

sensing if and only if false alarm does not occur. Hence, we can have

n

Pr(&) = Z [Pr(&]k channels are actually idle) x Pr(k channels are actually idle)]

k=1
S LB DI | CEVON | Wi
k=1 ICQ,|S|=k LieS JEQ-S
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where p*) = pj(ok) + pgk) and Pr is the false alarm probability. On the other

hand, £¢ is the compliment of £. That is,
Pr(&) =1-Pr(€) . (4.18)

Moreover, when all channels are assessed as busy, each channel is selected
by the secondary users with probability 1/n. Hence, in this case, one can
derive the average queueing time based on the PRP M/G/1 queueing theory
as follows [86] :

By =3 [ L E(RV)] @)

k k k
=n (1-ps (1= py) = p)

Finally, substituting (4.12) and (4.16) into (4.9), we can obtain the relation-

ship between the average overall system time and the number of candidate
channels n for the sensing-based channel selection scheme.

Determining the optimal number of candidate channels (denoted by n*)
is the key issue for sensing-based spectrum decision scheme. Intuitively, a
small number of candidate channels can reduce the total sensing time n7 in
(4.16). However, it is harder to find one idle channel from fewer candidate
channels, resulting in a larger value of Pr(€¢) in (4.16) and thus increasing
the overall system time. The optimal number of candidate channels n* can be
determined by solving the Overall System Time Minimization Problem

for Sensing-based Channel Selection in (4.6).

4.5 Effects of Sensing Errors

Sensing errors such as false alarm and missed detection will degrade the

performance of the secondary users and the primary users®. This section in-

3The relationship between the missed detection probability Py; and the false alarm

probability Pr can be characterized by the receiver operating characteristic curve [87].
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vestigates the effects of false alarm and missed detection on the transmission
time of the secondary and the primary connections. Specifically, we will show

)

how to derive the first and the second moments of X, and )N(]S’“ .

4.5.1 False Alarm

First, we study the effect of false alarm on the actual service time of the
secondary connections. When a false alarm occurs, a secondary user cannot
transmit data even with an idle channel. Hence, the actual service time
of a secondary connection will be extended to X, (slots/arrival) from X,

(slots/arrival). The first and the second moments of X, can be expressed as

follows:
E[X,] =) E[X,|X, = 2]Pr(X, =1) , (4.20)
and O_O
E[(X.)%] = Y E[(X.)|X, = 2]Pr(X, = 1) . (4.21)

Note that because the false-alarm slot cannot be exploited by any secondary
or primary connections, it can be regarded as a busy slot. Hence, we can
have pi¥) = Agk)E[)?s].

When a false alarm occurs, the data transmission is postponed to the
next slot. Hence, for a connection with x slots, its actual service time will be
extended to x + 7 slots if and only if false alarms occur in ¢ slots out of the
first x 44 — 1 slots and false alarms do not occur at the (x 4 4)™ slot. Thus,
the conditional expectation of the actual service time follows the negative

binomial distribution with parameter Pr. That is,
~ > frx+i1—1
E[X,|X, = 1] = Z(x—i—z)( .

=0

>(1 — Pp)*(Pp)" (4.22)

]
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and
E[(X,)2X, =a] = > (e + i)Q(x il

=0

)<1 C PP, (423)

1

where Pr is the false alarm probability. Because Pr(X; = z) is given by
fs(x), we can obtain E[X,] and E[(X,)?] by substituting (4.22) and (4.23)
into (4.20) and (4.21), respectively. For example, if fs(x) is the geometric

distribution, i.e.,

@) = (1= g7 ) (1.24)
we can have
E[X,] = 1E_[X]§L , (4.25)
and
B(% ) = PECJCELX] =1+ P 126)

(1 — PF)2

4.5.2 Missed Detection

The data frame of the primary connection will be stained by the secondary
connection when a missed detection occurs. Thus the primary user will re-
quest to retransmit this stained data frame in the next slot. Hence, the
actual service time of a primary connection will be extended from X,S’“)
(slots/arrival) to eg (slots/arrival). The first and the second moments

of )?},’“) can be expressed as follows:

E[)?}gk)] = ZE[)?I(JR)’X}ER) — x]Pr(X}gk) — SL’) ’ (4_27)
x=1
and
E[(ngk))z] = ZE[(X;()k))2|X;§k) — x]Pr(Xz()k) =) . (4.28)
=1

Basically, there are two types of missed detections in CR networks [58,60].
Firstly, when a primary user transmits data, a newly arriving secondary con-

nection may incorrectly determine that this specific channel is available in
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its first sensing phase. We call this situation the class-A missed detection.
After a secondary user arrives at a CR network for a while, it may also fail to
detect the presence of primary users. In this case, the class-B missed detec-
tion occurs. The authors in [58,60] found that the class-B missed detection is
small because the sensing results at the first sensing phase can be employed
to improve the accuracy of the sensing results at the following sensing phases.

Next, we explain the effect of class-A missed detection on the actual ser-
vice time of the primary connection at channel k. We consider a transmission
slot of this primary connection. During this slot, more than one arrival of

(k)A .
A7 where A s

the secondary connection appears with probability 1 — e~
the slot duration. For these arrivals of secondary connections, each of them
will assess this busy slot as idle if and only if (1) a missed detection oc-
curs and (2) the low-priority queue of channel k is empty. Let ng) be the
length of the low-priority queue at channel k. Hence, the first arrival at
the considered slot will make an error channel assessment with probability
PMPr{ng) = 0}, where Py is the missed detection probability for spectrum

sensing and Pr{Q"

= 0} has been derived in [88]. However, for the remain-
ing arrivals in the considered slot, we have Pr{ng) = 0} = 0 because the
first arrival has been put into the low-priority queue of channel k. Thus, the
remaining arrivals do not make the error channel assessment. From above

observations, we can conclude that a primary connection’s transmission slot

is stained by the arrivals of the secondary connections with probability
P® = (1 — NPy Pr{Q® = 0} . (4.29)

Similar to the case of missed detection, we find that the random variables
)?ng) and ()?ng)>2 follows the negative binomial distribution with parameter
Pl(k) when X*) = 2. Then, because Pr(ngk) = x) can be determined by

¥)(1), we can calculate the values of E[X\"] and E[(X")?] in (4.27) and
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(4.28), respectively. For example, if f;k)(l) is the geometric distribution, i.e.,

1 . 1
fzgk)(;p) =(1- E[ngk)]) I(E[ngk)]) : (4.30)
we can have "
v E[Xp ]
EXV] = =L, (4.31)
1- PP
and (k) (k) (k)
~ E[ X, 2E[X},”]| — 1+ P;™)
E[(Xék))ﬂ = i- Pl(k))Q I . (4.32)

4.6 Numerical Results

In this section, numerical results are presented to show how to design the sys-
tem parameters for the load-balancing spectrum decision methods, including
the probability-based and the sensing-based spectrum decision schemes. We
adopt the system parameters in the IEEE 802.22 standard in our simula-
tion [89], where the time slot duration is 10 msec, Py; = 0.1, and Pr = 0.1.
Because this dissertation focuses on the latency-sensitive traffic, we can as-
sume that the service time distributions of primary and secondary connec-
tions are geometrically distributed (see page 135 in [86]). Note that we only
use the geometric distribution as an example here. Indeed, the proposed
analytical framework can be applied to any distributions. It only requires
the knowledge of the first and the second moments of the service time dis-

tributions for the primary and the secondary connections.

4.6.1 Probability-based Spectrum Decision Scheme

Figure 4.5 shows the effect of various arrival rates of the secondary connec-

tions on the optimal distribution probability vector, where the distribution
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probability vector is plotted in each bar and the summation of all proba-
bilities in each bar is 1. In the figure, we consider a four-channel system
with the following traffic parameters: )\él) = 0.01, )\](32) = 0.01, )\1(,3) = 0.02,
and A} = 0.02 as well as E[X"] = 20, E[X}”] = 30, E[X}”] = 20, and
E[XI(,4)] = 25. When Ay = 0.01, all the secondary users prefer selecting chan-
nel 1 to be their operating channels because channel 1 has the lightest traffic
loads. Furthermore, as A increases, some secondary users tend to select
other channels to transmit data in order to balance the traffic loads in each
channel. For example, when Ay = 0.1, the optimal distribution probability
vector is (0.4142,0.2784,0.2131,0.0943). Inevitably, channel 1 is still selected
to be the operating channel with the largest probability.

Furthermore, Fig. 4.6 shows the channel busy probability under various
arrival rates of the secondary connections. In the beginning, channel 1 has the
lowest busy probability. However, when A\; > 0.05, channel 1 has the highest
busy probability because most secondary users prefer to select channel 1 to
transmit data. Although channel 1 has the highest busy probability in this
case, one can find that the secondary users still favor channel 1 from the
viewpoint of the overall system time. The performance advantages of the
choosing the probability vector based on the proposed analytical framework
over the traditional channel selection methods will be illustrated in Fig. 4.11
from the perspective of the overall system time.

Figure 4.7 shows that most secondary connections prefer selecting a chan-
nel with the largest arrival rate and the shortest service time of the primary
connections even though all the channels have the same busy probability of
the primary connections. Here, we consider the following traffic parameters:
A =0.01, AP =0.02, AY) = 0.04, and ASY = 0.08 as well as E[X"] = 40,
E[Xf)] = 20, E[Xf’)] = 10, and E[X1£4)] = 5. Hence, all channels have
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Figure 4.5: Optimal distribution probability vector for the probability-based
spectrum decision with various arrival rates of the secondary connections,

where Pr = 0.1, Py, = 0.1, and E[X] = 10.
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Figure 4.6: Channel busy probability for the probability-based spectrum

decision with various arrival rates of the secondary connections, where Pr =

0.1, Pyy = 0.1, and E[X,] = 10.
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the same busy probability, which is equal to 0.4, when A, = 0. According
to (4.13) and (4.14), we know that selecting channel 4 can result in shorter
average waiting time (E[W,,]) because channel 4 has the smallest value of
E[R™)]. Consequently, most secondary connections prefer selecting channel
4 and thus it has the highest busy probability when Ay > 0.

Figure 4.8 shows the effects of false alarms on the optimal distribution
probability vector. When Pr = 0.05, only three channels can be the candi-
date channels. However, all the four channels can be the candidate channels
when Pp > 0.1. This phenomenon can be interpreted as follows. When Pp
becomes higher, E[)N(S] increases due to more false alarms. Hence, the ac-
tual traffic loads (ps = )\SE[)?S]) of the secondary connections become heavy.

Then, the secondary connections must distribute overall traffic loads to more

channels in order to prevent channel contention.

4.6.2 Sensing-based Spectrum Decision Scheme

Figures 4.9 and 4.10 show the effects of E[X] and Pr on the optimal number
of candidate channels n*, respectively. Here, we consider a four-channel sys-
tem with the following traffic parameters: ()\Z(,l), )\1(02), )\1(,3), >\1(94)) = (0.01,0.015,0.02,0.025),
As = 0.02 and 7 = 2. Moreover, E[Xz(,k)} = 20 for any k. From Fig. 4.9, one
can see that when Pr = 0.1, n* = 1 and 2 for E[X] = 5 and 10, respectively.
In Fig. 4.10, we see that n* = 1 and 2 for Pr = 0.1 and 0.5 when E[X] = 5.
It is observed that the optimal value of n monotonically increases as E[X]
or Pr increases. This is because a larger value of E[X,] or Pr can lead to a
larger value of E[X,] according to (4.25). From (4.19) one can expect that
the queueing time will become longer for a larger value of E[)Z's] In this case,

the secondary users shall sense more channels to increase the probability of

finding idle channels Pr(€), which will reduce the waiting time.
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Figure 4.7: Channel busy probability for the probability-based spectrum

decision with various arrival rates of the secondary connections, where Pr =

0, Py = 0, and E[X,] = 15.
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4.6.3 Comparison between Different Spectrum Deci-

sion Schemes

Figure 4.11 shows the effects of A\; on the average overall system time for
three different channel selection schemes: (1) sensing-based method; (2)
probability-based method; and (3) non-load-balancing method. Consider a
three-channel system with the following traffic parameters: ()\]E,l), /\1(02), )\f’)) =
(0.02,0.02,0.03), (E[X"], E[X?], E[X¥]) = (20,25,20), and E[X,] = 10.
The overall system time of the probability-based and sensing-based channel
selection schemes are calculated from (4.8) and (4.9), respectively. For the
non-load-balancing method, all the secondary connections will select chan-
nel 1 to be their operating channels because channel 1 has the lowest busy
probability. One can find that both the load-balancing channel selection
schemes can significantly reduce the average overall system time compared
to the non-load-balancing scheme, especially for larger A;. When 7 is small
(e.g. 5 slots), the sensing-based spectrum decision scheme can result in the
shortest overall system time. As 7 increases, the improvement of the sensing-
based spectrum decision over other schemes decreases. In addition, we also
observe that when 7 = 17 and Ay < 0.026, the probability-based scheme
has better overall system time performance than the sensing-based scheme.
This is because the probability-based spectrum decision scheme can select
the channels with lower interrupted probability. By contrast, if A\; > 0.026,
the sensing-based scheme can result in shorter overall system time because
the sensing-based scheme can significantly reduce waiting time through wide-
band sensing. Based on (4.7), each secondary user can intelligently adopt the
best channel selection scheme to minimize its overall system time. The two
considered load-balancing spectrum decision methods can reduce the over-

all system time by over 50% compared to the existing non-load-balancing
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Chapter 5

Proactive Spectrum Handoff

Spectrum handoff mechanisms can be generally categorized into two kinds ac-
cording to the decision timing of selecting target channels [85]. The first kind
is called the proactive spectrum handoff!, which decides the target channels
for future spectrum handoffs based on the long-term traffic statistics before
data connection is established [72,90,91]. The second kind is called the re-
active spectrum handoff scheme [92]. For this scheme, the target channel is
searched in an on-demand manner [93,94]. After a spectrum handoff is re-
quested, spectrum sensing is performed to help the secondary users find idle
channels to resume their unfinished data transmission. Both spectrum hand-
off schemes have their own advantages and disadvantages. A quantitative
comparison of the two spectrum handoff schemes was provided in [95].

In this chapter, we focus on the modeling technique and performance

'In this dissertation, we assume that spectrum handoff request is initiated only when
the primary user appears as discussed in the IEEE 802.22 wireless regional area networks
(WRAN) standard. In this scheme, the proactive spectrum handoff represents the spec-
trum handoff scheme with the proactively designed target channel sequences. It is different
from the proactive spectrum handoff in [29,34-42] that assumes spectrum handoff can be

performed before the appearance of the primary users.
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analysis for the proactive spectrum handoff scheme, while leave the related
studies on the reactive spectrum handoff in Chapter 6. Compared to the
reactive spectrum handoff scheme, the proactive spectrum handoff is eas-
ier to achieve a consensus on their target channels between the transmit-
ter and its intended receiver because both the transmitter and receiver can
know their target channel sequence for future spectrum handoffs before data
transmission. Furthermore, the change switching delay of the proactive spec-
trum handoff is shorter than that of the reactive spectrum handoff because
scanning wide spectrum to determine the target channel is not necessary at
the moment of link transition. Nevertheless, the proactive spectrum handoff
scheme shall resolve the obsolescent channel issue because the predetermined
target channel may not be available any more when a spectrum handoff is
requested.

The contribution of this chapter is to propose a preemptive resume pri-
ority (PRP) M/G/1 queueing network model to characterize the spectrum
usage behaviors of the connection-based multiple-channel spectrum hand-
offs. Based on the proposed model, we derive the closed-form expression
for the extended data delivery time of different proactively designed target
channel sequences under various traffic arrival rates and service time distri-
butions. We apply the developed analytical method to analyze the latency
performance of spectrum handoffs based on the target channel sequences
specified in the IEEE 802.22 wireless regional area networks (WRAN). We
also suggest a traffic-adaptive target channel selection principle for spectrum

handoffs under different traffic conditions.
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5.1 Motivation

To characterize the channel obsolescence effects and the spectrum usage be-
haviors with a series of interruptions in the secondary connections, we suggest
a new performance metric - the extended data delivery time of the secondary
connections. It is defined as the duration from the instant of starting trans-
mitting data until the instant of finishing the whole connection, during which
multiple interruptions from the primary users may occur. In the context of
the connection-based spectrum handoffs, how to analyze the extended data
delivery time is challenging because three key design features must be taken
into account: (1) generally distributed service time, where the probability
density functions (pdfs) of service time of the primary and secondary con-
nections can be any distributions; (2) different operating channels before and
after spectrum handoff; and (3) queueing delay due to channel contention
from multiple secondary connections. To the best of our knowledge, an ana-
lytical model for characterizing all these three features for multiple handoffs

has rarely been seen in the literature.

5.2 System Model

5.2.1 Assumptions

In this chapter, we make the following assumptions:

e A default channel is preassigned to each secondary user through spec-
trum decision algorithms in order to balance the overall traffic loads of
the secondary users to all the channels [79]. When a secondary trans-
mitter has data, it can transmit handshaking signal at the default chan-

nel of the intended receiver to establish a secondary connection [96].
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If the corresponding receiver’s default channel is busy, the secondary

transmitter must wait at this channel until it becomes available [34].
e Each primary connection is assigned with a default or licensed channel.

e Each secondary user can detect the presence of the primary user. In
fact, this model can be also extended to consider the effects of false

alarm and missed detection as discussed in Chapter 7.

e Any time only one user can transmit data at one channel.

5.2.2 Illustrative Example of Proactive Multiple Hand-
offs with Multiple Interruptions

A secondary connection may encounter multiple interruption requests dur-
ing its transmission period. Because spectrum handoff procedures must be
performed whenever a primary user appears, a set of target channels will
be sequentially selected, called the target channel sequence in this disserta-
tion. Fig. 5.1 shows an example that three spectrum handoff requests occur
during the transmission period of the secondary connection SCy4. In this ex-
ample, SC4’s initial (default) channel is Chl and its target channel sequence
for spectrum handoffs is (Ch2, Ch2, Ch3, ---). The extended data delivery
time of SC4 is denoted by T'. Furthermore, D; is the handoff delay of the
i'" interruption. Here, the handoff delay is the duration from the instant
when the transmission is interrupted until the instant when the unfinished
transmission is resumed.

We assume that the transmitter of SC4 plans to establish a connection
flow consisting of the 28 slot-sized frames to the corresponding receiver.

Then, the transmission process with multiple handoffs is described as fol-

80



lows:

. In the beginning, SC,4 is established at its default channel Chl. When

an interruption event occurs, SC4 decides its target channel according

to the predetermined target channel sequence.

. At the first interruption, SC,4 changes its operating channel to the idle

channel Ch2 from Chl because the first predetermined target channel
is Ch2. In this case, the handoff delay D; is the channel switching time
(denoted by t).

. At the second interruption, SC4 stays on its current operating channel

Ch2 because the second target channel is Ch2. SC4 cannot be resumed
until all the high-priority primary connections finish their transmis-
sions at Ch2. In this case, the handoff delay D, is the duration from
the time instant that Ch2 is used by the primary connections until the
time instant that the high-priority queue becomes empty. This du-
ration (denoted by Y},(Q)) is called the busy period resulting from the

transmissions of multiple primary connections at Ch2.

. At the third interruption, SC, changes its operating channel to Ch3

because the third target channel is Ch3. In this example, because Ch3
is busy, SC4 must wait in the low-priority queue until all the data in

the present high-priority and low-priority queues of Ch3 are served?.

2Here, the 1-persistent waiting policy is adopted. That is, the interrupted secondary

user must stay on the selected target channel even though the selected channel is busy and

then transmit unfinished data when channel becomes idle. Another possible approach is

to reselect a new channel at the next time slot when a busy channel is selected. However,

this approach is more impractical because it will lead to many channel-switching behaviors

during a secondary connection.
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Hence, the handoff delay D3 is the sum of this waiting time and the

channel switching time t,.
5. Finally, SC4 is completed on Ch3.

When a secondary connection changes its operating channel from channel & to
k' where k' # k, the expected handoff delay is the sum of the channel switch-
ing time ¢, and the average waiting time of channel £’ (denoted by E[Ws(k,)])
for the secondary connections. Note that this waiting time Ws(k/) is the dura-
tion from the time instant that a secondary connection enters the low-priority
queue of channel &’ until it gets a chance to transmit at channel £’. After the
secondary connection’s operating channel is changed to channel £/, one of
two situations will occur. If channel £’ is idle as the first interruption in Fig.
5.1, the expected handoff delay is ¢, since E[Ws(k/)|channel k' is idle] = 0. On
the other hand, the expected handoff delay is ¢, +E[Ws(k/) |channel &" is busy]

if channel %" is busy as the third interruption in Fig. 5.1.

5.3 Analytical Model

We use the PRP M/G/1 queueing network model proposed in Chapter 3
to characterize the channel usage behaviors of a CR network. Let X
(slots/arrival) be the service time of the secondary connections whose de-
fault channels are channel 7 and let £ () be the pdf of X9 Figure 5.2
shows an example of the PRP M/G/1 queueing network model with three
channels, in which the traffic flows of the primary connections and the sec-
ondary connections are directly connected to the high-priority queue and
the low-priority queue, respectively. When a primary connection appears at
the channel being occupied by the secondary connection, the interruption

event occurs. The interrupted secondary connection decides its target chan-
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Figure 5.1: An example of transmission process for the secondary connection
SCy4, where t, is the channel switching time, T is the extended data delivery
time of SC4, and D; is the handoff delay of the i** interruption. The gray
areas indicate that the channels are occupied by the existing primary con-
nections (PCs) or secondary connections (SCs). Because SC, is interrupted

three times in total, the overall data connection is divided into four segments.
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nel for spectrum handoff according to the target channel predetermination
algorithm which is implemented in the channel selection point . In our
queueing network model, the interrupted secondary connection can either
stay on its current channel or change to another channel through different
feedback paths. If a secondary connection chooses to stay on its current
operating channel, its remaining data will be connected to the head of the
low-priority queue of its current operating channel. On the other hand, if the
decision is to change its operating channel, the remaining data of the inter-
rupted secondary connection will be connected to the tail of the low-priority
queue of the selected channel after channel switching time t,. In order to
characterize the handoff delay from channel switching time t,, must be
regarded as a server with constant service time ¢;. Note that @ in the figure
represents that the traffic of the interrupted secondary connection is merged.
Furthermore, when the interrupted secondary connection transmits the re-
maining data on the target channel, it may be interrupted again. Hence, this
model can incorporate the effects of multiple interruptions in multi-channel

spectrum handoffs.

5.4 Analysis of Extended Data Delivery Time

Based on the proposed PRP M/G/1 queuing network model, we can eval-
uate many performance metrics of the secondary connections with various
target channel sequences. In this chapter, we focus on the analysis of the
extended data delivery time, which is an important performance measure for
the latency-sensitive traffic of the secondary connections.

A secondary connection may encounter many interruptions during its

transmission period. Without loss of generality, we consider a secondary
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Figure 5.2: The PRP M/G/1 queueing network model with three channels
where )\é,k), )\gk), and wq(f) are the arrival rates of the primary connections,
the secondary connections, and the type-n secondary connections (n > 1) at
channel k. Note that w(()k) = A" Furthermore, fzgk)(x) and fi(k)(@ are the

pdfs of X,(,k) and @Ek), respectively.
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connection whose default channel is channel 1 in the following discussions.
Let N be the total number of interruptions of this secondary connection.
Then, the average extended data delivery time of this secondary connection

can be expressed as

E[T] =) E[T|N =n|Pr(N =n) . (5.1)

n=1

First, we show how to derive the value of E[T|N = n| of (5.1). The
considered secondary connection can be divided into many segments due
to multiple interruptions as discussed in Fig. 5.1. Hence, the extended data
delivery time of this secondary connection consists of the original service time
and the cumulative delay resulting from multiple handoffs. Let D; be the
handoff delay of the considered secondary connection for the i** interruption.
When N = n, we have D; = 0if ¢ > n+1. Then, the conditional expectation
of the extended data delivery time of the considered secondary connection

given the event N = n can be derived as
E[T|N =n] =E[X""] + ) E[D)] . (5.2)
i=1

Next, we investigate how to derive the value of Pr(N = n) of (5.1).
For the considered secondary connection, denote sy, and s;, as its default
channel and its target channel at the " interruption, respectively. Thus,
we have sp, = 1 and this secondary connection’s target channel sequence
can be expressed as (81, S2.n, S3., - -+ ). Let pgsi’”) be the probability that the
considered secondary connection is interrupted again at channel s;, when
it has experienced ¢ interruption. Then, the probability that the considered
secondary connection is interrupted exactly n times can be expressed as

n—1

Pr(N =n) = (1 - pl») [[ o . (5.3)
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Finally, substituting (5.2) an (5.3) into (5.1) yields

BT = BXO] 4 (im}) 0 T . e

where the values of E[D;] and pgk) can be obtained from the Propositions 1

and 2, respectively.

Proposition 1.

(si,7)
EY,™"] y o Sic1y = S,
E[Dz] - (si.m) ! ! ’ (5'5)
E[Ws ' ] + ts ) 5@'71,7) 7£ Si,n
where r "
ElY®] — EX, ] _ E[Xp"] 56
[P]_ (k) (k) (k)7 (5.6)
L—pp L—=Xp E[Xp]
and
Q) (k)
A BI(X)] + 302, w Bl(@)7] + G RHC B ()
E[W(k)] — 1=y E[Xp]

2(1 — MV E[X] — 3wl E[ofF)

2

(5.7)

Proof. The handoff delay E[D;] depends on which channel is selected for
the target channel at the i interruption. For the secondary connection
with (i — 1) interruptions, its current operating channel is s;_1,. When it
is interrupted again, its new operating channel is s;,. When s;_1, = s;,,
it means that the considered secondary connection will stay on the current
channel. When s;_,, # si,, it represents that the considered secondary
connection will change its operating channel to another channel. Both cases
are discussed as follows.

(1) Staying case: When the considered secondary connection stays on

its current operating channel s;, = £, it cannot be resumed until all the

87



high-priority primary connections of channel k finish their transmissions.
Hence, the handoff delay is the busy period resulting from multiple primary
connections of channel & (denoted by Yp(k)) as discussed in Section 5.2.2.
That is, we can have E[D;] = E[Y},(k)].

The value of E[Y;,(k)] can be derived as follows. Denote I, as the idle period
resulting from the primary connections. This idle period is the duration
from the termination of the busy period to the arrival of the next primary
connection. Because of the memoryless property, the idle period follows the

exponential distribution with rate )\;S,k). Hence, we have

1
k
4

Next, according to the definition of the utilization factor at channel k, we
have
pP = APEXP] . (5.9)

Because pf,k) is also the busy probability resulting from the primary connec-

tions of channel k, we have

(k)
pl) = EJ[Y;) ] = 4 (5.10)
E[Y,"] + E[L")]

Then, substituting (5.8) and (5.9) into (5.10), we can obtain (5.6).

(2) Changing case: In this case, the considered secondary connection

will change to channel s;, = k’. After switching channel from channel & to
k', it must wait in the low-priority queue of channel &’ until all the traffic in
the high-priority and the present low-priority queues of channel &" are served
as discussed in Section 5.2.2. Denote W{*) as this waiting time for the

secondary connections at channel &2, Hence, we have E[D;] = E| SW)] +ts.

3A secondary connection needs to change its operating channel only when a primary

connection appears. Because the arrivals of the primary connections follow Poisson dis-
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The value of E[Ws(k/)] can be derived as follows. Let E[Q,(gkl)] be the
average number of the primary connections which are waiting in the high-
priority queue of channel k£ and E[ng/)} be the average number of the type-i
secondary connections which are waiting in the low-priority queue of channel
k'. Because the newly arriving secondary connections cannot be established
until all the secondary connections in the low-priority queue and the primary
connections in the high-priority queue have been served, the average waiting

time of channel &’ is expressed as

BV = BRI EIQE B 1Y B B LA EW Y [ |

= (5.11)
where E[ng/)] is the average residual effective service time of channel &'
That is, E[ng/)] is the remaining time to complete the service of the con-
nection being served at channel k’. This connection being served can be
the primary connection or the type-i secondary connection. Furthermore,
E[QVEXY)] and S, E[Q")E[®"] in (5.11) are the cumulative work-
load resulting from the primary connections and the secondary connections
in the present queues of channel £/, respectively. Moreover, the fourth term
()\;(;k/)E[Ws(k/)]E[X,(,k/)]) in (5.11) is the cumulative workload resulting from
the arrivals of the primary connections during W,

(%)

i

C. Next, we will derive E[ng,) ], E[Q,(,k/)], and E[ng,)] Firstly, according to

In (5.11), the closed-form expression for E[®;"’] is derived in Appendix

tribution, the arrivals of the interrupted secondary connections at channel k¥’ also follow
Poisson distribution. Applying the property of Poisson arrivals see time average (PASTA)
on the arrivals of the interrupted secondary connections at channel k¥’ [97], all of them
must spend time duration E[ng,)] on average to wait for an idle channel k’. This waiting

time is uncorrelated to the number of interruptions.
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the definition of residual time in [98], we have

/ 1 / / 1 > 14 1%
E[RI) = SAVEIXS) + 5 D wVE(@T) . (5.12)
i=0
where wl-(k/) is derived in Appendix B. Secondly, according to Little’s formula,

it follows that
E[Q] = \WEWH] (5.13)

where E[ngk/)] is the average waiting time of the primary connections at
channel £’. It is the duration from the time instant that a primary connection
enters the high-priority queue of channel £" until it gets a chance to transmit

at channel £’. Hence, it follows that
EW)] = E[R{"] + E[Q¥|E[X[)] (5.14)

where E[R,(,k/)] is the average residual service time resulting from only the
primary connections of channel k" and E[Q;k/)]E[X,(,k/)] is the total workload
of the primary connections in the present high-priority queue of channel &’
According to [98], we have E[R;()k/)] = %)\I(,kl)E[(XI(,k,))Z]. Then, solving (5.13)
and (5.14) simultaneously yields

/ ! k/
oy _ BB NVEGY)
EW,™] = () (k") (k)y (5.15)
1 —pp 2(1 =N E[Xp )
and (k") (k") (k") (k")
o WERE]  8)R(x) 1
@] = ) (k") GN (5.16)
1 —pp 2(1 =X "E[Xp 7))
Next, according to Little’s formula, we can obtain
E[Q"] = " EWM)] . (5.17)

Finally, substituting (5.12), (5.16), and (5.17) into (5.11), we can obtain
(5.7).
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Proposition 2.

NOERW] | k=
0 , k#Fsig

(k)

Proof. The value of p;”’ can be evaluated as follows. Because the considered

secondary connection will operate at channel s;, after i’ interruption, we

(k)

have p;”/ = 0 when k # s;,. Furthermore, for the case that k = s,,, we
consider the time interval [0,¢] at channel k. Total A¥¢ primary connec-
tions and wi(k) t type-i secondary connections arrive at channel k& during this
interval. Hence, there are total wgk)tpl(-k) type-i secondary connections will
be interrupted on average during this interval. Furthermore, applying the
property of Poisson arrivals see time average (PASTA) on the arrivals of the
primary connections [97], we can obtain the probability of a primary connec-
tion finding channel k£ being occupied by the type-i secondary connections
is pgk). Thus, during this interval, the total )\;E,k)tpgk) primary connections
can see a busy channel being occupied by the type-i secondary connections.
For each primary connection, it can interrupt only one secondary connection
when it arrives at a busy channel being occupied by the secondary connection
because only one secondary user can transmit at any instant of time. Thus,
the total number of the interrupted secondary connections at channel £ is
Fip® = A\Ptp™ . That is,
(k) Wz(k) (k)
Pi = Wpi : (5.19)

also )\ék)tpgk). Hence, we have w

Next, we consider a type-i secondary connection at channel k. Before the
(i + 1) interruption event occurs, its effective service time is E[@gk)]. Thus,

from queueing theory, we can have
AV = VB[R] . (5.20)
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Comparing (5.19) and (5.20), we can obtain (5.18). O

5.5 Applications to Performance Analysis in

IEEE 802.22

To demonstrate the usefulness of the developed analytical method, we ap-
ply these analytical results in Section 5.4 on two typical target channel se-
quences used in the IEEE 802.22 WRAN standard®*. Specifically, we consider
the always-staying and always-changing spectrum handoff sequences, which
are respectively introduced in the non-hopping mode and the phase-shifting
hopping mode of the IEEE 802.22 standard [70]. From the analytical results,

an adaptive target channel selection approach can be provided.

5.5.1 Derivation of Extended Data Delivery Time

For the always-staying sequence, a secondary connection always stays on its
default channel n when it is interrupted. That is, its target channel sequence
can be expressed as (Chn, Chn, Chn, ---) and thus s;,, = n for each 1.
Hence, we can have E[D;] = E[Y},(")] for each i in (5.4). Then, the average
extended data delivery time of the secondary connections for the always-

staying sequence can be expressed as follows:

E[Tia,) = E[X"] + fj (Z E[Y;m]) (1—p{") ﬁpS” SR

Next, we consider the always-changing sequence. In this case, the sec-

ondary connection sequentially changes its operating channel to the next

4In fact, the analytical results can help the secondary users find the best target channel
sequence to minimize its extended data delivery time by comparing the extended data

delivery time resulting from all possible target channel sequences.
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neighboring channel. Without loss of generality, its corresponding target
channel sequence can be expressed as (Chn + 1, Chn + 2, -+, ChM, Chl,
Ch2, ---, Chn, Chn + 1, - -+ ), where channel 7 is the default channel of the
secondary connection. That is, at the i interruption, the target channel of
the interrupted secondary connection is channel s; , = MOD(i+n, M) where
MOD(a,b) is the Modulus function and it returns the remainder resulting
when a is divided by b. Hence, we have E[D;] = E| S(S“’)] + t, for each i
in (5.4). Thus, the average extended data delivery time of the secondary

connections for the always-changing sequence can be expressed as follows:

n -
(Z(E[WS(SM)] + t5)> (1 4 pESn,n)) le('siw)
] =0

E[Tchange] = E[Xs(n)] + Z
n=1 =
(5.22)

Based on the analytical results, the secondary connection can adaptively
adopt the better target channel sequence to reduce its extended data delivery
time. Thus, the average extended data delivery time with this adaptive

channel selection principle (denoted by E[T*]) can be expressed as follows:

E([T"] = min (B[Tsay], E[Tehange]) - (5.23)

5.5.2 An Example for Homogeneous Traffic Loads

Now, we give an example to explain how to apply our analytical results to find
the better target channel sequence when traffic parameters are given. We con-
sider a special case that the primary and the secondary connections have the
same traffic parameters in a three-channel system (i.e., /\;1) = /\1(,2) = )\S’) =
Ap, A =\ = ), and E[X,(,l)] = E[X,(,Q)] = E[X,(,?’)] = E[X,]). Because
the three channels are identical, three channels have the same performance
metrics. Thus, the superscript (k) can be dropped to ease the notations.

Furthermore, we assume that the service time of the secondary connections
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follows the same exponential distribution, i.e., fﬁl)(x) = f@ (x) = fs(g)(x) =

fs(z) = pse#*. Hence, we have E[Xs(l)] = E[Xs(2)] = E[Xs(?’)] = E[X;] = “ls
Derivation of p” and E[Y,”] in (5.21)
First, according to Appendix C, we can derive E[@i")] as follows:
E[0!"] = E[®,] = L (5.24)
Ap + s
Then, the value of p§"> can be derived from (5.18) as follows:
P — AWE[BM) = 22— (5.25)
S
Next, referring to (5.6), it follows that
E[X))]
EY"™ =E[Y,) = —2— . 5.26
[ p ] [ p] I_APE[XP] ( )

Finally, substituting (5.25) and (5.26) into (5.21), we can obtain the closed-
form expression for the extended data delivery time with the always-staying

target channel sequence.

Derivation of E[IV*"] and p{"" in (5.22)

Referring to Appendixes B and C, we can have

(s1.1) Ao i
w, " =w; = Ag , 5.27
) (5.27
and
. 2
E[(®;"")") = B(®:)*) = 53— - (5.28)
(Ap + 1)
Next, substituting (5.24), (5.27), and (5.28) into (5.7), we can have
A EI(X.)2 20 E[X] (>\p)2E[(Xp)2]EX
] = B,] = o Y Gl LS B g

2(1 - APE[XP] - )\sE[Xs])
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Then, referring to (5.18), it follows that

Gin) = gy = 2 5.30
pz pl )\p—|—lus . ( . )

Finally, substituting (5.29) and (5.30) into (5.22), we can obtain the closed-
form expression for the extended data delivery time with the always-changing
target channel sequence. Note that this closed-form expression for p; in this
special case had been discussed in [71]. However, [71] cannot extend to the
case with the generally distributed service time.

In summary, the average extended data delivery time with our adaptive

target channel selection approach can be expressed as follows:

ETaa) . EY)

E[T"] =
E [Tchtmge] , E [Yp]

< E[W,] +t, (5.31)
>E t

(W] +ts
Note that the always-staying and the always-changing sequences have the

same extended data delivery time when E[Y,] = E[W,] + t,.

5.6 Numerical Results

We show numerical results to reveal the importance of the three key design
features for modeling spectrum handoffs as discussed in Section 5.1, which
consist of (1) generally distributed service time; (2) various operating chan-

nels; and (3) queueing behaviors of multiple secondary connections.

5.6.1 Simulation Setup

In order to validate the proposed analytical model, we perform simulations
in non-slot-based (continuous-time) cognitive radio systems, where the inter-
arrival time and service time can be the duration of non-integer time slots.

We consider a three-channel CR system with Poisson arrival processes of rates
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Ap and A, for the high-priority primary connections and the low-priority sec-
ondary connections, respectively. The high-priority connections can interrupt
the transmissions of the low-priority connections, and the connections with
the same priority follow the first-come-first-served (FCFS) scheduling disci-
pline®. Referring to the IEEE 802.22 standard, we adopt time slot duration

of 10 msec in our simulations [89].

5.6.2 Effects of Various Service Time Distributions for

Primary Connections

Firstly, we investigate the effects of various service time distributions for pri-
mary connections on the extended data delivery time of the secondary con-
nections. The truncated Pareto distribution and the exponential distribution
are considered in our simulations. Referring to [86], these two distributions
match the actual data and voice traffic measurements very well, respectively.

The truncated Pareto distribution is expressed as follows:

a% , K<x<m
fx@) =9 .. . (5.32)
e 5 r =1m

According to [99], the traffic shaping parameter « = 1.1 and the scale pa-
rameter K = 81.5, and the truncated upper bound m = 66666 bytes in
(5.32). Then, the average connection length is 480 bytes for the primary
connections. If the exponentially distributed primary connections are con-
sidered, the average connection length is also 480 bytes. Moreover, we as-

sume that E[X{"] = E[X?] = E[x!Y] = E[X,] = 10 (slots/arrival), and

°In fact, the analytical results of mean values obtained in this dissertation can be
applied to other scheduling discipline which is independent of the service time of the
primary and secondary connections because the averages of system performance metrics

will be invariant to the order of service in this case (see page 113 in [78]).
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E[Xlgl)] = E[XISQ)] = E[XxY] = E[X,]. When the data rate of the pri-

. . __ 480x8 bits . 10 msec __
mary connections is 19.2 Kbps, we have E[X,] = 55552 + =0« = 20

(slots/arrival) for the Pareto and the exponential distributions. Furthermore,
we consider that A\; = 0.01 (arrivals/slot). Recall that p, is the channel busy
probability resulting from the transmissions of the primary connections. We
only consider the case that 0 < p, < 1-A\;E[X;] = 0.9 in the following numer-
ical results. When p,+\;E[X ] > 1 (or equivalently A\, > % = 0.045 (ar-
rivals/slot)), the secondary connections will encounter the infinite extended
data delivery time on average.

Figure 5.3 compares the effects of Pareto and exponential service time
distributions for primary connections when the always-changing spectrum
handoff sequence is adopted. First, we find that the simulation results match
the analytical results quite well, which can validate the slot-based assump-
tion used in our analysis. Next, compared to the exponentially distributed
service time for primary connections, the Pareto distributed service time
results in longer average extended data delivery time in the secondary con-
nections. This phenomenon can be interpreted as follows. Because of the
heavy tail property of Pareto distribution, the second moment E[(X,)?] of
service time with Pareto distribution is larger than that with exponential
distribution. According to (5.29) and (5.22), an interrupted secondary con-
nection will encounter longer waiting time and extended data delivery time
when the primary connections’ service time distribution is Pareto. For ex-
ample, when p, = 0.44 or equivalently \, = % = 0.022 (arrivals/slot), the
average extended data delivery time with the Pareto-typed primary connec-
tion service time is four times longer than that with the exponential-typed

primary connection service time. Because the developed analytical frame-

work can characterize the effects of generally distributed service time, it is

97



quite useful.

When the always-staying spectrum handoff sequence is adopted, Fig. 5.4
shows the average extended data delivery time of the secondary connections.
According to (5.21), the extended data delivery time in this case is related to
the average busy period E[Y,] for the primary connections. Because the con-
sidered Pareto and exponential distributions have the same average service
time, these two distributions result in the same average busy period E[Y,] for
the primary connections according to (5.26), resulting in the same average

extended data delivery time as well.

5.6.3 Traffic-adaptive Target Channel Selection Prin-
ciple

Figure 5.5 compares the extended data delivery time of the always-staying
and the always-changing spectrum handoff sequences when the service time
of the primary connections is exponentially distributed. Based on (5.31),
the traffic-adaptive channel selection approach can appropriately change to
better target channel sequence according to traffic conditions. We can see
that both the always-staying and the always-changing sequences result in

the same extended data delivery time when p, = 0.44 or equivalently A\, =

E[p)?p] = 0.022 (arrivals/slot). When p, > 0.44, the interrupted user prefers
the always-staying sequence. This phenomenon can be interpreted as fol-
lows. A larger value of p, (or equivalently a larger value of A,) will in-
crease the probability that an interrupted secondary user experiences long
waiting time when it changes its operating channel. As a result, the av-
erage handoff delay for changing operating channel (i.e., E[W,] + t;) will

be extended. Then, the average extended data delivery time will be also

prolonged. In our case, the secondary user prefers staying on the current
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Figure 5.3: Effects of Pareto and exponential service time distributions for
primary connections on the extended data delivery time (E[Tipange]) of the
secondary connections when the always-changing spectrum handoff se-
quence is adopted, where t; = 1 (slot), Ay = 0.01 (arrivals/slot), E[X] = 10
(slots/arrival), and E[X,] = 20 (slots/arrival).
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Figure 5.4: Effects of Pareto and exponential service time distributions for
primary connections on the extended data delivery time (E[T,]) of the sec-
ondary connections when the always-staying spectrum handoff sequence
is adopted, where t; = 1 (slot), Ay = 0.01 (arrivals/slot), E[X;] = 10
(slots/arrival), and E[X,] = 20 (slots/arrival).
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Figure 5.5: Comparison of the extended data delivery time for the always-
staying and always-changing spectrum handoff sequences as well as the
traffic-adaptive channel selection approach, where t; = 1 (slot), Ay = 0.01
(arrivals/slot), E[X,] = 20 (slots/arrival), and E[X] = 10 (slots/arrival).

operating channel when p, > 0.44. By contrast, when p, < 0.44, the traffic-
adaptive channel selection approach can improve latency performance by
changing to the always-changing sequence. For example, when p, = 0.2,
the traffic-adaptive approach can improve the extended data delivery time
by 15% compared to the always-staying sequence. Compared to the single-
channel spectrum handoff model [16-18,26,45-49], the developed analytical
framework for multi-channel spectrum handoff is more general because it can

incorporate the effects of changing operating channels.
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Figure 5.6: Effects of secondary connections’ service time E[X;]| on the cross-
point for the traffic-adaptive channel selection approach, where t; = 1 (slot),

E[X,] = 20 (slots/arrival), and A\; = 0.01 (arrivals/slot).

Figure 5.6 shows the effect of secondary connections’ service time E[X{]
on the cross-point for traffic-adaptive channel selection approach. According
to (5.31), for a lager value of E[X,], the interrupted secondary connection
prefers staying on the current channel because the average handoff delay for
changing its operating channel is longer than that for staying on the current
channel. Thus, the cross-point of “always-staying” and “always-changing”
sequences moves toward left-hand side as E[X] increases as seen in the figure.

The analytical results developed in this chapter can be used to design the

admission control rule for the arriving secondary users subject to their latency
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requirement. Fig. 5.7 shows the admissible region for the normalized traffic
workloads (or channel utilities) (p,, ps)® for the Voice over IP (VoIP) services.
The maximum allowable average cumulative delay resulting from multiple
handoffs is 20 ms for the VoIP traffic [100]. Assume E[X,] = 20 (slots/arrival)
and E[X] = 10 (slots/arrival). The admission control policy can be designed
according to this figure. When p, < 0.166, a CR network can accept all
arrival requests from the secondary users until the CR network is saturated,
ie., pp + ps = 1. Furthermore, when 0.166 < p, < 0.312, a part of traffic
workloads of the secondary users must be rejected in order to satisfy the
delay constraint for the secondary users. In this case, 0.31 < p,+ps < 0.645.
For example, when p, = 0.25, a CR network can support at most 0.214
workload for the secondary users. That is, a CR network can accept at
most Ay = 0.0214 (arrivals/slot) based on the results shown in the figure
when A\, = 0.0125 (arrivals/slot). In order to design the most allowable
As to achieve this arrival rate upper bound for the secondary connections,
many arrival-rate control methods can be considered, such as the p-persistent
carrier sense multiple access (CSMA) protocol in [19] and the call admission
control mechanisms in [44,57,101]. Finally, when p, > 0.312, no secondary

user can be accepted.

5.6.4 Performance Comparison between Different Chan-

nel Selection Methods

Now we compare the extended data delivery time of the following three
schemes: (1) the slot-based target channel selection scheme; (2) the random-
based target channel selection scheme; and (3) the traffic-adaptive target

channel selection scheme. We consider a three-channel network with various

60, = ME[X,] and ps = A E[X,].
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traffic loads, where ) = AP = AP = A, Al = AP = AP = 0.01
(arrivals/slot), (E[X"], E[X}?],E[X¥]) = (5,15,25) (slots/arrival), and
(EXM],EXP),EXP]) = (15,15,15) (slots/arrival). For the slot-based
scheme, the secondary connections prefer selecting the channel which has
the lowest busy probability resulting from the primary connections in each
time slot. That is, when handoff procedures are initiated in the beginning of
each time slot, all the secondary connections will select channel 1 to be their
target channels. Furthermore, the random-based scheme selects one channel
out of all the three channels for the target channel. Hence, each channel
is selected with probability 1/3. Moreover, based on the considered traffic
parameters, the traffic-adaptive scheme will adopt the always-changing se-
quence and the always-staying sequence when A, < 0.018 (arrivals/slot) and
Ap > 0.018 (arrivals/slot), respectively. The three target channel selection
schemes result in various target channel sequences. Based on the proposed
analytical model, we can evaluate the average extended data delivery time
resulting from these target channel sequences.

Figure 5.8 compares the extended data delivery time of the three target
channel selection methods. We have the following three important obser-
vations. First, we consider A\, < 0.018 (arrivals/slot). Because the proba-
bility of changing operating channel is higher than that of staying on the
current operating channel for the interrupted secondary user in the random-
based scheme, we can find that the average extended data delivery time for
the random-based target channel selection scheme is similar to that for the
traffic-adaptive target channel selection scheme, which adopts the always-
changing sequence. Secondly, when A, > 0.018 (arrivals/slot), the traffic-
adaptive scheme can shorten the average extended data delivery time be-

cause it adopts the always-staying sequence. For a larger value of \,, the
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Figure 5.8: Comparison of average extended data delivery time for different

target channel selection sequences.

traffic-adaptive scheme can improve the extended data delivery time more
significantly. Thirdly, it is shown that the random-based and traffic-adaptive
schemes can result in shorter extended data delivery time compared to the
slot-based scheme. For example, when A\, = 0.018, the random-based and
traffic-adaptive schemes can improve the extended data delivery time by 35%
compared to the slot-based scheme. This is because the slot-based scheme

ignores the queueing behaviors of the secondary connections.
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Chapter 6

Optimal Proactive Spectrum

Handoff

Extended to the discussions of the proactive spectrum handoff in Chapter
5, we further investigate how to predetermine the optimal target channel
sequence for future handoffs. We incorporate two important features in the
design of spectrum handoff to ensure the quality of service (QoS) for the
secondary users. First, due to multiple interruptions from the primary users
in each secondary user’s connection, a series of spectrum handoffs are consid-
ered in our model. Secondly, we consider the impacts of the traffic statistics
of both the primary and secondary users on the handoff delay.

In this chapter, we formulate an optimization problem of finding a target
channel sequence for multiple handoffs with the objective of minimizing the
cumulative delay per connection for a newly arriving secondary user. We
will simultaneously consider two design features in spectrum handoffs: (1)
multiple spectrum handoffs and (2) various service time of the primary and
secondary users. The contributions of this chapter can be summarized in the

following:
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e We propose a dynamic-programming-based algorithm with time com-
plexity of O(LM?) to find an optimal target channel sequence with
minimum cumulative spectrum handoff delay, where L and M are the
length of the target channel sequence and the total number of candidate

channels for spectrum handoffs, respectively.

e Furthermore, a low-complexity greedy algorithm is proposed to find
the suboptimal solution with time complexity of O(M). We prove that
only six permutations of the target channel sequences are required to be

compared, and demonstrate that it can approach the optimal solution.

6.1 Problem Formulation

The extended data delivery time is an important QoS performance metric
for secondary users from a connection viewpoint. The extended data deliv-
ery time per connection consists of the service time of one connection and
the cumulative handoff delay resulting from multiple handoffs. Because the
cumulative handoff delay depends on which channels are selected when the
primary users’ interruptions occur, one of important issue for the secondary
users is to search the best target channel sequence.

We consider a CR network G with M independent channels, where the
target channel sequence for future spectrum handoffs is determined proac-
tively for each newly arriving secondary user. For a secondary user with
default channel s, 2 71, we denote its target channel sequence as s(n) =
(81,82, 83, --) where s;, is the target channel for spectrum handoff at the
i'" interruption. Next, we formulate a Cumulative Handoff Delay Mini-
mization Problem for multiple spectrum handoffs. Given a set of candidate

channels 2 = {1,2,..., M} and the required length L of the target channel
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sequence for L spectrum handoffs, we aim to determine a target channel se-
quence (denoted by s(n)”) to minimize the average cumulative handoff delay
E[D(s(n))] for a newly arriving secondary user’s connection. Formally, we

have

s(n)" = 3;(&233 E[D(s(n))] , (6.1)

where E[] is the expectation function. In the next section, the closed-form
expression for E[D(s(n))] will be derived given the arrival rates and service

time distributions of both primary and secondary users.

6.2 Cumulative Handoff Delay Analysis

In this section, we derive the closed-form expression for the average cumula-
tive handoff delay with different target channel sequence s(n) of the newly
arriving secondary user’s connection. To ease notation, we denote s for s(n)
in the rest of this chapter. Let N be the total number of interruptions in
the considered connection. According to the total probability principle, it

follows that

E[D(s)] = Y Pr{N =n}E[D(s)|N =n]
= Y |Pr{N=n} Y Bld(ss)l| . (62)

where d(s;_1, ;) is the handoff delay when the interrupted secondary users
change their operating channel from channel s; 1 to s;.

Firstly, we evaluate E[d(s;_1, s;)] in (6.2). When a primary user’s connec-
tion appears at the channel being occupied by the newly arriving secondary
user’s connection, an interruption event occurs. The spectrum handoff delay

depends on which channel is selected for the target channel. The interrupted
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secondary users can either stay on the current channel or change to another
channel. If the considered secondary user’s connection chooses to stay on its
current operating channel (i.e., s;_; = s;), the expected handoff delay is the
duration from the time instant that current operating channel is used by the
primary users’ connections until this channel becomes idle. This duration
is called the busy period (denoted by Y},,(Si)) resulting from the transmis-
sions of multiple primary users’ connections at channel s;_;. In the other
case, the considered secondary user’s connection may change its operating
channel (i.e., s;_1 # s;). After switching channel from channel s; ; to s;,
the considered secondary user’s connection cannot be resumed until all the
present primary and secondary users’ connections at channel s; are served.
Let E[W{*"] be the waiting time! for the secondary users’ connections at
channel s;. Then, the expected handoff delay is the sum of E[WS,(Si)] and the

channel switching time t,. Thus,

E[Yp(si)] y  Si—1 = 8§

A (6.3)
E[Ws(sl)] +ts , Si1F S

Next, we evaluate Pr{N = n} in (6.2). Denote p,gsi) as the probability
that a secondary user’s connection is interrupted by the arrival of primary
user’s connection again at channel s; after ¢ interruptions. Then, the proba-

bility that the considered secondary user’s connection is interrupted exactly

'A secondary user’s connection needs to change its operating channel only when a
primary user’s connection appears. Because the arrivals of the primary users’ connections
follow Poisson distribution, the arrivals of the interrupted secondary users’ connections at
channel s; also follow Poisson distribution. Applying the property of Poisson arrivals see
time average (PASTA) on the arrivals of the interrupted secondary users’ connections at
channel s; [97], all of them must spend time duration E[Wg(s)] on average to wait for an

idle channel s;. This waiting time is uncorrelated to the number of interruptions.
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n times can be expressed as

n—1
Pr{N =n} = (1—p{) [ . (6.4)
=0

Now, we apply the proposed preemptive resume priority (PRP) M/G/1
queueing network model in Chapters 3 and 4 [102] to derive the closed-form
expressions for E[d(s;_1, s;)] and Pr{N = n}. Let A (arrivals/slot) and A
(arrivals/slot) be the initial arrival rates of the primary users’ and secondary
users’ connections at channel 7 in G, respectively, and XZ()”) (slots/arrival)
and X" (slots/arrival) be their corresponding service time, respectively.
Furthermore, we assume that the existing secondary users’ connections in G
must stay on the current operating channel when they are interrupted. Then,
referring to [79], a newly arriving secondary user’s connection will experience
the following performance measures:

E[X;")

E[Y*)] =
- NG

p

, (6.5)

(W] = MR+ ARG (6.6)
T = NVEGT) - AVERGY] - AR

and

= AVER) (6.7)

where E[@Ek)] is the considered newly arriving secondary connection’s trans-
mission duration between the i'® and the (i + 1) interruptions at channel
k. When the service time (denoted by x;) of the considered newly arriving
secondary connection is given, we can derive the closed-form expression for
E[@Ek)] according to [103] and thus pgsi) can be evaluated. For example, when
Xs is geometrically distributed, we can have
) MUEN]

T v (6.8)
B + 1
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Note that the distributions of service time y, for the newly arriving secondary
user’s connection and X" for the existing secondary users’ connections can
be different in our model. Finally, we can obtain the values of E[d(s; 1, s;)]
and Pr{N = n} by substituting (6.5) and (6.6) into (6.3) and (6.7) into
(6.4), respectively.

The Cumulative Handoff Delay Minimization Problem can be
solved by exhaustively searching all the possible target channel sequences.
Because this brute force must enumerate all M* possible permutations of
the target channel sequences and compute how long each permutation will
take to find a target channel sequence with the minimum cumulative handoff
delay, the exhaustive search method has the time complexity of O(M*) and it
is infeasible when M is large. Hence, it is critical to design a low-complexity

algorithm to solve this optimization problem.

6.3 An Optimal Dynamical Programming Al-
gorithm

In this section, we propose a low-complexity algorithm to solve the Cumu-
lative Handoff Delay Minimization Problem. First, we develop a state
diagram to characterize the evolution of target channel sequences and their
corresponding cumulative handoff delay. We observe that the considered op-
timization problem has the optimal substructure property, and thus propose
a dynamic programming algorithm for the Cumulative Handoff Delay

Minimization Problem with a time complexity of O(LM?).
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Stage 0 Stage 1 Stage 2 Stage 3 Stage 4

Figure 6.1: An example of state diagram of the target channel sequences for a
newly arriving secondary user, where the default channel n = 1, the number
of total channels M = 3, and the required length of the target channel
sequence L = 4. Furthermore, (k,) stands for the state of operating at the

channel k with the ¥ interruption.

6.3.1 State Diagram for Target Channel Sequences

The proposed state diagram is a two-dimensional chain where state (k,7)
represents that channel & is selected for the target channel at the i** inter-
ruption. Because the default channel is channel 7, the initial state of this
state diagram model is (n,0). Furthermore, the set of all possible states for
the i"" interruption is called stage i. The state transitions occur only at the
states between the adjacent stages. Specifically, a transition link from (k,1)
to (k',d") exists if / =i + 1, and vice versa. An example of state diagram is
shown in Fig. 6.1, where n =1, M =3, and L = 4.

The cost of state transition shall be proportional to the handoff delay
of the interrupted secondary user’s connection. For example, the transition
from states (k,i — 1) to (k,7) represents the situation that the considered

secondary user’s connection stays on the current channel k& when the "
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interruption event occurs. Hence, in this case, the transition cost shall be
proportional to E[d(k, k)] = E[Y},(k)]. Furthermore, the transition from states
(k,i—1) to (K, 1) represents the situation that the considered secondary user’s
connection changes its operating channel from channel k to &’ when the 3**
interruption event occurs. Hence, the transition cost shall be proportional to
E[d(k, k)] = E[Ws(k,)] + ts. Let w(k;k',4) be the transition cost from state
(k,i—1) to state (k’,4). Because transition cost is proportional to the handoff

delay of the interrupted secondary user’s connections, it follows that
w(k; K1) = v; - Bld(k, k)] (6.9)
where v; is a normalized factor. It can be obtained by Propositions 3.

Proposition 3. For the considered secondary user’s connections, given the
)

total number of interruptions N and the interrupted probability pz(»si at chan-
nel s; after v interruptions. It follows that
n=1
v =Pr{N >n} = le(sz-) . (6.10)

=0

Proof. Recall that E[D(®)] is defined as the average cumulative handoff delay
of the considered newly arriving secondary user’s connection with the target
channel sequence s. E[D(S)] can be also interpreted as the cumulative cost
for the state transition path (sg — sy — s9 — s3 — -+ — sp). Hence, it

follows that

Mh

E[D(s)] = w(Si—1; Si, 1)

1

<.
Il

I
-M“

[Eld(s;_1,si) - vi]] - (6.11)

=1
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Furthermore, from (6.2), we can have

E[D(s)] = Z [Bld(si-1,s:)] - Pr{N > n}]
_ Z E[d(s;i_1, s;)] - 1:[ e (6.12)
Comparing (6.11) and (6.12), we can obtain (6.10). O

6.3.2 Optimal Substructure Property

Next, we show that this optimization problem has the optimal substructure
property based on the proposed state diagram. Let m(k’,7) be the cumulative
cost of the minimum cost path from the initial state (n,0) to the state (', %)

where ¢ > 1. Then, we have the following recursive relationship:
m(k' i+ 1) = Iknlél{m(k?,l) +w(k; K i+ 1)}, (6.13)
€
where

m(k',1) = w(n k1)
 ERTRY , K =n (6.14)
EWE 1)l | K £y

Based on this optimal substructure, we can build an optimal solution to the
considered optimization problem from the optimal solutions to the subprob-
lems. Then, the shortest cumulative handoff delay (denoted by m*) can be
obtained as follows:

m* = minm(k', L) . (6.15)

k'eQ)
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6.3.3 Dynamic-Programming-Based Target Channel Se-
lection Algorithm

Based on the optimal substructure, we propose a dynamic programming
algorithm with time complexity of O(LM?) to search the minimum cost
path in the state diagram to minimize the cumulative handoff delay of the

considered secondary user’s connection. The detail is shown in Algorithm 1.

Algorithm 1: Dynamic Programming Algorithm
Input: M,L, n, and w

Output: m(k', L)

for ¥ =1 : M do
| om(K, 1) = win K, 1) ;

end
for: =2 : L do
for k¥ =1 : M do

m(k' i) = o0 ;

for k =1 : M do

m/ (K1) =m(k,i — 1) +w(k; ki) ;
if m(k',i) > m/(K',4) then

| m(K i) =m/(K,4) ;

end

end

end

end

Our ultimate goal is to find an optimal target channel sequence to mini-
mize the average cumulative handoff delay (or equivalently to find a minimum
cost path). To this end, when evaluating the cumulative cost m(k, ), we must

keep track of how to construct an optimal solution to find the corresponding
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minimum cost path.

6.4 A Suboptimal Low-Complexity Greedy Al-
gorithm

In the section we present a suboptimal greedy algorithm to further reduce the
time complexity of solving the Cumulative Handoff Delay Minimization
Problem. Based on the suggested greedy target channel selection strategy,

the proposed greedy algorithm has time complexity of O(M).

6.4.1 Greedy Target Channel Selection Strategy

In each spectrum handoff, the greedy target channel selection strategy is sug-
gested to select the channel with the shortest expected handoff delay. Some
permutations of the target channel sequences will never occur when this
shortest-handoff-delay strategy is adopted. Here, we give such an example.
Consider a secondary user’s connection whose default channel is channel 1
(Chl). In a two-channel system, it can select either channel 1 or channel
2 (Ch2) for its target channel when an interruption event occurs. Now, we
assume that the average busy period of C'hl (denoted by E[Yp(l)]) is shorter
than the sum of channel switching time (denoted by ts) and the average
waiting time of C'h2 (denoted by E[WS(Q)]) Hence, when the first inter-
ruption occurs and the greedy target channel selection strategy is adopted,
the secondary user selects C'hl as its target channel for spectrum handoff.
The similar argument can be held again for all the upcoming interruptions.
That is, the target channel sequence will be (Ch1,Chl,Chl,Ch1,Chl,---).

In this case, some permutations of the target channel sequences, such as
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0 0 o """ (C2)+(C5)+(C6)
@ @ 0 @ ----- (C2)+(C5)+(CT)
@ 0 @ 0 ----- (C2)+(C5)+(C8)

Figure 6.2: Six kinds of candidate sequences for the Cumulative Hand-

Default
Channel

off Delay Minimization Problem when the greedy shortest-handoff-delay

target channel selection strategy is adopted.

(Chl,Ch2,Ch2,Ch2,Ch2,---)or (Chl,Ch2,Chl,Chl,Chl1,---), will never
occur. In Theorem 4, we prove that only six permutations of the target chan-
nel sequences are required to be compared when the greedy shortest-handoft-

delay target channel selection strategy is employed.

Theorem 4. The shortest-handoff-delay target channel selection strategy
only requires to compare six permutations of the target channel sequences,

as shown in Fig. 6.2.

Proof. Consider a secondary user’s connection whose default channel is «
(o € Q). If the strategy is to select a channel with the shortest handoff de-
lay when an interruption event occurs, the secondary user will compare the

expected handoff delay of staying on the same channel and that of changing
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to a new channel. Now, we discuss what conditions will cause target chan-
nel sequences not to be considered by the greedy target channel selection
strategy.

(1) At the first interruption: The secondary user can select channel

« or channel k (k € Q/{a}) for the target channel. If staying on channel «,
the expected delay for the non-hopping spectrum handoff equals the average
busy period of the primary users’ connections at channel « (denoted by
E[Y;)(a)]). If changing its operating channel to channel k, the secondary user
will experience the delay of the hopping spectrum handoff, which is equal
to the sum of the channel switching time (denoted by t;) and the average
waiting time on channel &k (denoted by E[Ws(k)]) On the one hand, if the
following condition (C1) is satisfied,

1) EV@] < i (k)
(C1) : E[Y, ]_ngg;/r%a}{E[Ws J+ts}

channel « is the first element in the target channel sequence. This implies
that the interrupted secondary user must wait until all the primary users’
connections leave channel a. When the traffic statistics of all channels are
stationary, the interrupted secondary user will always stay on channel a
because (C1) always can be satisfied for all the upcoming interruptions.
That is, the target channel sequence becomes («, o, a, o, v, @, - - - ), as shown
in Fig. 6.2. On the other hand, if the condition

B = arg minE[W*)]
(CZ) : VkeQ/{a}

EW?] + ¢, < B[V,

is satisfied, the first element in the target channel sequence is channel (.
Clearly, (C2) is not sufficient to determine the remaining elements in the

target channel sequence.
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(2) At the second interruption: When (C2) is satisfied, the secondary

user will encounter one of the following three conditions at the second inter-
ruption. Denote E[Y,”], B y)]—I—tS, and E[WS(O‘)]—I—tS as the average handoff
delay for staying on channel 3, that for changing to channel v (v # a and

3), and that for switching back to channel «, respectively.

e First, we consider the case

EYOl < m (®)
(C3) - E[Y,] < w{g{l}l}%ﬁ}{E[Ws | +ts} .

Similar to (C1), the interrupted secondary user prefers staying on chan-
nel § when (C3) is satisfied. Thus, (C2) and (C3) lead to the target
channel sequence (3, 3,3, -).

e Next, we consider the condition

C4) : E[W ] + ¢, < mi i EW® + ¢t} B[V .
(C4) : E[W ] + mm{mgl/l{gﬂ}{ (WP +t.}, E[Y,”]}

When (C4) is satisfied, the interrupted secondary user will switch back
to channel a. After that, the third interruption event may occur. If
so, this interrupted secondary user will switch back to channel 3 due

to (C2). Hence, (C2) and (C4) yields the target channel sequence
(ﬁ?a>ﬂ>&75aa7"')'

e When (C3) and (C4) are not satisfied, it implies that there exists
channel v (v # «) such that

v = argmin E[W®)]
VEEQ/ {0}

(C5): E[WS(’Y)] +t, < E[Y;;(m]
EW] < B
Then, the second element in the target channel sequence is channel

7. Since (C2) and (C5) are not sufficient to determine the remaining
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elements in the target channel sequence, the third interruption event

will be considered.

(3) At the third interruption: In this case, we need to compare the

expected handoff delay of staying on channel v and that of switching back to
channels o and 8, i.c., E[Y,"], E[W{"] + t,, and E[W{V] + t,, respectively.
Given (C2) and (C5), three different situations exist.

e First of all, if the condition

-REIYO < : EWw®)
(C6) : B < min {BWY]+1.}

is satisfied, the interrupted secondary user prefers staying on channel ~.
Hence, (C2), (C5), and (C6) result in the the target channel sequence

(677a’77’77"'>'

e Furthermore, if the condition

C7) : E[W ] + ¢, < mi i EW®] + ¢}, E[Y()
(C7) : E[W¥] + mm{mgl/lgm}{ (WP +t.}, E[Y,"]}

is satisfied, the interrupted secondary user switches back to channel a.
Then, (C2) and (C5) will make this secondary user switches to channel
# and channel v at the fourth and fifth interruptions, respectively.
Thus, when (C2), (C5) and (C7) are satisfied, the target channel

sequence becomes (3,7, a, 3,7, a, 3,7, a, -+ ).

e Similarly, when

C8) : EW®] + ¢, < mi i EW®] + ¢}, B[y
(C8) : E[W,”] + mm{Vkerg/lgw{ WP+ ts}, E[Y, "]}

is satisfied, one can show that the target channel sequence is (3, v, 3,7, 3,7, - -
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Now, we will prove that it is not necessary to consider other channels
except for channels «, , and v when the third interruption event occurs.

Assume that there exists channel ¢ = argmin E[W®)] such that
VkeQ/{a,8,7}

Then, it follows that

EW® +t, <EWW] +t,, Vk#E7y. (6.16)
However, from (C2), we know that

EWP] +t, <EW®] +t,, Vk#a,p . (6.17)

Since (6.16) yields E[W.] < E[W?], but (6.17) yields E[W{)] < W),
it leads to a contradiction and proves that no other channels need to be
considered further.

From the above discussions, (C1)-(C8) have considered all the condi-
tions between E[W "] and E[Y;¥]. Hence, we can conclude that the greedy
shortest-handoff-delay target channel selection strategy results in only six
permutations of the target channel sequences that are needed to be further
compared in the Cumulative Handoff Delay Minimization Problem,

are shown in Fig. 6.2. [

Based on Theorem 4, the transmitter and receiver need to consider only
three channels for spectrum handoff as long as the greedy shortest-handoft-
delay target channel selection strategy is considered. Thus, it relieves channel
consensus issue in CR networks. Theorem 4 can be extended to other greedy
strategies for the target channel selection based on various criteria, such as

the longest expected remaining idle period.
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6.4.2 Greedy Target Channel Selection Algorithm

The shortest-handoff-delay strategy is adopted to select the target channel
in the proposed greedy algorithm, as shown in Algorithm 2. Hence, this
Algorithm 2 has time complexity of O(M).

Algorithm 2: Suboptimal Greedy Algorithm
Input: M,L, n, E[Ws(k)], and E[Y}(k)]
Output: m(k', L)

forj=1:8do
Checking whether the condition (Cj) can be satisfied by comparing

the values of E[Ws(k)] and E[Yp(k)] for any k, where 1 < k < M.

end

According to Fig. 6.2, determining the target channel sequence.

6.5 Numerical Results

In this section, by applying the proposed analytical models to the environ-
ments with various statistics of service time distributions for both primary
and secondary users, we show the cumulative spectrum handoff delay perfor-
mance for the proposed target channel sequence design approaches subject
to the effects of multiple handoffs. Five target channel selection schemes
are compared, which consist of (1) the random selection strategy; (2) the
throughput-orientated strategy; (3) the greedy shortest-handoff-delay target
channel selection strategy; (4) the dynamic programming (DP)-based solu-
tion; and (5) the exhaustive search (ES)-based solution. For the random se-
lection strategy, the secondary user randomly selects one channel for its target

channel when an interruption event occurs. Furthermore, the throughput-
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orientated strategy selects the channel that is accessed by the primary users
with the lowest probability. Moreover, the suggested greedy strategy selects
the channel with the shortest handoff delay for its target channel.

6.5.1 Effects of Traffic Statistics for Arriving Secondary

User’s Service Time

Firstly, we investigate the effects of the newly arriving secondary user’s aver-
age service time (E[y;]) on its cumulative handoff delay. Figure 6.3 compares
the cumulative handoff delay of the five considered target channel selection
schemes in a four-channel CR network with )\;(,k) = 0.02 and A" = 0.01 for

1 <k < 4. We have the following observations:

e When the average service time E[y;] increases, a secondary user expe-
riences more interruptions on average and thus the cumulative handoff

delay increases as shown in the figure.

e The dynamic programming approach yields almost the same result as

the exhaustive search approach.

e Compared to the random strategy, the greedy strategy and the optimal
solution can significantly reduce the cumulative handoff delay because
it takes a priori traffic statistics into account when determining the
target channel for spectrum handoff. For example, the greedy strategy
and the optimal solution can reduce the cumulative handoff delay by
over 20% and 58% compared to the random strategy when E[x | = 20
in Figs. 6.3(a) and 6.3(b), respectively.

e Figure 6.3(a) shows that the cumulative handoff delay of the low-

complexity greedy target channel selection strategy is the same as the
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optimal solution when the primary user service time has similar distri-
butions in different channels, where (E[Xlgl)], E[Xp], E[X;,()g’)], E[X1g4)])

— (14,15,15,15), and (E[X{"], EXP), EIXP), B[XY]) = (10,12, 14, 16).
However, if the primary user’s service time distributions of each channel
are different, the cumulative handoff delay resulting from the suggested
greedy strategy is slightly larger than the optimal solution. For ex-
ample, when (E[X\"], E[X\?], E[XP), E[X Y]) = (10,15,20,25) and
ExV], EXP,EXP), E[XY) = (10,10,10, 10), Fig. 6.3(b) shows
that the cumulative handoff delay of the greedy strategy is 9% higher
than that of the optimal solution at E[x,] = 20 .

e When the arrival rates and service time of the secondary users’ con-
nections are the same at all the four channels as shown in Fig. 6.3(b),
the throughput-orientated strategy and the suggested greedy strategy
result in the same cumulative handoff delay. However, when the sec-
ondary users’ connections have different traffic statistics as shown in
Fig. 6.3(a), it is shown that at E[y;] = 20 the greedy strategy improves
the cumulative handoff delay of the throughput-orientated strategy by
46%. This is because the suggested greedy strategy takes into account
of the traffic statistics of both the primary and secondary users when

determining the target channel.

6.5.2 Effects of Traffic Statistics of Existing Secondary

Users’ Connections

Figure 6.4 shows how the existing secondary connections’ traffic statistics,
including the average service time E[X;| and the arrival rate A, affect the

cumulative handoff delay of the newly arriving secondary user’s connection.
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Figure 6.3: Effects of the newly arriving secondary user’s average service
time E[x,] on the cumulative handoff delay for A% = 0.02 and A%¥ = 0.01

when 1 < k < 4.
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Assume that the service time y, of the newly arriving secondary user’s con-
nection is geometrically distributed with E[y,] = 10, and the primary users

have the similar traffic parameters in different channels. From Fig. 6.4(a)

where E[Xs(k)] = E[X{] for 1 <k <4, we observe the following:

e In the range of small E[X|] (e.g., E[X,] < 15), the cumulative handoff
delay increases as E[X;] increases for the random selection strategy,

the greedy strategy, and the optimal solution.

e In the range of large E[X;] (e.g., E[X,] > 15), the secondary user will
experience long waiting time when it changes its operating channel ac-
cording to (6.6). Hence, the greedy strategy and the optimal solution
prefer staying on the current operating channel when interruptions oc-
cur to reduce handoff delay. In this case, their average handoff delay
for each handoff is a constant E[Y,]. Thus, the average cumulative
handoff delay is also a constant. However, the random strategy still
selects to change channel for spectrum handoff sometimes. Hence, the
cumulative handoff delay of the random strategy still increases as E[X]

mcreases.

e Because the throughput-orientated strategy always selects channel 1
for the target channel, the corresponding average handoff delay is a
constant E[Y,]. Hence, the throughput-orientated strategy results in

the same average cumulative handoff delay for various E[X].

Note that the similar observations can be also found in Fig. 6.4(b), where
/\gk) = )X for 1 < k < 4. When A\, > 0.02, the interrupted secondary users
will always stay on the current operating channel for the greedy strategy and

the optimal solution.
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(a) Effect of the average service time E[X;] on the cumulative handoff delay E[D],
where (A, A2 AP AM) = (0.01,0.015,0.02, 0.025).
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Figure 6.4: Effect of the average service time E[X;] and the arrival rate
As of the secondary users’ connections on the cumulative handoff delay of
the newly arriving secondary user’s connection for ()\](,1),)\1(02),)\;3),/\1(04)) =

(0.019,0.02,0.02,0.02) and E[X"] = 15 when 1 < k < 4.
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6.5.3 Effects of Traffic Statistics of Existing Primary

Users’ Connections

Figure 6.5 shows the effects of the average service time E[X,] and the arrival
rate A\, of the primary users’ connections on the cumulative handoft delay
of the newly arriving secondary user’s connection. We consider that )\gk) =
As and E[ng)] = E[X{] for 1 < k < 4 as well as the service time x; is
geometrically distributed and E[ys] = 10. In Fig. 6.5(a), we assume that
E[ngk)] = E[X,] for 1 <k < 4. We can find the following:

e For all methods, the cumulative handoff delay increases as E[X,] in-

creases because a larger value of E[X,] results in heavier traffic load.

e For the throughput-orientated strategy, the greedy strategy, and the
optimal solution, their cumulative handoff delay at various E[X,] will
ultimately converge to the same value as shown in the region of E[X},] >
13 in Fig. 6.5(a). In the region, the handoff delay is only related to
the busy period E[Y,] and uncorrelated to the value of E[X] because
the interrupted secondary users always stay on the current operating

channel when E[X] > 13.

Note that we can have the similar conclusions in Fig. 6.5(b), where AP = Ap

for 1 < k < 4.
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Chapter 7

Reactive Spectrum Handoff

As discussed in Chapter 5, spectrum handoff mechanisms can be categorized
as either the proactive spectrum handoff or the reactive spectrum handoff
schemes. In this chapter, we focus on the modeling technique and perfor-
mance analysis for the reactive spectrum handoff scheme. Compared to the
proactive spectrum handoff scheme that the preselected target channel may
no longer be available at the instant that spectrum handoff procedures are ini-
tiated, the reactive spectrum handoff may have shorter handoff delay because
it can reliably find an idle channel through spectrum sensing. Nevertheless,
the reactive spectrum handoff scheme needs the sensing time to search the
idle channels. In addition, it also needs the handshaking time to achieve a
consensus on the target channel between the transmitter and receiver of a
secondary connection. Hence, one important issue for the reactive spectrum
handoff scheme is to characterize the effects of the sensing time and the hand-
shaking time on the handoff delay. Obviously, when the sensing time and the
handshaking time is too large, the reactive spectrum handoff is worse than
the proactive spectrum handoff in terms of the extended data delivery time.

The goal of this chapter is to investigate the effects of spectrum handoffs
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on the channel utilization and the extended data delivery time of the sec-
ondary users’ connections with various traffic arrival rates and service time
distributions. We consider the three key design features for spectrum han-
odff, consisting of (1) heterogeneous arrival rates of the primary users at
different channels, where various channels have different traffic arrival rates
of the primary users because these channels may belong to different primary
system operators; (2) various arrival rates of the secondary users at different
channels, where the arrival rates can be determined by the initial operating
channel selection mechanisms [79]; and (3) handoff processing time, result-
ing from the sensing time, the handshaking time, and the channel switching
time. How to model the channel utilization at each channel and the extended
data delivery time in the context of multiple handoffs is challenging since the
operating channels for multiple handoffs are selected according to the chan-
nel occupancy states at the moments of link transitions. To the best of our
knowledge, an analytical model for characterizing all the three features for
multiple handoffs has rarely been seen in the literature. The contributions

of this chapter are summarized in the following:

e First, The preemptive resume priority (PRP) M/G/1 queueing network
model is proposed to characterize the channel usage behaviors of CR
networks. Based on this queueing model, we can evaluate the channel
utilizations of different channels under various traffic arrival rates and

service time distributions.

e Next, a state diagram is developed to characterize the effect of multiple
handoff delay on the extended data delivery time of the secondary con-
nections. Then, we can evaluate how long the extended data delivery

time is prolonged due to multiple spectrum hanodffs.
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7.1 System Model

7.1.1 Assumptions

In this chapter, we consider the spectrum handoff protocol presented in [95].
When the spectrum handoff procedures are initiated, the secondary users
must spend 7 slots on spectrum sensing to find the idle channels. Note that
if more than one channel is assessed as idle, the interrupted secondary user
will randomly select one idle channel from all idle channels to be its target
channel for spectrum handoff. Here, we assume that this random selection
follows the uniform distribution. Furthermore, the interrupted secondary
user will stay on the current operating channel if all channels are busy. Next,
the handshaking time of ¢ slots is spent in order to achieve a consensus on
the target channel between the transmitter and the receiver of a secondary
connection. Hence, when a secondary user changes its operating channel to
another channel, the total processing time for executing spectrum handoff
procedures is §. = T -+ t;, + t, where t, (slots) is the channel switching time.
On the other hand, if the secondary user stays on the current operating

channel, the total processing time is 0, = 7 + t,.

7.1.2 Illustrative Example of Reactive Multiple Hand-

offs with Multiple Interruptions

A secondary user’s connection may experience multiple interruption requests
from the primary users during its transmission period. Because these inter-
ruptions result in multiple handoffs, a series of target channels is selected
by spectrum sensing, called the target channel sequence in this dissertation.

Fig. 7.1 shows an example that three spectrum handoffs occur during the
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transmission period of the secondary connection SC,4, where SC4’s initial
(default) channel is Ch3. We assume that the transmitter of SC4 wants to
establish a connection flow with 30 slots to the corresponding receiver. Its
extended data delivery time is denoted by T'. Furthermore, D; is the handoff
delay of the " interruption. Here, the handoff delay is defined as the dura-
tion from the instant that transmission is interrupted until the instant that
the unfinished transmission is resumed. Then, the transmission process with

multiple handoffs is described as follows:

1. In the beginning, SC4 is established at its default channel Ch3. When
an interruption event occurs, SC 4 performs spectrum sensing to search

the idle channel for spectrum handoff.

2. At the first interruption, SC4 changes its operating channel to the idle
channel Ch2 from Ch3. Thus, the handoff delay Dy is ..

3. At the second interruption, SC 4 stays on its current operating channel
Ch2 because all channels are busy. SC4 cannot be resumed until all the
high-priority primary connections at Ch2 finish their transmissions. In
this case, the handoff delay Ds is the sum of §, and the duration from
the time instant that Ch2 is used by the primary users’ connections
until the time instant that the high-priority queue becomes empty. This
duration (denoted by Y}J(Q)) is called the busy period resulting from the

transmissions of multiple primary users’ connections at Ch2.

4. At the third interruption, SC4 finds both Chl and Ch3 are idle. Then,
SC4 randomly selects one channel to be the target channel. In this
example, SC4 selects Chl to be its target channel. Note that the

handoff delay D3 in this case is 9.
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Extended Data Delivery Time (T)
/ﬁ Arrival of Primary User ==p Spectrum Handoff

Figure 7.1: An example of transmission process for the secondary connection
SC 4, where T is the extended data delivery time of SC 4 and D; is the handoff
delay of the " interruption. The gray areas indicate that the channels are
occupied by the existing primary connections (PCs) or secondary connections
(SCs). Because SC,4 is interrupted three times in total, the overall data

connection is divided into four segments. Note that D; = 6., Dy = d,, and

D3 = ..
5. Finally, SC,4 is completed on Ch3.

Hence, SC4’s target channel sequence is (Ch2, Ch2, Chl) in this example.

7.2 Analytical Model

We use the PRP M/G/1 queueing network model proposed in Chapter 3

to characterize the channel usage behaviors of a CR network. Let XS(”)

(slots/arrival) be the service time of the secondary connections whose de-

fault channels are channel n and let fs(n)(x) be the probability density func-
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tion (pdf) of X" Figure 7.2 shows an example of the PRP M/G/1 queue-
ing network model with three channels. The traffic flows of the primary
connections and the secondary connections are directly connected to the
high-priority queue and the low-priority queue, respectively. A secondary
connection will be interrupted when the primary connection appears. The
interrupted secondary connection can decide its target channel for spectrum
handoff according to the instantaneous spectrum sensing outcomes. Note
that the required time for spectrum sensing is modeled in . It can be
regarded as a tapped delay line or a server with constant service time, which
equals to the handoff processing time. In the proposed queueing network,
the interrupted secondary connection can either stay on its current chan-
nel or change to another channel through different feedback paths. If the
interrupted secondary connection chooses to stay on its current operating
channel, its remaining data will be connected to the head of the low-priority
queue of its current operating channel. On the other hand, if the decision
is to change its operating channel, the remaining data of the interrupted
secondary connection can be connected to the empty low-priority queue of
the selected channel. In the figure, & represents that the traffic of the inter-
rupted secondary connection is merged. Furthermore, when the interrupted
secondary connection transmits the remaining data on the target channel, it
may be interrupted again. Hence, this model can incorporate the effects of

multiple interruptions.

7.2.1 Notations

Now, we define some notations as follows. We call the secondary connection
that has experienced ¢ interruptions, where ¢ > 0, the type-i secondary con-

nection. Firstly, we consider the type-i secondary connections whose default
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Figure 7.2: The PRP M/G/1 queueing network model with three channels
where )\é,k), )\gk), and wq(f) are the arrival rates of the primary connections,
the secondary connections, and the type-n secondary connections (n > 1) at
channel k. Note that A = wék). Furthermore, fzgk)(x) and fi(k)(@ are the
X

probability density functions (pdfs) of and @gk), respectively.
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channels are the channel 1. Two more important system parameters w®

iy and

(I>Z(kn) are defined as follows:

o wyj]) is the arrival rate of the considered Secondary connections at chan-
nel k. Note that w ") — A", How to derive w from the four traffic

parameters is discussed in Section 7.3.

o @S’;) is the effective service time of the considered secondary connections
at channel k. That is, CDEI‘;Z) is the considered secondary connection’s
transmission duration between the i** and the (i + 1) interruptions at
channel k. In Section 7.3, we will discuss how to derive E[<I> ] from

the four traffic parameters.

Next, let w and <I>( be the arrival rate and the effective service time of

the type-i secondary connections at channel k, respectively. We can have

Zwm : (7.1)

and
M\ v,
E[0;"] = Z wz(’ (7.2)
n=1 "1
respectively.

Finally, we denote pz(gk) and pgk) as the channel busy probabilities resulting
from the transmissions of the primary connections and the type-i secondary
connections whose current operating channels are the channel k, respectively.

Then, in an M-channel network, we can have

oy = AVEXGH] (7.3)
and
pF = WP R[] Zw , (7.4)
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respectively. Furthermore, the busy probability of channel k£ (denoted by
p*)) shall satisfy the following constraint:

o0
k
p® = p® 3" M <1 (7.5)
=0

where 1 < k < M. Note that p®) can be also interpreted as the utilization
factor of channel k.

Figure 7.3 illustrates the physical meaning of random variable CID,EIZ) Con-
sider a two-channel network with the service time of the secondary connec-
tions X" and X{? at the channels 1 and 2, respectively. In the channel 1,
random variable X" are generated three times in Fig. 7.3(a). Similarly, Fig.
7.3(b) shows the three realizations of X. @ for the channel 2. Each secondary
connection is divided into many segments due to multiple primary users’ in-
terruptions. For example, the first secondary connection in Fig. 7.3(a) is
divided into four segments because it encounters three interruptions in total.
The first, second, third, and fourth segments are transmitted at channels 1,
2, 1, and 1, respectively. Thus, this secondary connection’s default channel
is Chl and its target channel sequence is (Ch2, Chl, Chl). In Fig. 7.3(a),
random variables @g%, one of the gray regions, represents the transmission
duration between the 2"¢ and the 3"¢ interruptions at the channel 1 for the
secondary connection whose default channel is the channel 1. Similarly, ran-
dom variables @ég, one of the gray regions in Fig. 7.3(b), represents the
transmission duration between the 2" and the 3" interruptions at the chan-
nel 1 for the secondary connection whose default channel is the channel 2.
Furthermore, random variable <I>§1), one of the gray regions in Fig. 7.3, rep-

resents the transmission duration of a secondary connection between the 27¢

and the 3" interruptions at channel 1. That is, @S) is one of the third seg-

ments of the first and the third secondary connections in Fig. 7.3(a) as well
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(a) Three realizations of xW,

as the second secondary connection in Fig. 7.3(b).

7.3 Analysis of Channel Utilization Factor

Based on the proposed PRP M/G/1 queueing network model, we can evalu-
ate many performance measures of CR networks with various traffic param-
eters. In this section, we show how to evaluate the channel utilization factor

p®). Referring to (7.5), for each channel k (1 < k < M), it follows that

M
k k
> wiy Blef) (7.6)

n=1

P = APBIX 43
1=0

Note that p® is unrelated to channel sensing time 7, channel notification
time ¢,,, and channel switching time ¢,. In (7.6), A},’“) and E[Xlgk)] are system
parameters and can be known in advance. In the following, we will show how

to derive wl-(”f?) and E[CDZ(I;)]
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Figure 7.3: Illustration of the physical meaning of random variable (IJZ(-k). For
example, <1>§1) is one of the third segments (gray areas) of the first and the
third secondary connections in (a) as well as the second secondary connection
in (b). Note that the third secondary connection in (b) does not have the

third segment because it is interrupted only once.

144



7.3.1 Derivations of wg,lf?) and E[@EZ)]

Without loss of generality, we consider a secondary connection whose default
channel is channel n £ s, in the following discussions. Its target channel
sequence is denoted by S £ (S1.S2.n, Sa, - -+ ), where S;, is the target
channel at the i interruption. Note that S;, is a random variable for each
1 > 1. It is decided according to the instantaneous sensing results after the
it interruption event occurs. Thus, S™ is a random sequence. Based on
the definitions of these notations, wl(f;) and E[q)l(];)] can be derived from the
Propositions 8 and 9, respectively. Then, the channel utilization p*) can be

obtained.

Lemma 5. Let py;) be the probability that the considered type-i secondary

connection is interrupted again at channel k. It follows that
plo = AP E[@Y)] . (7.7)
Proof of this lemma can be found in [103].

Definition 6. Let s, 2 (s1, 82,583, -+ ,8,) be any target channel sequence
which has n elements. That is, s, € Q", where Q ={1,2,--- ,M}.

Claim 7. Denote Pr(S;, = s;|Si—1,, = si—1] as the probability that the con-
sidered secondary connection will select the channel s; to be its target channel

when an interruption event occurs at the channel s;_1. Then, we have

PT’[Sz‘,n = 5i|Si71,n = Si71]

H p(J) y S = Si—1

1<j<M,j#si—1

SRS I =y ) (VU ) (] I

VACQ/{si—1,s:} YueA Vo' ¢A
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where 1 <1 < N and N is the total number of interruptions for the considered

secondary connection during its transmission period.

Proof. When an interruption event occurs at channel s; 1, the type-(i — 1)
secondary connection must search its target channel s; for spectrum handoff
through spectrum sensing. The probability that one channel is selected to be
the target channel is related to the channel busy probabilities of all channels.
If all channels are busy, the type-(i — 1) secondary connection will stay on its
current operating channel (i.e., s; = s;_1). On the other hand, if these exists
one idle channel, the type-(i—1) secondary connection will change to this idle
channel from channel s;. Note that this type-(i — 1) secondary connection
will randomly and uniformly select one channel from all idle channels to be
its target channel if more than one channel is idle. From these observations,

we can have (7.8). O

(k—k")

Proposition 8. At channel k', denote Wiy as the arrival rate of the type-i

secondary connections which be redirected from channel k. Then, we have

M
14 k—k'
W§+1),n = sz(—i-l,n ) ) (7.9)
k=1
where
k—k' k k
ST = W N PrSip = K (S5, = K] (7.10)

Proof. When a type-i secondary connection is interrupted at channel k, it will
turn into a new arrival of the type-(i + 1) secondary connection at channel
k. That is, the traffic loads of the type-(i + 1) secondary connections at
channel £’ can come from the remaining traffic loads of the type-i secondary
connections at any one of M channels. Thus, the arrival rate of the type-

(¢ + 1) secondary connections at channel £’ can be expressed as (7.9).
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The values of w7

it1n, can be evaluated as follows. For the type-i sec-

ondary connection at the channel k, it will be interrupted again with prob-
ability pgl;:?) When an interruption event occurs at the channel k, the type-¢
secondary connection must search its target channel for spectrum handoff
through spectrum sensing. Without loss of generality, we assume that the
channel % is selected to be the target channel. This situation occurs with
probability Pr[S;.1, = k'|S;, = k]. When channel £’ is selected, the type-i
secondary connection will turn into a new arrival of the type-(i+1) secondary

connection at channel &’. Hence, we can have (7.10). O

Proposition 9. Based on the proposed PRP M/G/1 queueing network model,

we can derive the closed-form expression for E[CDZU;)]

Proof. According to the total probability principle, we have

L
E0f1=Y" > Pr[S"” = sy]E[0!"|S" = sy] | (7.11)

N=1V8necQN
where L is the maximum number of interruptions among all secondary users’
connections, i.e., the maximum length of the target channel sequence. Based
on the proposed queueing network, we can derive E[(IDE’];)\S(") = sy| for any
given sy can been derived when Az(f), AP, fék)(x), and fs(k)(:r;) are given. The

derivation detail can be found in [103]. As to Pr[S™, it can be expressed as

follows:
N
PriS™ = sy] = (1—p)) [ PrlSiy = silSi-1 = 5i-1] . (7.12)
=1

where Sy, is the default channel sy = 1. By substituting (7.7) and (7.8) into
(7.12), the value of Pr[S™ = sy] can be obtained. O
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7.3.2 An Example for the Exponentially Distributed

Service Time

Now, we show how to derive channel utilization factor in the following special
case. We assume that all secondary users’ connections have the same service
time distribution. Hence, we have fs(k)(x) = fs(x) and E[ng)] = E[X{],
where 1 < k < M. Furthermore, because this dissertation focuses on the
latency-sensitive traffic for the secondary users, it is reasonable to assume

that the service time X, is exponentially distributed (page 135 in [86]).

1

Hence, we have fs(z) = pse #*, where p, = ShAR

Based on these traffic parameters, we derive p®) as follows. Firstly, re-

ferring to [103] and the Proposition 9, we can have

E[2{")] = m : (7.13)
Secondly, from (7.7), it follows that
p? = \BE[®M] = N . (7.14)
zn i )\]()k) o
Then, according to the Proposition 8, we can derive wi(fj;) as follows:
M (k)
Wi =% N cwPr[Si, = K|S, = K] . (7.15)

k
k=1 )‘é’ ) +ﬂs

Note that wgf;) is a function of p®) because Pr[S;, = K|S, 1, = k] is a
function of p*). Furthermore, according to (7 6), we can find that p*) is a

)

function of w;, . Hence, we can determine w ) and p*) by solving (7.6) and

(7.15) 1terat1vely.

148



7.4 Analysis of Extended Data Delivery Time

In this section, we show how to evaluate the extended data delivery time,
which is an important performance measure for the latency-sensitive traffic
of the secondary connections. Without loss of generality, we consider the
secondary connection whose default channel is the channel n in the following
discussions. It extended data delivery time consists of the original service
time X" and the cumulative delay resulting from multiple handoffs E[D™].
Let E[D|S™ = sy] be its cumulative handoff delay when its target channel
is s)y. Then, its average extended data delivery time (denoted by E[T(])

can be expressed as

E[T(”)] — E[X(”)]+E[D(’7)]

S

L
= EX"+) Y Pr{s"” = sy}E[DIS" = sy] (7.16)

N=0 VSNGQN
Hence, in order to calculate E[T(™], we will show how to evaluate Pr{S" =

sy} and E[D|S™ = sy] in the following.

7.4.1 Derivations of Pr{S" = sy} and E[D|S") = sy]

In order to evaluate Pr{S" = sy} and E[D|S™ = sy], a state diagram
is developed by characterizing the evolutions of the target channel sequence
and the corresponding cumulative handoff delay for the secondary connec-
tion. The proposed state diagram is a two-dimensional chain. Because the
considered secondary’s default channel is n, the initial state of this state di-
agram is (n,0). Next, the state (k,i), where 1 < k < M, represents that the
channel k is selected for the target channel at the it interruption. The state
(M +1,4) represents that the secondary user can finish its transmission after

the (i — 1) interruption, and thus the state (M + 1,4) is the ending of state
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Figure 7.4: State diagram of target channel sequence for a secondary con-

nection, where default channel n = 1.

transition. Note that the state transition occurs only at two adjacent states.
Specifically, a transition link from (k, ) to (K',i") exists if ¢/ =i+ 1, and vice
versa. An example of state diagram is shown in Fig. 7.4, where n = 1.

In this state diagram, the state transition path can be regarded as a
target channel sequence. For example, for a target channel sequence s,, =
(81, 89,83, ,Sn), the corresponding state transition path (n,0) — (s1,1) —
(s2,2) — (s3,3) = -+ — (sp,n) — (M + 1,n + 1). Hence, calculating the
average cumulative handoff delay over all possible target channel sequences
can be regarded as calculating the cumulative transition cost over all possible
state transition paths. In the following, we show how to design the state

transition probability and cost in the developed state diagram.

State Transition Probability

When an interruption event occurs, the interrupted secondary connection

must search its target channel for spectrum handoff through spectrum sens-
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ing. The probability that each channel is selected to be the target channel
is related to the statistics of channel occupancy. Let P[(k’,4)|(k,i — 1)] be
the transition probability from states (k,i — 1) to (k’,4). At channel k, the
considered secondary connection may do not experience interruption again
and can finish its transmission at channel k. In this case, the transition from
states (k,i — 1) to (M + 1,i) will occur. On the other hand, the transi-
tion from states (k,i — 1) to (k’,7) where 1 < k' < M will occur when the
considered secondary connection is interrupted again at channel k. Thus,

P[(K',i)|(k,7 — 1)] can be expressed as follows:

(k) '
1—p* . K =M+1
PIK, DIk, = D)= P
pz(—)l,n -Pr[S;, = K|S, =kl , KF#M+1
(7.17)

State Transition Cost

The cost of state transition is defined as the handoff delay of the interrupted
secondary connection. The handoff delay from channels k£ to &’ depends on
the state of channel occupancy. Recall that d5 and o, are the total processing
time for executing spectrum handoff procedure when the secondary users
stay on the current channel and change to another channel, respectively. If
one idle channel exists after spectrum sensing, the interrupted secondary
connection will change to this idle channel. Hence, the handoff delay in this
case is 0.. Furthermore, if all channels are busy, the interrupted secondary
connection will stay on its current operating channel (i.e., & = k). Hence,
the expected handoff delay is the sum of d; and the duration from the time
instant that channel £ is used by the primary connections until the time
instant that channel & becomes idle. This duration is called the busy period

resulting from the transmissions of multiple primary connections at channel
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k and denoted by ;" Let C[k'|k] be the transition cost from states k to k'

in the state diagram. Then, we can have

0 , K=M+1
CK'kl=1 6, +E[Y"] | K=k . (7.18)
O , others

Note that, referring to [103], we can have

_ EXY
1 - X%E[X")]

(7.19)

From this developed state diagram, Pr{Sg\?) — sy} and E[D|S™ = sy]

can be expressed as follows:

N-1
Pr{SV = sy} = P[(M +1,N + 1)|(sn, N)] [ Pl(sis1,7+ 1)l(s1,3)]
=0

(7.20)

and

N
E[D|S" = sy] = Clsislsi] - (7.21)
=0

Note that (7.20) is equivalent to (7.12). Finally, substituting (7.20) and
(7.21) into (7.16), we can obtain the closed-from expression for the extended
data delivery time E[T™] of the secondary connections with any service time

distribution fs(") based on this developed state diagram.

7.4.2 An Example for the Exponentially Distributed

Service Time

Now, we investigates how to derive the cumulative handoff delay when the
secondary connection’s service time is exponentially distributed as adopted
in Section 7.3.2. Intuitively, we can evaluate the cumulative handoff delay by

examining all possible transition paths in the state diagram, which is quite
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complex. Fortunately, the derivations of the cumulative handoff delay can be
simplified due to the memoryless property of the exponential distribution.

Without loss of generality, we consider the secondary connection whose
default channel is the channel k. It cumulative handoff delay E[D*)] in
(7.16) can be derived as follows. Because the considered secondary connec-
tion’s service time distribution is the exponential distribution, its remaining
service time after an interruption event occurs also follows the identical ex-
ponential distribution. Hence, for the secondary connections at state (k,1)
and (k',7'), they will experience the same cumulative handoff delay and in-
terrupted probability in their remaining transmissions if k = k', k # M + 1,
and k' # M + 1.

From the aforementioned discussions, we can re-plot the state diagram
expression for the target channel selection as a tree-structured representation
as shown in Fig. 7.5, where Chk represents that channel k£ is selected for the
target channel and the “grounding symbols” represent the endings of state
transition. Note that at the second stage of Fig. 7.5, the average cumulative
handoff delay of the type-1 secondary connection is equal to E[D®] when
this type-1 secondary connection’s current operating channel is the channel k.
Furthermore, because the state transition probability is independent of the
the number of interruptions for the secondary connections due to memoryless
property, we can have P[(k',i + 1)|(k,i)] = P[k'|k] for each i > 0. Hence, it
follows that

M
E[D®W] = P[M+1[k]-C[M+1[k]+ > _ P[K|k]- (C['|k]+E[D®)]) , (7.22)

k=1
for any k where 1 < k < M. Finally, substituting (7.17) and (7.18) into

(7.22), we can obtain M independent equations. Hence, the closed-form
expressions for the cumulative handoff delay E[D®*)] can be derived by solving

these simultaneous equations iteratively.
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Figure 7.5: Tree-structured representations of the proposed state diagram

where the grounding symbols represent the ending of state transition. Note

that this figure considers the secondary connections whose default channels

are Chk.
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7.5 Numerical Results

We show numerical results to reveal the importance of the three key design
features for modeling spectrum handoffs, which consist of (1) various arrival
rates of the secondary users’ connections; (2) heterogeneous arrival rates of

the primary users’ connections; and (3) the handoff processing time.

7.5.1 Simulation Setting

In order to validate the proposed analytical model, we perform simulations
based on the Monte-carlo method in non-slot-based (continuous-time) cogni-
tive radio systems, where the inter-arrival time and service time can be the
duration of non-integer time slots. We consider a two-channel CR system
with Poisson arrival processes of rates A\, and A, for the high-priority primary
connections and the low-priority secondary connections, respectively. The
high-priority connections can interrupt the transmissions of the low-priority
connections, and the connections with the same priority follow the first-come-
first-served (FCFS) scheduling discipline'. Referring to the IEEE 802.22

standard, we adopt time slot duration of 10 msec in our simulations [89].

7.5.2 Effects of Various Arrival Rates for the Secondary

Users’ Connections

Firstly, we investigate the effects of various arrival rate for secondary users’

connections on the channel utilization and the extended data delivery time

In fact, the analytical results of mean values obtained in this dissertation can be
applied to other scheduling discipline which is independent of the service time of the
primary and secondary connections because the averages of system performance metrics

will be invariant to the order of service in this case (see page 113 in [78]).
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Figure 7.6: Effects of the arrival rate of the primary connections (A,) on the

channel utilizations at the channels 1 and 2, where §, = 1 and J. = 2.

of the secondary connections. We consider a two-channel CR network, where
A=A 2 a0 (A AP = (0.01,0.02) (arrivals/slot), (E[XSV], E[X ) =
(20,20) (slots/arrival), and (E[X{"], E[X?]) = (10,10) (slots/arrival). We
only consider the case that 0 < A, < 0.04 (arrivals/slot) in the following
numerical results. When A, > 0.05 (arrivals/slot), the overall normalized
traffic workloads in the considered CR network will be saturated because
MEXSY] + LB + AVEXD] + AVEXY) > 2.

Figure 7.6 shows the effects of the arrival rate of the primary connec-
tions (As) on channel utilizations of the channels 1 and 2. As ), increases,

the channel utilizations of the two channels also increase. Because the nor-

156



[¢)]
o1

n
o
T

— Channel 1 (analysis) @
X Channel 1 (simulation) Y

- = = Channel 2 (analysis) 7
O Channel 2 (simulation) ,

N
o1
T

N
o
T

w
a1
T
1

Extended data delivery time
S o &8

[
ol
T

1 1 1 1 1 1
(? 0005 001 0015 002 0025 003 0035 0.04
Initial arrival rate of the primary connections ()\p)

Figure 7.7: Effects of the arrival rate of the primary connections (\,) on
the extended data delivery time of the secondary connections whose default

channels are channels 1 and 2, where §, = 1 and 4. = 2.

malized traffic workloads of the secondary connections are constant at each
channel, the difference between channel utilizations of the two channels is
also a constant, which equals to 0.1.

Figure 7.7 shows the effects of the arrival rate of the primary connections
(Ap) on the extended data delivery time of the secondary connections whose
initial default channels are the channels 1 and 2. We have three important
observations. First of all, because the channels 1 and 2 have the same arrival
rate of the primary connections, the secondary connections at the two chan-

nels will encounter same interrupted probability according to (7.14). Hence,
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the secondary connections whose default channels are the channels 1 and 2
have similar extended data delivery time even though the channels 1 and 2
have different channel utilization. Next, it is shown that the extended data
delivery time of the secondary connections increases as A, increases because
a larger A\ will lead to higher channel busy probabilities and longer average
handoff delay. More importantly, we find that the simulation results match
the analytical results quite well, which can validate the slot-based assumption

used in our analysis.

7.5.3 Effects of Heterogeneous Arrival Rates for the

Primary Users’ Connections

Secondly, we demonstrate the effects of various arrival rate for primary users’
connections on the channel utilization and the extended data delivery time of
the secondary connections. We also consider a two-channel network, where
A =22 2 0 AP = (0.03,0.01) (arrivals/slot), (E[X{V], E[X{P]) =
(20, 20) (slots/arrival), and (E[X"], E[X”]) = (10,30) (slots/arrival). Note
that the two channels have the same channel utilizations resulting form the
primary users’ connections. Specifically, we have pl(jl) = f) = 0.3 (ar-
rivals/slot). We only consider the case that 0 < A; < 0.03 (arrivals/slot) in
the following numerical results. When A\; > 0.04 (arrivals/slot), the overall
normalized traffic workloads in the considered CR network will be saturated
because ASVE[XSY] + AVEX?] + ALEXY] + AEXY] > 2.

The effects of the initial arrival rate of the secondary connections (\y) on
the channel utilizations of the channels 1 and 2 is shown in Fig. 7.8. When
As = 0, the two channels have the same channel utilizations of 0.3. As A, in-
creases, the channel utilizations of the two channels also increase. However,

the increases of the two channels are different even though the two chan-
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nels have the same busy probability resulting form the primary connections.
Compared to the secondary connections at the channel 2, the secondary
connections at the channel 1 will encounter higher interrupted probability
because the channel 1 has larger arrival rate of the primary connections.
Thus, the time that the secondary connections can use channel 1 is shorter
than the time that the secondary connections can use channel 2. Hence, the
increase of channel utilization at channel 2 is larger than that at channel 1.

Figure 7.9 shows the effects of the initial arrival rate of the secondary

connections (As) on the extended data delivery time of the secondary con-
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nections whose initial channels are the channels 1 and 2. We can find that
the extended data delivery time of the secondary connections increases as A
increases because a larger \; will lead to a higher channel busy probabilities
as shown in Fig. 7.8. Furthermore, the secondary connections whose initial
channel is channel 2 has shorter extended data delivery time compared to
the secondary connections whose initial channel is channel 1. This is because
the secondary connections whose initial channel is channel 2 can have lower
interrupted probability and the the smaller number of interruptions during

their transmission period.

7.5.4 Effects of Handoff Processing Time

Finally, we discuss the effects of handoff processing time. A two-channel
CR network is considered with the following parameters: ¢, = 0 (slot),
ts = 1 (slot), A = \@) 2 Aps AL = AP = 0.02 (arrivals/slot), E[X,gl)] =
E[XéZ)] =5 (slots/arrival) and E[Xgl)] = E[Xs@] = 10 (slots/arrival). Then,
based on the proposed analytical model, we can evaluate the average ex-
tended data delivery time and then design the admission control rule for the
secondary users as shown in Figs. 7.10 and 7.11.

Figure 7.10 compares the cumulative handoff delay of the following three
target channel selection schemes: (1) the always-staying strategy; (2) the
random selection strategy; and (3) the reactive selection strategy. For the
always-staying approach, the interrupted secondary user always stays on its
default channel to resume its unfinished data transmission. The method is
one kind of proactive spectrum handoff [85] because the target channels are
predetermined and it is similar to the non-hopping mode of IEEE 802.22 [70].
In the random selection approach, the interrupted user randomly selects a

target channel from all channels. From this figure, we have the following
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Figure 7.10: Comparison of average extended data delivery time for different

target channel selection schemes.
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three important observations. First, we find that the cumulative handoff de-
lay resulting from the random selection method is longer than that resulting
from the always-staying strategy when A\, > 0.052. For a larger value of
Ap, the interrupted secondary users with the random selection method must
spend much more time to wait when it changes its operating channel because
this selected target channel is likely busy. Thus, the handoff delay of the ran-
dom selection method becomes longer in this case. Next, it is shown that the
reactive spectrum handoff can result in the shortest cumulative handoff delay
in the ideal sensing case (i.e., 7 = 0) because it can reliably find idle chan-
nels by performing spectrum sensing. In this case, the cumulative handoff
delay can be shortened around 40% compared to the other approaches under
various arrival rates of the primary users’ connections. However, when the
spectrum sensing time becomes longer (e.g., 7 = 4), the reactive spectrum
handoff is worse than the random selection method in terms of cumulative
handoft delay when A\, < 0.071. Finally, we find that the sensing technology
can effectively shorten the average cumulative handoff delay only when 7 < 2
compared to the always-staying strategy.

The analytical results developed in this chapter can be used to design
the admission control rule for the arriving secondary users subject to their
latency requirement. Fig. 7.11 shows the admissible region for the normalized
traffic workloads (or channel utilities) (p,, ps)? for the Voice over IP (VoIP)
services when 7 = 0 (slot). The maximum allowable average cumulative
delay resulting from multiple handoffs is 20 ms for the VoIP traffic [100].
The admission control policy can be designed according to this figure. When
pp < 0.1667, a CR network can accept all arrival requests from the secondary

users until the CR network is saturated, i.e., p, + ps ~ 1. Furthermore, when

2pp = /\pE[X;D] and ps = A\E[X].
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0.1667 < p, < 0.3397, a part of traffic workloads of the secondary users must
be rejected in order to satisfy the delay constraint for the secondary users. For
example, when p, = 0.25, a CR network can support at most 0.279 workload
for the secondary users. That is, a CR network can accept at most Ay =
0.0279 (arrivals/slot) based on the results shown in the figure when A\, = 0.05
(arrivals/slot). In order to design the most allowable A, to achieve this arrival
rate upper bound for the secondary connections, many arrival-rate control
methods can be considered, such as the p-persistent carrier sense multiple
access (CSMA) protocol in [19] and the call admission control mechanisms
in [44,57,101]. Finally, when p, > 0.3397, no secondary user can be accepted.

Note that the size of the admissible region decreases as 7 increases.

7.5.5 Comparison between Proactive and Reactive Spec-

trum Handoff Scheme

Figure 7.12 compares the extended data delivery time for the proactive and
the reactive spectrum handoff schemes. Here, we consider a two-channel
system with the following traffic parameters: AP = \P = 0.01, E[X;(,l)] =
E[X1§2)] = 10, and )\él) = )\f) = ),. From this figure, we have the following
important observations. First, the extended data delivery time of the reac-
tive spectrum handoff has a singular point at A\, = 0.043. This is because
the two different predetermined target channel sequences are adopted in the
cases of \, < 0.043 and A\, > 0.043. Based on the proposed model, the traffic-
adaptive proactive spectrum handoff scheme can be designed to appropriately
change to better target channel sequence according to traffic conditions in
order to reduce the extended data delivery time of the secondary connec-
tions. Next, we focus on the reactive spectrum handoff scheme. In the ideal

case that spectrum sensing time (denoted by 7) is 0 slot, the extended data
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delivery time can be shortened around 7% ~ 20%, compared to the proac-
tive spectrum handoff over various arrival rates of the primary connections,
because the reactive spectrum handoff scheme can perform spectrum sens-
ing to find the idle channels. Furthermore, the extended data delivery time
of the reactive spectrum handoff scheme increases as sensing time increases.
When 7 = 5 (slots), the reactive handoff scheme is not always better than
the proactive handoff scheme. As shown in this figure, when A\, < 0.037,
the proactive handoff scheme can result in shorter extended data delivery
time. In this case, we can conclude that the proactive handoff scheme can
yield shorter extended data delivery time compared to the reactive handoff
scheme when the traffic loads of the primary users is light, whereas the reac-
tive scheme performs better in the condition of heavy traffic loads. Finally,
the reactive spectrum handoff scheme will result in the longest extended data
delivery time when 7 = 10 (slots). Based on the proposed model, we can
provide a principle to determine which spectrum handoff scheme should be

adopted in CR networks for various sensing time and traffic parameters.
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Chapter 8

Interference-Avoiding

Spectrum Sharing

The goal of this part is to develop an analytical mechanism to design the ad-
mission control rule for the arriving secondary users subject to the following

two quality of service (QoS) constraints:

e Interference avoidance for the primary users: Because the primary users
have the highest priority to access channel, how to prevent the sec-
ondary users from interfering with the transmission of the primary

users is the most important issue.

e Latency guarantee for the secondary users: The transmission latency
of the secondary users is stained by many factors such as power outage
due to fading channel, multiple handoffs due to interruptions from the

primary users, and waiting time due to multiple secondary users.

In this chapter, we suggest a cross-layer approach to find the optimal
traffic admission probability with the objective of maximizing channel uti-

lization and maintaining the QoS requirements of the primary users and the
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secondary users. Our cross-layer design can incorporate the effects in the
physical, medium access control (MAC), and application layers. In the phys-
ical layer, we incorporate the sensing errors for missed detection as well as
false alarm, and power outage. In the MAC layer, traffic admission prob-
ability for the secondary users is considered. In the application layer, we
consider the traffic statistics and QoS constraints of both the primary and
the secondary users. The proposed analytical approach can calculate the
optimal traffic admission probability under various cross-layer parameters.
Furthermore, it also provides useful insights into the tradeoff design between
channel utilization and the QoS performances for the primary as well as
secondary users. To our knowledge, such a PHY/MAC/APP cross-layer an-
alytical approach to determine the optimal traffic admission probability for

CR networks has rarely been seen in the literature.

8.1 Motivation

In order to satisfy the two QoS constraints, the secondary users must be
able to accurately sense the presence of the primary users. However, missed
detection and false alarm may occur because the perfect sensing is impossible.
Missed detection occurs when the detector reports the absence of a primary
user while it is present. In this case, the transmission of the primary users
will be affected by the secondary users. On the contrary, false alarm occurs
when the detector mistakenly reports the presence of a primary user. In this
situation, the secondary users cannot transmit data even though channel is
indeed idle, which cause the transmission latency of the secondary users.
Basically, a smaller missed detection probability implies a larger false alarm

probability, and vice versa, which is a performance tradeoff design issue [87].
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In the literature, many methods have been proposed to improve the issues
of interference avoidance and latency guarantee simultaneously for the CR
network under the imperfect sensing situation, such as the optimal sensing
parameters and the optimal admission control. On one hand, the authors in
[73,74,104] found that the secondary users can decrease the missed detection
and the false alarm probabilities by increasing spectrum sensing time. On
the other hand, [105] suggested to control the arrival rate of the secondary
users to maintain two aforementioned QoS constraints. A lower arrival rate
can decrease the interference on the primary users and reduce the waiting
time due to multiple secondary users’ contention.

In this chapter, we focus on designing an admission control mechanism to
adaptively control the arrival rate of the secondary users by adjusting their
traffic admission probability « in order to maintain the interference constraint
of the primary users and the latency requirement of the secondary users.
When the traffic of the secondary users arrives at system, it will be accepted
with probability a and be dropped with probability 1—a. Intuitively, a larger
traffic admission probability for the secondary users can increase channel
utilization. However, a larger traffic admission probability degrades the QoS
performance of the primary users due to much more interference from the
secondary users if missed detection happens. Furthermore, a larger traffic
admission probability also degrades the QoS performance of the secondary
users due to more contention between the secondary users. Hence, there
exists an optimal tradeoff between channel utilization in the system-level
performance measure and interference ratio as well as transmission latency

in the user-level performance measures.
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8.2 System Model

8.2.1 Assumptions

In CR networks, there are four key system parameters. Assume that the
arrival processes of the primary and the secondary users’ connections are
Poisson. Denote A, (arrivals/slot) and A, (arrivals/slot) as the traffic arrival
rates of the primary and the secondary users’ connections, respectively. Fur-
thermore, let X, (slots/arrival) and X, (slots/arrival) be the service time of
the primary users’ connections and the secondary users’ connections, respec-
tively. Then, the probability density functions of X, and X are denoted by
fp(z) and fs(x), respectively.

The service time of the primary and secondary connections will be ex-
tended due to imperfect sensing and power outage. Denote Py, and Prg
as missed detection and false alarm probabilities, respectively. Their rela-
tionship can be characterized by the receiver operating characteristic (ROC)
curve [87]. When missed detections occur, the primary user must retrans-
mit these stained data frames in the next slots. Thus, the service time
of a primary connection will be extended from X, (slots/arrival) to X,
(slots/arrival). Furthermore, a secondary user cannot transmit data even
with an idle channel when a false alarm occurs. Hence, a secondary user
needs to spend more time to complete its connection transmission. Then, the
service time of a secondary connection will be extended to X, (slots/arrival)
from X (slots/arrival). Furthermore, power outage will extend the actual
service time to Z, (slots/arrival) and Z; (slots/arrival) from )~(p (slots/arrival)
and X, (slots/arrival), respectively. In the remaining part of this chapter,
we call )?p and X, the actual service time of the primary and secondary

connections as well as Z, and Z; the actual service time of the primary and
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secondary connections in the physical channel.

8.2.2 Admission Control Mechanism

An arrival rate control mechanism for the secondary connections can be used
to satisfy the interference constraint of the primary users and the latency
requirement of the secondary users. When a new traffic request arrives at
system, it will be dropped with probability 1 —«a and be accepted with proba-
bility a. If this request is accepted, the secondary user will perform spectrum
sensing to identify channel availability and then decide whether a secondary
connection can be established. By contrary if this request is dropped, it will
be retransmitted later by the upper layer protocol such as automatic repeat-
request (ARQ) protocol. Here, « is called the traffic admission probability
of the secondary connections. Because 0 > « > 1, the effective arrival rate
als is not higher than the original arrival rate. This kind of arrival rate
control mechanism is very similar to the concept of p-persistent carrier sense

multiple access (CSMA) protocol as discussed in [19].

8.3 Problem Formulation and Analytical Model

8.3.1 Problem Formulation

In order to maximize channel utilization while maintaining the interference
and latency requirements, we formulate the Utilization Maximization
Problem for the secondary users as follows. Given the maximum allowable
interference ratio ©,,,, on the primary connections and the longest allow-
able overall system time .S,,,, of the secondary connections, we aim to find

the optimal traffic admission probability (denoted by «*) to maximize the
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channel utilization (denoted by U). Formally,

o =argmax U(a) , (8.1)
0<a<l
subject to
E[Z,(o)]
O,(a) & —/2L < Oz 8.2
and
E[Sy()] < Smaa (8.3)

where E[-] is the expectation function and Ss(«) is the average overall system
time of the secondary connections, which is defined as the duration from the
instant that data arrives at system until the instant of finishing the whole

transmission. Note that from queueing theory, it follows that
U(a) = ME[X,] + aXE[ XS] . (8.4)

From (8.4), we can found that U(«) is a strictly increasing function of «.
Hence, our optimization problem can be solved by maximizing a while main-
taining the constraints (8.2) and (8.3).

In the Utilization Maximization Problem, (8.2) and (8.3) represent
the interference and latency constraints of the primary and secondary con-
nections in the application layer, respectively. Obviously, U, E[Z,] and E[S;]
are related to not only a in the MAC layer and traffic statistics of the pri-
mary and secondary users in the application layer but also missed detection
probability Py, false alarm probability P, outage probability 7, for the pri-
mary users, and outage probability 7, for the secondary users in the physical
layer. To solve this optimization problem, we use the preemptive resume
priority (PRP) M/G/1 queueing model to evaluate these unknown system

performance measures. We will detail this queueing mode in the following.
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8.3.2 Analytical Model

In this chapter, we derive the closed-from expressions for E[Z,] and E[S;]
based on the preemptive resume priority (PRP) M/G/1 queueing model [79].
Some important properties for the PRP M/G/1 queueing model are listed

below:

e Each server (channel) has two types of customers (connections). The
connections of the primary and secondary users are connected to the

high-priority queue and the low-priority queue, respectively.

e The primary users have the preemptive priority to interrupt the trans-
mission of the secondary users. The remaining transmission of the
interrupted secondary user will be put into the head of the low-priority
queue of the current operating channel. Furthermore, the interrupted
secondary user can resume the unfinished transmission when the cur-

rent channel becomes idle, instead of retransmitting the whole data.

e A secondary connection may encounter multiple interruptions from the
primary connections during its transmission period. This model can

characterize the effects of multiple spectrum handoffs.

Here, we assume that connections which have the same priority access chan-
nels with the first-come-first-served (FCFS) scheduling discipline. Based on
this model, when the four traffic parameters \,, s, f,(z), and fs(x) are

known, E[Z,] and E[S;] can be evaluated analytically in the next section.
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8.4 Analysis of Constraint Functions in the
Utilization Maximization Problem

This section show how to derive the closed-from expressions for E[Z,] and

E[S;] in (8.2) and (8.3).

8.4.1 Analysis of Actual Service Time of the Primary

Connection in the Physical Channel

Effect of Missed Detection

Basically, missed detections in CR networks can be categorized into two
kinds [58,60]. Firstly, when a primary user is transmitting data, a newly
arriving secondary connection may incorrectly assess that this specific chan-
nel is available in its first sensing phase. In this case, the class-A missed
detection occurs. Next, a secondary user may also fail to detect the presence
of primary users after it arrives at a CR network for a while. This situation
is called the class-B missed detection. The authors in [58,60] found that
the class-B missed detection is small because the sensing results at the first
sensing phase can be employed to improve the accuracy of the sensing results
at the following sensing phases.

Next, we explain the effect of class-A missed detection on the actual ser-
vice time of the primary connections. We consider a transmission slot of this
primary connection. During this slot, more than one arrival of the secondary

XA where A is the slot dura-

connection appears with probability 1 — e
tion. For these arrivals of secondary connections, each of them will assess
this busy slot as idle if and only if (1) a missed detection occurs and (2) the

low-priority queue of the considered channel is empty. Let Q5 be the length
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of the low-priority queue. Hence, the first arrival at the considered slot will
make an error channel assessment with probability PyPr{@Q, = 0}, where
Py is the missed detection probability for spectrum sensing and Pr{Q, = 0}
has been derived in [88]. However, for the remaining arrivals in the consid-
ered slot, we have Pr{@s; = 0} = 0 because the first arrival has been put
into the low-priority queue. Thus, the remaining arrivals do not make the
error channel assessment. From above observations, we can conclude that
a primary connection’s transmission slot is stained by the arrivals of the

secondary connections with probability
Pr=(1—e %) PyPr{Q, =0} . (8.5)

Then, we consider an observation period with [ + B slots, where I and
B are the total numbers of idle and busy slots resulting from the primary
connections when missed detections do not occur. Hence, we have HLB =
ME[X,]. For the primary connections, a total of BP; slots out of B slots
must be retransmitted at the next slot due to missed detection. Furthermore,
when these retransmitted data are stained again, they must be retransmitted.
On average, a total of B(Pr)? slots out of BP; slots must be retransmitted.
The similar arguments can be applied for all the upcoming retransmissions.
Hence, it follows that
_ BZZO(PI)i _ )‘pE[Xp]
N N

(8.6)

Finally, because p, = AE[X,] in (8.6), the expected actual service time

E[X,] can be written as

E[X,) - F_X;;]I | (8.7)
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Effect of Power Outage

When outage occurs, the users must retransmit the failed slot. Hence, the
actual transmission time of the primary connections in the physical channel
will be extended from )?p to Z,. The first and the second moments of Z, can

be expressed as follows:

E[Z,] = ZE[(Zp)l)N(p = TPr()N(p =1) , (8.8)
and .
E[(Z,)’] = ZE[(Zp)QP?p =7Pr(X, =7) . (8.9)

When outage occurs, the failed slots must be retransmitted in the next
slot. Hence, for a connection with transmission duration z, its actual service
time Z, in the physical channel will be extended to z+¢ if and only if outages
occur in 7 slots of the first 7 4+ i — 1 slots and outage does not occur at the
(2 + )" slot. Hence, the conditional expectation of the actual service time
in the physical channel follows the negative binomial distribution. That is,
T4+i—1

7

E[Z,|X, =7 = Z(§+ i)( )(1 — mp)F (8.10)

and
r+1i—

1

E[Z2|X,=7] = Z(5+ i)2( 1) (1 —m)m . (8.11)

where 7, is the outage probability for the primary connections.

Finally, when Pr(X, = Z) is given, we can obtain E[Z,] and E[(Z,)2] by
substituting (8.10) into (8.8) and (8.11) into (8.9), respectively. Note that
how to derive Pr()?p = z) from f,(x) has been discussed in Appendix D.

For example, if f,(x) is the geometric distribution, i.e.,

1 21 1
fo(z) = (1= m) (E[Xp]) ;

(8.12)
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we can have

E[Z)] = F[_X;i = 1];31[))(?]_ _— (8.13)
and
E[(Zp)2] _ E[XPKZE[XP] — 14+ P+ Tp — PIWP) (814)

(1 =P —mp)) ’

where 7, is the outage probability of the primary connections.

8.4.2 Analysis of Overall System Time of the Secondary

Connections

The overall system time (denoted by S;) is an important quality of service
(QoS) metric for the the secondary users’ connections. It consists of the
waiting time (denoted by W) and the extended data delivery time (denoted
by T'). Hence, we have

E[S,] = E[W] + E[T] , (8.15)

Here, the waiting time is defined as the duration from the instant that data
arrives at system until the instant of starting transmitting data. Further-
more, the extended data delivery time is defined as the duration from the
instant of starting transmitting data until the instant of finishing the whole
transmission.

In addition to traffic admission probability «, the overall system time of
the secondary users is also affected by channel contention, multiple handoffs,
false alarm, and power outage issues. Firstly, the secondary users’ channel
contention will increase waiting time. Furthermore, a secondary connection
may have multiple interruptions from the primary user. Moreover, when false
alarm occurs, the secondary users cannot transmit data even though channel

is truly idle. Finally, power outage will make data retransmission. These
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phenomenons will extend the overall system time. In the following subsec-
tions, we will investigate the effects of waiting time due to channel contention,
multiple handoffs, false alarm probability Pr, and outage probability 7 on
E[S].

Effect of Waiting Time Due to Multiple Secondary Users’ Con-

tention

When a secondary connection arrives at system, it cannot be transmitted
immediately until all the secondary connections in the low-priority queue
and the primary connections in the high-priority queue have been served.
Hence, when more secondary users access channel, waiting time will increase.
Referring to [79], the average waiting time can be expressed as follows:

IMENZ)%) + JaAEl(Z,)

B = 0B - anEIZD)( - NE(Z,)

(8.16)

Effects of Multiple Handoffs

The extended data delivery time of each secondary connection consists of
the actual service time Z, in the physical channel and the cumulative delay
resulting from multiple handoffs. Let N and D be the number of interrup-
tions for the secondary connection and the handoff delay for each spectrum

handoff. Then, we have

E[T] = E[Z,] + E[N]E[D] . (8.17)

E[D] = 5 _EAEDZE][ZP] : (8.18)
and
E[N] = \,E[Z,] . (8.19)
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Effect of False Alarm

Now, we consider an observation period with I + B slots, where I and B
are the total numbers of idle and busy slots resulting from the secondary
connections when false alarms and power outages do not occur. Hence, we
have 1%9 = ME[X]. Recall that p; is the busy probability resulting from the
secondary connections. Hence, in the duration of I 4+ B, there are ps(I + B)
slots are busy, where ps(I + B)Pp slots is the false-alarm busy slots. That
is, the total number of busy slots resulting from the secondary connections is
increased to B + ps(I + B)Pp. From this observation, we have the following
relationship:
B+ (I + B)psPr

L= , 8.20
P T 5 (8.20)

Solving (8.20), we can have

. B _ AE[X]
Ps=T+B)(1-Pr) 1-Pp

(8.21)

Finally, because p, = AE[X,] in (8.21), the expected actual service time

E[X,]| can be written as

E[X,| = . (8.22)

Effect of Power Outage

Referring to 8.4.1, if fs(x) is the geometric distribution, i.e.,
1 1

fs(w) = (1 - m)x_l(E[XS]) ) (823)
we can have
E[X}]
E[Z,] = A= Pl =)’ (8.24)
and
E[(ZS)Q] _ E[XS](QE[XS] —1 -+ PF -+ Tg — PFWS) (825)

(1= Pp)(1 = m))? ’

where 7, is the outage probability of the secondary connections.
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8.5 Numerical Results

In this section, we show the impacts of different system parameters on ©,,
E[S;], and a*. We consider the following system parameters: A\, = 0.02
and m, = my = 0.1. Furthermore, because this dissertation focuses on the
latency-sensitive traffic, we can assume that the service time X, and X
of the primary and secondary connections follow the geometric distributions
(see page 135 in [86]). Note that we only use the geometric distribution as an
example here. Indeed, the proposed analytical framework can be applied to
any distributions. It only requires the knowledge of the first and the second
moments of the data transmission time distributions for the primary and the
secondary connections.

Figure 8.1 compares the interference ratio (6,) for various traffic admis-
sion probabilities (a). Obviously, ©, increases as the arrival rate (\;) of the
secondary connections increases. Furthermore, because a larger o will lead
to much more traffic loads of the secondary connections, the primary con-
nections will be stained with a larger probability. Based on the analytical
results, we can design an admission control rule to satisfy the interference
constraint on the primary connections. For example, we consider A\; = 0.019
and ©,,,, = 1.1175. In this case, when admission control had not imple-
mented (i.e. a = 1), the interference ratio is 1.1325, which is larger than
Omaz- In order to satisfy the interference constraint, we must lower the
effective traffic loads of the secondary connections by setting o = 0.3.

The effects of the traffic admission probability a and the arrival rate
As of the secondary connections on the average overall system time (E[S])
of the secondary connections in shown in Fig 8.2. We can found that the
average overall system time increases as a or A, increases. Similarly, we

can also develop the admission control rule for the arriving secondary users
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Figure 8.1: Interference ratio (©,) for various arrival rates of the secondary

connections, where Py, = 0.1.
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Figure 8.2: Average overall system time (E[S;]) for various arrival rates of

the secondary connections, where Pr = 0.1.

subject to their latency requirement. For example, we consider A\, = 0.016
and S, = 63. If we do not use admission control mechanism, the average
overall system time is 86, which is larger than 5,,,.. Hence, a part of traffic
workloads of the secondary users must be rejected in order to satisfy the
delay constraint for the secondary users. In the considered case, we must set
a=0.3.

The optimal traffic admission probability for various arrival rates of the
secondary connections is shown in Fig. 8.3. This figure shows that a* de-
creases as A, increases because a larger A\, implies much more interference

and channel contention. Furthermore, a higher Pp will lead to longer ex-
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Figure 8.3: Optimal traffic admission probability for various arrival rates of

the secondary connections where 0,,,, = 1.13 and S,,,. = 75.

tended data delivery time. Hence, the secondary users must reduce their
waiting time in order to maintain the same overall system time requirement.
In order to alleviate channel contention between multiple secondary users,
the total traffic loads of the secondary users must be lowered. Hence, o*
decreases as Pr increases. For example, when A, = 0.014, we have a* = 0.86

for Pr = 0.1 and o = 0.65 for Pr = 0.2, respectively
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Chapter 9

Conclusions

In this dissertation, we have developed analytical framework based on the
preemptive resumption priority (PRP) M/G/1 queueing theory to charac-
terize the general channel usage behaviors with multiple handoffs from a
macroscopic viewpoint. Based on this model, we can evaluate the effects of
multiple handoffs for the QoS performance of the secondary users, and then
provide important insights into the designs of spectrum decision, spectrum
mobility, and spectrum sharing algorithms. This dissertation includes the

following research topics:
1. Modeling techniques for cognitive radio networks;
2. Load-balancing spectrum decision;
3. Proactive spectrum handoff;
4. Optimal proactive spectrum handoff;
5. Reactive spectrum handoff;

6. Interference-avoiding spectrum sharing.
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The contributions from this research are listed as follows.

1. Introduce a queueing-theoretical framework to characterize the effects

of the general channel usage behaviors with multiple handoffs.

2. Design system parameters for load-balancing multiuser spectrum deci-
sion schemes to evenly distribute the traffic loads of secondary users to

multiple channels.

3. Propose a traffic-adaptive spectrum handoff scheme, which changes the
target channel sequence of spectrum handoffs based on traffic condi-

tions.

4. Determine the optimal target channel sequence for the proactive spec-

trum handoff.

5. Provide a framework to determine whether the spectrum sensing tech-
nology can effectively shorten the extended data delivery time under

various sensing time and traffic parameters.
6. Develop a cross-layer admission control rule for the secondary users.

In the following, we summarize the results from the above contributions.

9.1 Modeling Techniques for Cognitive Radio
Networks

In this part, the preemptive resume priority (PRP) M/G/1 queueing net-
work model has been proposed to evaluate the QoS performances for the

connection-based spectrum management techniques in the non-hopping and
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the hopping modes. This analytical framework provided a systematic view-
point to integrate the designs of the spectrum management techniques and
can help evaluate their QoS performances for various traffic arrival rates and
service time distributions. There still exists many open problems for spec-
trum management techniques. On top of the proposed model, these open
issues can be solved from the systematic viewpoint and then provide better

traffic-adaptive solutions.

9.2 Load-Balancing Spectrum Decision

In this part, an analytical framework has been proposed to design the sys-
tem parameters for the sensing-based and the probability-based spectrum
decision schemes. The proposed model integrated with the PRP M/G/1
queueing systems can evaluate the effects of multiple interruptions from the
primary connections and sensing errors (false alarm and missed detection) of
the secondary connections on the overall system time for the two considered
spectrum decision schemes. Based on this analytical model, the optimal num-
ber of candidate channels for the sensing-based spectrum selection method
and the optimal channel selection probability for the probability-based spec-
trum selection method can be obtained analytically for various sensing time
and traffic parameters. We found that the probability-based scheme can re-
duce the overall system time compared to the sensing-based scheme when
the traffic loads of the secondary users is light, whereas the sensing-based
scheme performs better in the condition of heavy traffic loads. This obser-
vation provide an important insight into design a traffic-adaptive spectrum

decision scheme in the presence of sensing errors.
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9.3 Proactive Spectrum Handoff

In this part, we have used the PRP M/G/1 queueing network model to char-
acterize the spectrum usage behaviors with multiple handoffs. We studied
the latency performance of the secondary connections by considering the ef-
fects of (1) generally distributed service time; (2) various operating channels;
and (3) queueing behaviors of multiple secondary connections. The proposed
model can accurately estimate the extended data delivery time of different
proactively designed target channel sequences. On top of this model, we
showed the extended data delivery time of the secondary connections based
on the always-staying and the always-changing sequences in the IEEE 802.22
standard. If the secondary users can adaptively adopt the better target chan-
nel sequence according to traffic conditions, the extended data delivery time
can be improved significantly compared to the existing target channel selec-

tion methods, especially for the heavy traffic loads of the primary users.

9.4 Optimal Proactive Spectrum Handoff

In this part, we have investigated the Cumulative Handoff Delay Mini-
mization Problem. We formulated an optimization problem of determining
a target channel sequence for multiple handoffs with the objective of mini-
mizing the cumulative handoff delay for the newly arriving secondary user’s
connection. In order to solve this problem, we developed a state diagram
to characterize the evolution of the target channel sequence. Based on this
model, an optimal solution can be found by the proposed dynamic program-
ming algorithm with time complexity of O(LM?). Furthermore, we suggested
a suboptimal greedy strategy to select the target channels for spectrum hand-

offs with time complexity of O(M). We proved that only six permutations of
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the target channel sequences are needed to be compared when the suggested
greedy strategy is adopted. Numerical results show that the performance of

this greedy strategy can approach the optimal solution.

9.5 Reactive Spectrum Handoff

In this part, we have investigated the effects of reactive spectrum handoff on
the channel utilization and the extended data delivery time of the secondary
users’ connections by considering the three key design features for spectrum
handoffs, consisting of (1) heterogeneous arrival rates of the primary users;
(2) various arrival rates of the secondary users; (3) handoff processing time.
Firstly, we propose a PRP M/G/1 queueing network model to character-
ize the spectrum usage behaviors between the primary and the secondary
connections with multiple handoffs . Next, we develop a state diagram to
characterize the effect of multiple handoff delay on the extended data deliv-
ery time of the secondary users’ connections. Based on the proposed unifying
model, an insightful study to quantify the effect of the three design features
on the channel utilizations and the extended data delivery time under vari-
ous traffic arrival rates and service time distributions can be provided. More
importantly, these analytical results can facilitate the designs of admission
control rule for the secondary users and can provide a framework to deter-
mine whether the spectrum sensing technology can effectively shorten the

data delivery time under various sensing time.
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9.6 Interference-Avoiding Spectrum Sharing

In this part, we proposed an adaptively arrival rate control mechanism by
adjusting traffic admission probability of the secondary connections in order
to maintain the interference constraint of the primary users and the latency
requirement of the secondary users. Although a larger traffic admission prob-
ability for the secondary connections can increase channel utilization, it leads
to more interference on the primary connections as well as more contention
between the secondary connections. In order to find the best traffic admis-
sion probability, we formulate this issue as a cross-layer optimization problem
by considering the effects of sensing errors and power outage in the physical
layer, traffic admission probability in the MAC layer, and the traffic statistics
as well as the QoS constraints in the application layer. The analytical results
show the optimal traffic admission probabilities under various cross-layer pa-
rameters and provide important insight into the design tradeoffs between the
system-level performance measure (channel utilization) and the user-level

performance measures (interference ratio and transmission latency).

9.7 Suggestions for Future Research

The proposed PRP M/G/1 queueing network model provides a systematic
method to help the design of spectrum management technologies. It can cap-
ture the general behaviors for the connection-based channel usage, including
the effects of channel selection, spectrum sensing time, multiple interruptions,
channel switching between different channels, and generally distributed ser-
vice time simultaneously. The contributions of this dissertation are summa-
rized in Table 9.1, where the signs “o” and “x” indicate that the issue “has”

and “has not” been discussed, respectively. Specifically, we have investigated
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Table 9.1: Summary of This Dissertation

Spectrum Management Techniques

with Multiple Handoffs

Non-hopping Model | Hopping Mode
Spectrum Decision (Chapter 4) o X
Spectrum Mobility (Chapters 5-7) o )
Spectrum Sharing (Chapter 8) o X

the spectrum decision, mobility, and sharing issues in the non-hopping mode
as well as the spectrum mobility issue in the hopping mode. The spectrum
decision and sharing issues in the hopping model are still needed to be solved.

Some interesting research issues that can be extended from the proposed

model include the following:

1. For the spectrum sensing issue, an interesting issue is to consider the se-
quential sensing. For example, in the sensing-based spectrum decision
scheme in Chapter 4, we assume that the secondary user performs wide-
band sensing to find the idle channel when a new connection request
arrives at CR network. In fact, the secondary user can perform sequen-
tial sensing to find the idle channel. In this case, the sensing procedures
can be terminated once one idle channel is found, and thus the sensing
time can be shorter than nr. Furthermore, in Chapters 4 and 8, we
assume that the class-A missed detection and false alarm probabilities
are constant. In fact, as transmission time increases, missed detection
and false alarm probabilities can be reduced because the sensing results
at the previous sensing phases can be employed to improve the accu-
racy of the sensing results at the following sensing phases. Hence, it is

also worthwhile to investigate the effects of variable missed detection
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and false alarm probabilities in Chapters 4 and 8. Besides, the effects

of the class-B missed detection is another important research issue.

. From the viewpoint of spectrum decision issue, it is worthwhile deter-
mining the optimal distribution probability vector for the probability-
based spectrum decision method when the secondary connections may
have different opinions on the observed traffic statistics )\g,k), Ass f,§’“> (x),
and fs(z). Second, it would be interesting to see how to analyze the
latency performance for the spectrum decision methods in the hopping

mode.

. The proposed model assumes that the spectrum mobility functional-
ity can help the interrupted secondary user resume its unfinished data
transmission on the suitable channel. This resumption policy can be
characterized by the preemptive resumption priority queueing network.
However, in other scenarios, the interrupted secondary user may need
to retransmit the whole connection rather than resuming the unfin-
ished transmission. In this situation, a CR network should be modeled
by the preemptive repeat priority queueing network. It is also worth-
while to investigate the latency performances resulted from different

transmission policies.

. For the spectrum sharing issue, an interesting issue is to involve the
distributed channel contention behaviors into the proposed model. In
the proposed model, we assume that the FCFS scheduling policy is
adopted. For a distributed medium access control (MAC) protocol
such as the carrier sense multiple access (CSMA) protocol, the channel
contention time and retransmission in the MAC layer should be taken

into account when calculating the latency performance of the secondary
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users.

Cognitive radio (CR) is an emerging technique to promote spectrum ef-
ficiency. Through the CR technique, we believe that the dream of freely
connecting people anywhere anytime is no longer an impossible mission but
will be come true in the near future. After all, the development of technology

is to satisfy the need that people want.
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Appendix

A Distribution Probability Vector for the Sensing-
based Channel Selection Scheme

The probability that a secondary user can select channel k for its operating
channel is determined inherently based on the traffic patterns for the sensing-
based spectrum decision scheme. According to the sensing outcomes, this
probability consists of three components. First, we consider the case that
false alarm dose not occur at the idle channel k. When the channels in & C
Q) — {k} are also actually idle and false alarms do not occur at the channels
in & C G, channel k& will be selected with probability f\éﬁl' Secondly, we
consider the case when a false alarm occurs at the idle channel k. If false
alarms also occur at all the remaining idle channels, the secondary user will
randomly select one channel from all candidate channels to be its operating
channel. In this case, channel k is selected with probability 1/]€2|. Thirdly,
we consider the case when channel k is actually busy. With the similar
argument in the previous case, the secondary user will randomly select one

channel if false alarms occur at all the idle channels. In this case, channel k

will be selected with probability 1/|2|. On the other hand, channel k£ cannot
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be selected when k ¢ €. From these observations, we can have
(

(1 - p¥)(1 - Pp)x

SCO—{k} _iE% jeQ—{k}-S RCS
(k) (1= p™)Pp 4 p®] x
psb = —
. . 1
_ 5@ (4) N il
SCQ—{k} _163 JjEQ—{k}-S
0,

®)

B Derivation of w

First, we consider the type-¢ secondary connections whose default channels

are channel 7. Denote wi(? as the arrival rate of these secondary connections
at channel k, pgl;)

as the probability that these secondary connections are
interrupted again at channel k, and @5? as the effective service time of these

secondary connections at channel k. Hence, we have

M
w? =YWl (B1)
n=1
(k) L Wy (k)
_ (2
pz - (k) i777 ) (B2)
n=1 Wi
(k) L Wity (k)
n=1 Wi
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n=1 "4

Next, we derive w®

iy as follows. For the type-i secondary connections

whose default channels are channel 7, their operating channels are channel s; ,,
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after the i'* interruption. In addition, for the type-0 secondary connections
on their default channel = sq,, we have wy ") = A\ Moreover, the type-
(i — 1) secondary connections at channel s;_; , will turn into the new arrivals
of the type-i secondary connections at channel s;, when they are interrupted

again. Hence, we have

0 ) k 7é Si,n
Wi(,];) = A ., k=sipandi=0
wi(ii{,;’")pgs_ii;") , k=sip,andi>1
0 o ]C 7é Si,"]
- : . g
nH] 0 J;n , k=g
0 ) k Si
- (k) Tri=1 (5.0 g0 ey (S.0) e : (B5)
As Hj:o Ap " E[<I>jﬂ;’" 1, k=siy

Note that p( i) — =X (.0 E[@gs;)”)] according to (5.18). Because AP and AP
are given in advanced as well as E[<I>(-Sj”’)] has been derived in Appendix C,
we can obtain the closed-form expression for w( Finally, substituting (B5)

into (B1), w™ in (5.17) can be evaluated.

)

C Derivations of E[Cbgk)] and E[(@Ek))Q]

Here we only show how to evaluate E[CID( ] and E[(@ 2] because we can

obtain E[®"] and E[(®{")?] in (5.7), (5.12), and (5.3) when E[®"] and
(k) : (k)
E[(®;,)?] are known according to (B3) and (B4). Denoted f;,’(¢) and

(k) . : : .
F; (¢) as the probability density function (pdf) and the cumulative den-
sity function (cdf) of <I>Z(’ where 7 > 0, respectively. Moreover, let F ) be
the inter-arrival time of the primary connections at channel k. Then, for the

type-0 secondary connections whose default channels are channel n = sq,,
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their effective duration at channel k& can be expressed as follows:

O ) k % 50777

o®
min(F;gn), Xs(”))

0,m

: (C1)

s k = 50777
where min(a, b) is the minimum function. It returns the minimal value among

a and b. Hence, the cdf of (I> can be expressed as follows:

O ’ k 7é 80777
1—[(1— A (@)1= F"(@)] . k= s,

where Aé,k) (7) and stk)(gb) are the cdfs of F](gk) and X", respectively. They

F(g) = (C2)

are system parameters and are known in advance.

Next, let q)( be the remaining transmission time when a type-i secondary
connection whose default channel is channel 7 is interrupted at channel k.
Furthermore, the pdf and the cdf of EI;(-k) are denoted by f}];)(gzﬁ) and ﬁ??(qb),

respectively. According to the definition of " we have

7,7’]7

) 0 , k#s
) = # son (C3)

77]
X0 — & k= sy
Because the pdf of X has been known and the pdf of @ , can be derived
by differentiating (C2), we can derive Fén) (¢) as follows:

Fyy(@)
= Pr(@; < 0)
- Pr<X§">—<I>é,3 )

— Pr X(n) mln(l"(") X")) < ¢)

= / / al? () f () (C4)

z—min(v,x)
where o) (v) and F® (x) are the pdfs of I and X, respectively. Then,

we can obtain ﬁg?(gb) by differentiating ﬁ’é’:])(gb) Furthermore, according to
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the total probability principle, we have

G T
o Pr(N < DfD(@IN < 1)+ Pr(N > DFD@IN > 1), k= sq,
(C5)

Because the remaining transmission time is zero when a secondary connection
does not encounter any interruption during its transmission period, we have
%2(¢|N < 1) = 6(¢) where §(¢) is the delta function. Then, we can revise
(C5) as follows:

R0 R i)
S Pr(N=1) o i gl

(6N > 1) (C6)

When a type-0 secondary connection is interrupted on its default channel
1 = Son, its remaining transmission time will turn into the transmission
time of the type-1 secondary connection at channel s;,. That is, the events
{@r, (1) = ¢} and {min(AS" &3&3’”)) < ¢|N > 1} are equivalent. Then,

following the similar argument as in (C2) and (C6), we can have

F(©) X — B

1—[(1 - A" (0) (K ”WdN>DH7 k= s1y
(C7)

and
o ey fe) Fio) ()
) N —
<¢| = 2) PI‘(N > 2) H] Opgsén) H )\(S] n)E[(I)(SJ n)] ’

(C8)

where FS0 "(¢|N > 1) can be derived by integrating fon Flson) (p|N > 1) in
(C6).
Repeating the similar discussions, the general forms of FZ(I:]) (¢) and f, A(S’ 2 (9| N >
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i+ 1) for any i can be expressed as follows:

0 > k S;
FZ(’;)(@ — o . # Sin 7
L= (1= AZ ) EE GIN =) k= sy
(C9)
and
e 2 a1y = - B @ T30 Fane)
PI'(N >+ 1) H;:O p;‘i;m) H;‘:() )\;Sj,n)E[q)fém)]
(C10)
where Z:;i(fif’;’”)(qﬂ]\/' > i) is the integration of ﬂfﬁjé’”)(qﬁ]]\f > ). Because

the arrivals of the primary connections follow the Poisson process, we have
AP (v)=1- e, Based on the relationships of (C9) and (C10), we can
derive the functions fl(]:])(gb) from Fl(’;)(qb) and thus E[(I)( | and E[(P; )) | can

be also evaluated.

D Derivation of Pr()zp =)

Now, we show how to derive Pr()?p = 1) from f,(z). Let fy(z) = Pr(X, =

x). We can have
¥) =) Pr(X,=7lX,=2)Pr(X,=1) . (D1)

Referring to [79], we find that Pr()zp = 7|X, = z) follows the negative

binomial distribution with parameter P;ps. That is,

Pr(X, = 31X, = o) = (1 1) 0= Pup)(Pup)™ . (D2)

r—T
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