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Abstract—1In this paper, we propose a dynamic channel-selection
solution for autonomous wireless users transmitting delay-sen-
sitive multimedia applications over cognitive radio networks.
Unlike prior works that seldom consider the requirement of the
application layer, our solution explicitly considers various rate
requirements and delay deadlines of heterogeneous multimedia
users. Note that the users usually possess private utility functions,
application requirements, and distinct channel conditions in
different frequency channels. To efficiently manage available spec-
trum resources in a decentralized manner, information exchange
among users is necessary. Hence, we propose a novel priority
virtual queue interface that determines the required information
exchanges and evaluates the expected delays experienced by
various priority traffics. Such expected delays are important for
multimedia users due to their delay-sensitivity nature. Based on
the exchanged information, the interface evaluates the expected
delays using priority queuing analysis that considers the wireless
environment, traffic characteristics, and the competing users’
behaviors in the same frequency channel. We propose a dynamic
strategy learning (DSL) algorithm deployed at each user that
exploits the expected delay and dynamically adapts the channel
selection strategies to maximize the user’s utility function. We
simulate multiple video users sharing the cognitive radio network
and show that our proposed solution significantly reduces the
packet loss rate and outperforms the conventional single-channel
dynamic resource allocation by almost 2 dB in terms of video
quality.

Index Terms—Cognitive radio networks, delay-sensitive multi-
media applications, queuing analysis, resource management for
heterogeneous users.

1. INTRODUCTION

HE demand for wireless spectrum has increased rapidly
T in recent years due to the emergence of a variety of appli-
cations, such as wireless Internet browsing, file downloading,
streaming, etc. In the foreseeable future, the requirements for
wireless spectrum will increase even more with the introduction
of multimedia applications such as YouTube, peer to peer mul-
timedia networks, and distributed gaming. However, scanning
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through the radio spectrum reveals its inefficient occupancy [2]
in most frequency channels. Hence, the Federal Communica-
tions Commission (FCC) suggested in 2002 [1] improvements
on spectrum usage to efficiently allocate frequency channels to
license-exempt users without impacting the primary licensees.
This forms cognitive radio networks that: 1) enhance the spec-
trum usage of the traditional licensing system and 2) release
more spectrum resources for the unlicensed allocations in order
to fulfill the required demand.

The emergence of cognitive radio networks have spurred
both innovative research and ongoing standards [3], [4], [6],
[7]. Cognitive radio networks have the capability of achieving
large spectrum efficiencies by enabling interactive wireless
users to sense and learn the surrounding environment and
correspondingly adapt their transmission strategies. Three
main challenges arise in this context. The first problem is how
to sense the spectrum and model the behavior of the primary
licensees. The second problem is how to manage the available
spectrum resources and share the resource to the license-ex-
empt users to satisfy their transmission requirements while not
interfering with the primary licensees. The third problem is
how to maintain seamless communication during the transition
(hand-off) of selected frequency channels. In this paper, we
focus on the second challenge and rely on the existing literature
for the remaining two challenges [23], [26].

Prior research such as [3], [6] focus on centralized solu-
tions for the resource management problem in cognitive radio
networks. However, due to the informationally-decentralized
nature of wireless networks, the complexity of the optimal
centralized solutions for spectrum allocation is prohibitive [§]
for delay-sensitive multimedia applications. Moreover, the cen-
tralized solution requires the propagation of private information
back and forth to a common coordinator, thereby incurring
delay that may be unacceptable for delay-sensitive applications.
Hence, it is important to implement decentralized solutions
for dynamic channel selection by relying on the wireless mul-
timedia users’ capabilities to sense and adapt their frequency
channel selections. Moreover, unlike most of the existing re-
search on resource management in the cognitive radio networks
[10], [22] that ignores the multimedia traffic characteristics in
the application layer and assumes that all competing users in the
networks are of the same type (applications, radio capabilities),
we consider heterogeneous users in this paper, meaning that
the users can have: 1) different types of utility functions and
delay deadlines; 2) different traffic priorities and rates; and 3)
experience distinct channel conditions in different frequency
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channels. For example, the multimedia users can differ in
their preferences of utility functions, priorities of accessing
the frequency channels, traffic rate requirements, capabilities
of transmitting data in different frequency channels. Note
that in the informationally-decentralized wireless network,
these utility functions, traffic characteristics, and the channel
conditions are usually considered as private information of the
users. Hence, the main challenge here is how to coordinate the
spectrum sharing among heterogeneous multimedia users in a
decentralized manner.

To do this, information exchange across the multimedia users
is essential. Since the decisions of a user will impact and be im-
pacted by the other users selecting the same frequency channel,
without explicit information exchange, the heterogeneous users
will consume additional resources and respond slower to the
time-varying environment [27]. The key questions are what in-
formation exchanges are required, and how autonomous users
adapt their channel selections based on the limited information
exchange to efficiently maximize their private utilities. In this
paper, we propose a novel priority virtual queue interface to ab-
stract multimedia users’ interactions and determine the required
information exchange according to the priority queuing anal-
ysis. Note that such information exchanges can rely on a ded-
icated control channel for all users, or can use a group-based
scheme without a common control channel [19].

In this paper, we model the traffic of the users (including the
licensed users and the license-exempt users) and the channel
conditions (e.g. signal-to-noise ratio, bit-error-rate) by sta-
tionary stochastic models similar to [22]. Our approach endows
the primary licensees with the priority to preempt the trans-
missions of the license-exempt users in the same frequency
channel. Based on the priority queuing analysis, each wireless
user can evaluate its utility impact based on the behaviors of
the users deploying the same frequency channel (including the
primary licensees, to which the highest priority is assigned).
The behavior of a user is represented by its probability profile
for selecting different frequency channels, which is referred
as the channel selection strategy in this paper. Based on the
expected utility evaluation, we propose a dynamic strategy
learning (DSL) algorithm for an autonomous multimedia user
to adapt its channel selection strategy.

In summary, our paper addresses the following important is-
sues.

a) Separation of the utility evaluation and channel selec-

tion using the priority virtual queue interface.

We propose a novel priority virtual queue interface for
each autonomous user to exchange information and
maximize its private utility in cognitive radio networks.
Through the interface, the user can model the strategies
of the other users with higher priorities and evaluates the
expected utility of selecting a certain frequency channel.
Importantly, the interface provides a simple model that
facilitates the user’s learning of what is the best channel
selection strategy.

b) Priority virtual queuing analysis for heterogeneous

multimedia users.
Unlike prior works on cognitive radio networking, which
seldom consider multimedia traffic characteristics and

delay deadlines in the application layer, our priority
virtual queue framework enables the autonomous mul-
timedia users to consider: 1) priorities of accessing the
frequency channels; 2) different traffic loads and channel
conditions in different frequency channels; and 3) hetero-
geneous preferences for various types of utility functions
based on the deployed applications. Note that the priority
queuing model allows the primary licensees to actively
share the occupied channels instead of excluding all the
other wireless users. However, by assigning highest pre-
emptive priorities to the licensees, the unlicensed users
do not impact the licensees.

c) DSL algorithm for dynamic channel selections by

wireless stations.

Based on the expected utility evaluation from the inter-
face, we propose a decentralized learning algorithm that
dynamically adapts the channel selection strategies to
maximize the private utility functions of users. Note that
a frequency channel can be shared by several users. A
wireless user can also select multiple frequency channels
for transmission. Our learning algorithm addresses how
multimedia users distribute traffic to multiple available
frequency channels to maximize their own utility func-
tions.

The rest of this paper is organized as follows. Section II pro-
vides the specification of cognitive radio networks and models
the dynamic resource management problem as a multi-agent in-
teraction problem. In Section III, we give an overview of our dy-
namic resource management for the heterogeneous multimedia
users, including the priority virtual queue interface and the dy-
namic channel selection. In Section IV, we provide the queuing
analysis for the priority virtual queue interface and determine
the required information exchange. In Section V, we focus on
the dynamic channel selection and propose the DSL algorithm
to adapt the channel selection strategy for the multimedia users.
Simulation results are given in Section VI. Section VII con-
cludes the paper.

II. MODELING THE COGNITIVE RADIO NETWORKS
AS MULTI-AGENT INTERACTIONS

A. Agents in a Cognitive Radio Network

In this paper, we assume that the following agents interact in

the cognitive radio network.

* Primary Users are the incumbent devices possessing
transmission licenses for specific frequency bands (chan-
nels). We assume that there are M channels in the
cognitive radio network, and that there are several primary
users in each frequency channel. These primary users can
only occupy their assigned frequency channels. Since the
primary users are licensed users, they will be provided
with an interference-free environment [4], [23].

* Secondary Users are the autonomous wireless stations
that perform channel sensing and share the available spec-
trum holes [3]. We assume that there are N secondary users
in the system. These secondary users are able to transmit
their traffic using various frequency channels. If multiple
users select the same frequency channel, they will time
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Fig. 1. Illustration of the considered network model.

share the chosen frequency channel. Moreover, these sec-
ondary users are license-exempt, and hence, they cannot
interfere with the primary users.

In this paper, we consider the users sharing a single-hop wire-
less ad hoc network. Fig. 1 provides an illustration of the consid-
ered network model. We assume the secondary users as trans-
mitter-receiver pairs with information exchange among these
pairs. In order to maintain stationary property, we assume that
these network agents are static (i.e., we do not consider mobility
effects). Next, we model the interaction among secondary users
accessing the same frequency channel.

B. Modeling of the Dynamic Resource Management Problem
as a Multi-Agent Interaction

e Users: As indicated above, there are two sets of
users—aggregate primary users in each channel
PU = {PU,...,PUp}' and the secondary users
SU = {SUy,...,SUx}. The priorities of users in cog-
nitive radio networks are pre-assigned depending on their
Quality of Service (QoS) requirements and their right to
access the frequency channels.

* Resources: The resources are the frequency channels F =
{F},..., Far}. Multiple users can time share the same fre-
quency channel. Note that even if the same time sharing
fraction is assigned to the users choosing the same fre-
quency channel, their experienced channel conditions may
differ.

e Actions: The considered actions of the secondary users
are the selection of the frequency channel for each packet
transmission. We denote the actions of a secondary user
SU; using a; = [a;1,ai2,...,a;0) € AM, where a;; €
A (A = {0,1}). a;; = 1 indicates that SU; chooses
the frequency channel F}. Otherwise, a;; = 0. Let a_;
denote the actions of the other secondary users except SU;.
Let A = [aT, ..., a%] € AM*N denote the total action

profile across all secondary users.

IFrom the secondary users’ point of view, there is no need to differentiate
different primary users in one frequency channel. Hence, we reduce the primary
users in one frequency channel into one aggregate primary user. A secondary
user needs to back-off and wait for transmission or select another frequency
channel, once any of the primary users start to transmit in the same frequency
channel.
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* Strategies: A strategy of a secondary user SU; is a vector
of probabilities s; = [si1,8:2,...,5:] € SM, where
sij € S (S = [0,1]) represents the probability of the
secondary user SU; to take the action a;; (i.e., to choose
the frequency channel F;). Hence, the summation over all
the frequency channels is E?; s;; = 1. Note that s;; can
also be viewed as the fraction of data from SU; transmitted
on frequency channel F’;, and hence, multiple frequency
channels are selected for a secondary users with s;; > 0.
Let S = [sT,...,s%] € SM*N denote the total strategy
profile across all secondary users.

 Utility functions: Each secondary user has its own utility
function. Based on the adopted actions of the secondary
users, we denote the utility function of SU; as u;. Con-
ventionally, the utility function of a specific user is often
modeled solely based on its own action, i.e., u;(a;) without
modeling the other secondary users [8], [28]. However, the
utility function for multimedia users relates to the effective
delay and throughput that a secondary user can derive from
the selected frequency channel, which is coupled with the
actions of other secondary users. Hence, the utility function
u; 1s also influenced by the action of other secondary users
that select the same frequency channel. In other words, the
utility function can be regarded as u;(a;, a_;). We will dis-
cuss this utility function in detail in Section III-C.

* Expected utility function with dynamic adaptation:
In an informationally-decentralized cognitive wireless
network that consists of heterogeneous secondary users,
the secondary user SU; may not know the exact actions
of other secondary users a_;. Moreover, even if all the
actions are known, it is unrealistic to assume that the exact
action information can be collected timely to compute and
maximize the actual utility function u;(a;,a_;). Hence, a
more practical solution is to dynamically model the other
secondary users’ behavior by updating their probabilistic
strategy profile of actions s_; based on the observed infor-
mation, and then compute the optimal channel selection
strategy s; that maximizes the expected utility function of
S Ui . i.e.

Ui(si,s—i) = Es, s_,) [ui(ai,a_;)] (1)

where Es, s_,y[ui(a;,a_;)] is the expected utility func-
tion, given a fixed strategy profile S = (s;,s_;). In the
next section, we discuss how secondary users perform dy-
namic resource management that maximizes the expected
utility function U;(s;,s_;) by modeling the strategy (be-
havior) s_; of the other users in cognitive radio networks.

III. DYNAMIC RESOURCE MANAGEMENT FOR HETEROGENEOUS
SECONDARY USERS USING PRIORITY QUEUING

In this section, we provide our dynamic resource management
solution using the multi-agent interaction settings in the pre-
vious section. We first emphasize the heterogeneity of the sec-
ondary users in cognitive radio networks and then introduce our
solution with the priority queuing interface and adaptive channel
selection strategies.
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A. Prioritization of the Users

We assume that there are K priority classes of users in the
system. The highest priority class C; is always reserved for the
primary users PU in each frequency channel. The heteroge-
neous secondary users SU can be categorized into the rest of
K — 1 priority classes (Cs,...,Ck) to access the frequency
channels.2 We assume that the users in higher priority classes
can preempt the transmission of the lower priority classes to en-
sure an interference-free environment for the primary users [14].
The priority of a user affects its ability of accessing the channel.
Primary users in the highest priority class C; can always access
their corresponding channels at any time. Secondary users, on
the other hand, need to sense the channel and wait for trans-
mission opportunities for transmission (when there is no higher
priority users using the channel) based on their priorities. We
assume that there are N}, users in each of the class Ck’ . Hence,
N; = M (number of aggregate primary users) and Zkl,‘:2 Ny =
N (number of secondary users).

Various multiple access control schemes can be adopted for
the secondary users to share the spectrum resource. For sim-
plicity, in this paper, we consider a MAC protocol similar to
IEEE 802.11e HCF [12]3 to assign transmission opportunities
(i.e., TXOP) and ensure that a secondary users in the lower pri-
ority class will stop accessing the channel and wait in the queue
or change its action (channel selection) if a higher priority user is
using the frequency channel. Note that for secondary users, they
not only can have different priorities to access the frequency
channels, but they can also have different channel conditions
and possess their own preferences for a certain type of utility
function, which is discussed in the following subsections.

B. Channel Conditions of the Heterogeneous Secondary Users

For a certain frequency channel F};, the secondary users can
experience various channel conditions for the same frequency
channel. We denote T;; and p;; as the resulting physical trans-
mission rate and packet error rate for the secondary user SU;
transmitting through a certain frequency channel F};. Let R;; =
[Ti;,pi;] € R be the channel conditions of the channel F; for
the secondary user SU;. We denote the channel condition matrix
as R = [R;;] € RM*N . The expected physical transmission
rate and packet error rate can be approximated as sigmoid func-
tions of measured signal-to-interference-noise-ratio (SINR) and
the adopted modulation and coding scheme as in [17]. Note that
the expected T;; and p;; of the same frequency channel can be
different for various secondary users.

2The prioritization of the secondary users can be determined based on their
applications, prices paid for spectrum access, or other mechanism design based
rules. In this paper, we will assume that the prioritization was already performed.

3Either the polling-based HCCA or contention-based EDCA protocols can
be applied, as long as the priority property of the users is provided. However, a
more sophisticated MAC protocols can also be considered to deal with the spec-
trum heterogeneity (such as HD-MAC in [19]). Different MAC protocols will
have different overheads including the time of waiting for the MAC acknowl-
edgement, contention period, etc. that affect the service time distribution of the
M/G/1 queuing model.

C. Goals of the Heterogeneous Secondary Users

In general, the utility function wu; is a non-decreasing func-
tion of the available transmission rates. Several types of objec-
tives for the secondary users can be considered in practice, such
as minimizing the end-to-end delay, loss probability, or maxi-
mizing the received quality, etc. For simplicity, we assume only
two types of utility functions* in this paper.

* The delay-based utility for delay-sensitive multimedia

applications.

Let D;(a;,a_;) represent the end-to-end packet delay
(transmission delay plus the queuing delay) for the sec-
ondary user SU;. Let d; represent the delay deadline of
the application of secondary user SU;. We consider this
type of utility function as (as in [20])

UEI) (ah a_,L-) = Prob (DL (ai, a_,L-) S dt) (2)
which depends on the end-to-end delay D;(a;,a_;) and
the delay deadline d; imposed by the application.

* The throughput-based utility for delay-insensitive appli-
cations.

Let Tff f represent the effective available throughput for

the secondary user SU;. The second type of utility function

is assumed to be directly related to the throughput (as in

[18]). In this paper, we define it as
%» if 777 (a;,a_;) < Tymex
1, it T/ (a;,a_;) > T

3)
where T;7?* is the physical throughput required by the sec-
ondary user SU;.

We assume that a secondary user can possess multiple appli-
cations that can be either delay-sensitive multimedia traffic or
delay-insensitive data traffic. Hence, we define the utility func-
tion of a secondary user as a multi-criterion objective function
(asin [6], [21]) of these two types of utility functions. Different
secondary users can have different preferences 6,5 (0 < 6; <
1). Specifically, the goal of a secondary user SU; is to maximize
the following utility function

u$?(aj,a_;) =

ui(ai, a_i) = 192 . ugl)(ai, a_i) + (1 — 191) . u52) (ai, a_i). (4)
Note that, in this setting, 0 < u;(a;,a_;) < 1.

D. Example of Three Priority Classes With Different Utility
Functions

Let A be the action set of the secondary users in the classes
Csy,...,Cr, de., A = {aL|SUL e Cl =2,..., k} Note
that Ax_1 € Ai C A. Due to the priority queuing structure,
the actions of the secondary users with lower priority will not
affect the users in the higher priority class [11]. Hence, the de-
centralized optimizations are performed starting from the higher

4This model can be easily extended to more types of utility functions. More-
over, our utility function can also be easily modified to a quality-type utility
function using different priorities. For simplicity, we do not consider the quality
impact of different multimedia packets in our utility function.

SIn this paper, we assume that the preferences 6; are predetermined by the
secondary users. The preferences ¢, of the multi-criterion optimization can be
determined based on the applications. See, e.g., [15].
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priority classes to the lower priority classes. In other words, the
decentralized optimization of a secondary user in a lower pri-
ority class also needs to consider the actions of the users in
higher priority classes. For example, three classes can be as-
sumed (K = 3)—the first priority class is composed by the
primary users whose actions are fixed (no channel selection ca-
pability). The second priority class C5 is composed by the sec-
ondary users transmitting delay-sensitive multimedia applica-
tions, and the third priority class C'3 is composed by the sec-
ondary users transmitting regular data traffic, which requires
throughput maximization. The objective function for each of the
secondary users in priority class Cs is (6; = 1, for SU; € Cs)

maximize U,L-(l)(si,s,i)
= maximize F, s_,)[Prob(D;(Az) < d;))]. (5)

Then, the objective function for the secondary users in the class
C3is (0; = 0, for SU; € C3)

U (si;s—i)

7

= maximize F, s_,) [Tf"ff (A)} (6)

3

maximize

with the constraint that A, C A are predetermined by (5). The
effective transmission rate of each secondary user can be ex-
pressed as

M
Bay [T(A)] =Y sl =pii). @)
j=1

From the above three classes example, note that delay analysis
is essential for the heterogeneous secondary users with delay-
sensitive applications in a cognitive radio network.

To maximize the expected utility function as stated in (1), a
secondary user needs to consider the impact of the other sec-
ondary users. In order to efficiently regulate the information ex-
change among heterogeneous users and efficiently provide ex-
pected utility evaluation, a coordination interface must be devel-
oped. Based on this interface, the secondary users can interact
with each other in a decentralized manner. In the next subsec-
tion, we propose a novel dynamic resource management with
such an interface for a secondary user SU; to adapt its frequency
selection strategy s;.

E. Dynamic Resource Management With Priority Virtual
Queue Interface

The resource management for delay-sensitive multimedia ap-
plications over cognitive radio networks needs to consider the
heterogeneous wireless users having various utility functions,
priorities of accessing the channel, traffic rates, and channel con-
ditions. Specifically, the main challenge is how to coordinate
the spectrum sharing among competing users and select the fre-
quency channel to maximize the utility functions in a decentral-
ized manner. For this, we propose a novel priority virtual queue
interface. Unlike prior research assuming that secondary users
apply 2-state “spectrum holes” (on-off model [22]) for spectrum
access [4] in our priority virtual queue interface, we allow sec-
ondary users to obtain transmission opportunities once the pri-
mary user in a specific channel stops transmitting. The primary

IEEE TRANSACTIONS ON MULTIMEDIA, VOL. 10, NO. 5, AUGUST 2008

Cognitive Radio Network SU,..8U;..SUy
Information SU,
exchange s
Priority virtual queue Dynamic strategy
interface U adaptation
1
-

Heterogeneous traffic Q

Transmission
opportunity
from the MAC

/
Priority virtual queues for each of the wireless channels

Fig. 2. Architecture of the proposed dynamic resource management with pri-
ority virtual queue interface.

users have the highest priority, thereby being able to preempt
the transmission of the secondary users’ transmission.

The priority virtual queue interface has two main tasks: 1) de-
termines the required information exchange and 2) evaluates the
utility impact from the wireless environment as well as the com-
peting users’ behaviors in the same frequency channel. In the
priority virtual queue interface of a user, the virtual queues are
preemptive priority queues [14] for each of the frequency chan-
nels. They are emulated by each multimedia user to estimate
the delay of selecting a specific frequency channel for transmis-
sion. Fig. 2 illustrates the architecture of the proposed dynamic
resource management with priority virtual queue interface that
exchanges information and emulates the expected delay. Note
that these virtual queues are in fact distributed (physically lo-
cated) at the secondary users.

The implementation of the dynamic resource management
with priority virtual queue interface of the secondary users is
presented below:

1) Information exchange collection: The secondary user
SU; collect the required information from other secondary
users through the priority virtual queue interface. The re-
quired information exchange will be discussed in Section
IV-D based on the queuing analysis.

2) Priority queuing analysis: The interface estimates s_;
and performs priority queuing analysis based on the
observed information to evaluate the expected utility
Ui(si,s—;). The priority queuing analysis will be dis-
cussed in details in Section IV.

3) Dynamic strategy adaptation: Based on the expected
utility U;(s;,s—_;), the secondary user adapts its channel
selection strategy s;. We propose a dynamic strategy
learning algorithm, which will be discussed in detail in
Section V.

4) Assign actions for each packet based on the strategy:
Based on current channel selection strategy s;, SU; can
assign to each packet an action (select frequency channel
according to the probability profile). As the channel selec-
tion strategy adapts to the network changes, the behavior
of a secondary user selecting the frequency channels for its
packets will also change.
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Fig. 3. Actions of the secondary users a;; and their physical queues for each
frequency channel.

5) Wait for the transmission opportunity and transmit the
packets: The packets wait in queues to be transmitted.
Based on the priorities of the users, the higher priority sec-
ondary users will have a better chance to access the channel
and transmit their packets.

Note that the primary users will transmit whenever needed in
their corresponding frequency channels.

Next, we present the priority queuing analysis for delay-sen-
sitive multimedia users to evaluate U;(s;,s_;).

IV. PRIORITY QUEUING ANALYSIS FOR DELAY-SENSITIVE
MULTIMEDIA USERS

In this section, we discuss the priority queuing analysis for
delay-sensitive multimedia applications. It is important to note
that the packets of the competing wireless users are physically
waiting at different locations. Fig. 3 gives an example of the
physical queues for the case of M frequency channels and NV
secondary users. Each secondary user maintains M physical
queues for the various frequency channels, which allows users
to avoid the well-known head-of-line blocking effect [24]. The
channel selection decisions are based on the queuing analysis,
which will be discussed in detail in Section V. In this section,
we focus on the priority queuing analysis from the perspective
of each secondary user to evaluate U, (s;,s_;).

A. Traffic Models of the Users

* Traffic model for primary users
We assume that the stationary statistics of the traffic pat-
terns of primary users can be modeled by all secondary
users. The packet arrival process of a primary user is mod-
eled as a Poisson process with average packet arrival rate
/\f U for the primary user PU; using the frequency channel
F;. Note that the aggregation of Poisson processes of pri-
mary users in the same frequency channel is still Poisson.

We denote the mth moments of the service time distribu-
tion of the primary user PUj in frequency channel F; as
E[(X] U)™]. We adopt an M/G/1 model for the traffic de-
scriptions. Note that this traffic model description is more
general than a Markov on-off model [22], which is a subset
of our queuing model with an exponential idle period and
an exponential busy period.
» Traffic model for secondary users

We assume that the average rate requirement for the sec-
ondary user SU; is B; (bit/s). Let \;; denote the average
packet arrival rate of the secondary user SU; using the fre-
quency channel F}. Since the strategy s;; represents the
probability of the secondary user SU; taking action a;;
(transmitting using the frequency channel F}), we have

B;
Aij = $ij T ®)

where L; denotes the average packet length of the sec-
ondary user SU;. If a certain secondary user SU; can never
use the frequency channel F);, we fix its strategy to s;; =
0, and hence, )\;; = 0. For simplicity, we also model
the packet arrival process of the secondary users using
a Poisson process. Note that the average arrival rate is
the only sufficient statistics required to describe a Poisson
process.

Since packet errors are unavoidable in a wireless channel,
we assume that packets will be retransmitted, if they are not
correctly received. This can be regarded as a protection scheme
similar to the Automatic Repeat Request protocol in IEEE
802.11 networks [12]. Hence, the service time of the users can
be modeled as a geometric distribution [13]. Let E[X,;] and
E[X ZZJ] denote the first two moments of the service time of the
secondary user SU; using the frequency channel F);. We have

Li+Lo
EXij| ==—F——= 9
Xl T (1 = pij) ®
. 2 ..

TZE(1 — pij)?

where L; is the average packet length of the secondary
user SU; and L, represents the effective control overhead
including the time for protocol acknowledgement,® informa-
tion exchange, and channel sensing delay, etc. (see [12] for
details). Let us denote X; = [E[Xy]lj = 1,...,M] and
X7 = [E[X}])lj = 1,..., M]. To describe the traffic model,
we define the traffic specification? for the secondary user SU;
as TS; = [Ck, Bi, Li, X;, X?], if SU; € CY. This information
needs to be exchanged among the secondary users, which will
be discussed in detail in Section IV-D.

B. Priority Virtual Queuing Analysis

In order to evaluate the expected utility U;(s;, s_;) for delay-
sensitive multimedia applications, we need to calculate the dis-
tribution of the end-to-end delay D;(a;,a_;) for the secondary

6Here we only consider retransmission due to channel errors. We consider the
protocol overhead in the MAC layer including possible contention period, time
for acknowledgement, etc. in the effective control overhead.

TThe traffic specification is similar to the TSPEC in current IEEE 802.11e
[12] for multimedia transmission.
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user SU; to transmit its packets. The expected end-to-end delay3
E[D;] of the secondary user SU; can be expressed as
M
E[Di(ai,a_i)] =Y sij - E[Dij (Rij(A))],
Jj=1

(1)

where E[D;;(R;;(A))] is the average end-to-end delay if the
secondary user SU; chooses the frequency channel F;. Note that
s;; is the strategy of the action a;; in A.

Using the queuing model in Fig. 3, each arriving packet of
SU; will select a physical queue to join (action a;;) according
to the strategy s;;. Note that there are IV physical queues from
N secondary users for a frequency channel F;. Only one of
them can transmit its packets at any time. Hence, we form a
“virtual queue” for the same frequency channel as illustrated in
Fig. 3. In a virtual queue, the packets of the different secondary
users wait to be transmitted. Importantly, the total sojourn time
(queue waiting time plus the transmission service time) of this
virtual queue now becomes the actual service time at each of
the physical queues. The concept is similar to the “service on
vacation” [11] in queuing theory, and the waiting time of the
virtual queue can be regarded as the “vacation time”.

Since the number of the secondary users in a regular cognitive
radio network is usually large, we can approximate the virtual
queue using prioritized M/G/1 queuing model (i.e., when NV is
large, the input traffic of the virtual queue can be modeled as a
Poisson process). The average arrival rate of the virtual queue
of the frequency channel F) is ZzN:1 Aij. Let us denote the first
two moments of the service time for the virtual queue of the
frequency channel F; as E[X;] and E[X 2]. For a packet in the
virtual queue of frequency channel F;, we determine the prob-
ability of the packet coming from the secondary user SU; as

fii = i —

(12)
k=1 Akj

Hence

N
iy x ElXy), B [XJQ] =2 _fux E[XE].
=1

N
A=21
- (13)

Since there are K priority classes among users (K > 2,
PU € (4, SU € {Cs,...,Ck}), we assume that (i, repre-
sents the normalized traffic loading of all the class C}, secondary
users using the frequency channel F;. By the definition of the
normalized traffic loading [11], we have

Wik = Z )\inE[Xj]., andu?k: Z )\“XE[XJQ} .
VSU;eCl. VSU;eCy,
(14)

Assume that E[D;] and E[W;;] represent the average virtual
queuing delay and average virtual queue waiting time experi-
enced by the secondary users in class C}, in the virtual queue of
the frequency channel F;. By applying the mean value analysis
(MVA) [14], we have

E[Dji] =

81n order to simplify the notation, we use simple expectation notation E[-]
instead of the expectation over the action strategies E(, s_,)[-] hereafter in
this paper.

EWj]+E[X]]
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k
P?‘F E M?l }
= == +E[X;]

<1 pi— E/m) <1—pj—éujl>

where p; represents the normalized loading of the primary user
PU; for the frequency channel F};, and

T 2
pi=AVE XYL g =alVE[ (V)]

15)

(16)

Recall that the average input rate of the primary user PU; is
APV, and the first two moments of the service time is £[X Y]
and E[X]U?].

Since the average virtual queuing delay [ k] is the average
service time of the physical queue, the average end-to-end delay
of the secondary user SU; sending packets through frequency
channel F} is approximately

E[Dji]

(D3] 1— \,;E[Dj]’

for \;; E[D ]k] <1, SU; € Cy.

a7
Strategies (s;,s_;) suchthat \;; E [Djk] > 1 will resultin an un-
bounded delay E[D,;], which is undesirable for delay-sensitive
applications. The advantage of this approximation is that once
the average delay of the virtual queue E[D;y] is known by the
secondary user SU;, the secondary user can immediately cal-
culate the expected end-to-end delay E[D;;] of a packet trans-
mitting using the frequency channel F};. Note that in (17), we
assume that once a packet selects a physical queue, it cannot
switch to another queue (change position to the other queues).
However, by considering current physical queue size g;; for
user SU; using the frequency channel F}, a packet can change
its channel selection after it is put in the physical queue. The
switching probability from a longer queue g;, to a shorter queue
¢ip in a time interval ¢ can be defined as 1 —exp(—t X (¢ia—gGin))-
To evaluate such expected end-to-end delay E[D;;], a more so-
phisticated queuing model with jockey impatient customers [30]
needs to be considered.

Let P;;(s;, s—;) represent the probability of packet loss for
the secondary user SU; sending packets through frequency
channel F};. By applying G/G/1 approximation based on the
work of [16], we have

Pij(siys—i)
)\ijE[Djk]exp( %) 5 for )\“E[ Jk]<1
= SU; € Qk
1, fOI‘ /\”E[Djk]ZI

(13)

For a delay-sensitive secondary user SU;, the objective function
in (5) becomes

UM (si,5-4)

maximize ;

Sq

Zu

= maximize 1] 51 S—7))
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M )
= minimize Z sijAij E[Dji] exp (_ %) 7
S, Zj

J=1

for SU; € C,. (19)

C. Overhead of Required Information Exchange and the
Aggregate Virtual Queue Effects

In the previous subsection, we calculate P;;(s;,s_;), the
packet loss probability for a packet of the secondary user SU;
transmitting using the frequency channel F}. In a general case,
we can calculate the expected utility function of (4) as

B lui(ai, ai)] =0; U + (1= 6;) - U

M
=6; Y sij- (1= Pij(si,si))
j=1
M
+(1=60:) Y siiTiy(1 = pi) [T
=1

(20)

.

Il
-

Sij - FE [V,L-]-(aq-,?a_i)]

J

where E[Vi]-(ai, a_i)] = 91(1 — Pij(si7 S—i)) + (1 — 6L)TU(1 —
pij) /T, E[Vij(a;,a_;)| represents the aggregate virtual
queue effect for the secondary user SU; of class Cj, transmitting
using the frequency channel F;. Note that E[V;;(a;,a_;)] < 1.

The aggregate virtual queue effect E[V;;(a;,a_;)] can be re-
garded as a metric of the dynamic wireless environment and the
competing wireless users’ behaviors [4], [5], which reflects the
impact of the time-varying environment and the impact of the
other users (including the primary user and the other secondary
users) on the secondary user SU; in the specific frequency chan-
nels F;. To evaluate E[V;;(a;, a_;)], modeling other secondary
users is necessary.? Our priority virtual queue interface requires
the following information to compute /;; and /L?l in (15).

1) Priority: the secondary users’ priorities.

2) Normalized loading: the secondary users’ normalized
loading parameters \;; x E[X], which not only include
the information of s;, but also reflects the input traffic
loading and the expected transmission time using a spe-
cific frequency channel.

3) Variance statistics: the secondary users’ variance statistics
with the normalized parameter \;; X E[X’f]

To determine the above information, two kinds of information
need to be exchanged.

* Information exchange of other secondary users’ traffic
specification T'S_; (see Section IV-A).

* Information exchange of the action of the other secondary
users a_; (to model the strategies s_;).

Since the traffic specification T'S; only varies when the fre-
quency channels change dramatically (we do not consider mo-
bility effects and this information exchange is assumed to be
truthfully revealed), the traffic specification can be exchanged
only when a secondary user joins the network to reduce the over-

9Although we apply M/G/1 priority queuing analysis, more sophisticated
queuing models can be applied for evaluating the aggregate virtual queue
effects, if using different traffic model description.

head. On the other hand, the action information can be observed
(sensed) more frequently (once per packet/service interval [12]).
Note that since the users in the higher priority classes will not
be affected by the users in the lower priority classes, they do not
need the information from the users in a lower priority class.
Hence, higher priority secondary users will have small informa-
tion exchange overhead and computational complexity. In con-
clusion, the information overheads for higher importance sec-
ondary users are limited.

Based on the action information observation, the inter-
face updates the strategies (s;,s_;) and compute all the
required information to evaluate the aggregate virtual queue
effect E[V;;(a;,a_;)]. Next, we discuss how to make use of
E[V;;(a;,a_;)] to determine the frequency channel selection.

V. DYNAMIC CHANNEL SELECTION WITH
STRATEGY LEARNING

From Section III, we know that the goals of the secondary
users are to maximize their utility functions. We define the best
response strategy for the decentralized optimization by consid-
ering the strategy that yields the highest utility U; of the sec-
ondary user SU;. To simplify the description, we now consider
all the secondary users in one class.!9 The decentralized opti-
mization is

s = arg max Ei, s ) [ui(a;,a—;)] . o2y

s; ESZ\/[
From (20), the decentralized optimization problem in (21) can
be written as
M
(22)

*
S; = arg max
s, ESM £
Jj=1

sij - EVij(ai,a_;)].

Based on the strategy s}, a secondary user can choose its action
(frequency channel), and then the secondary user models s_;
based on the action information exchange revealed by the
other secondary users (i.e., a_;) in order to evaluate a new
E[V;;(a;,a_;)]. The concept is similar to the fictitious play
[25] in multi-agent learning in game theory. The difference is
that a user not only models the strategies of the other users,
but also explicitly calculates the aggregate virtual queue effect
E[V;;(a;,a_;)] that directly impacts the utility function. Based
on the priority queuing analysis in Section IV, the aggregate
virtual queue effect £[V;;(a;,a_;)] can be evaluated using (20)
by each of the secondary users. The iterative learning algorithm
based on E[V;;(a;,a_;)] can be written as

s;(n) = arg max U, (s;,s—i(n — 1))
s, €SM

M
= arg max E Sij
s;€ESM £ !

J=1

- E[Vij (ai(n = 1),a_i(n = 1))] (23)
where the initial stage is s;(0). We show the system diagram of
a secondary user in Fig. 4. The optimal strategy s; can be de-

10For multiple priority classes’ case, the same algorithm can be applied con-
secutively from higher priority classes to lower priority classes without losing
generality.
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Action information observation

Secondary user SU; € C},

Priority virtual queue Interface _ _
Dynamic Strategy Learning

Strategy modeling(s;,s_;)|

Frequency selection
Ch?"”?' Primary user based on strategy
estimation R;; | modeling 5,

Packet
transmission

Priority virtual
queuing analysis

Strategy Learning

Channel sensing Traffic specification exchange Transmission opportunity

Fig. 4. Block diagram of the priority virtual queue interface and dynamic
strategy learning of a secondary user.

termined by the secondary user SU; for a given E[V;;(a;, a_;)]
from the interface. Then, based on the best response strategy
s¥(n), a packet of the secondary user SU; selects an action
a;(n).

Let the frequency channel with the largest E[V;;(A(n —1))]
be F*(n),i.e., F*(n) = arg b{ng%(_{E[I/}j(A(7z —1))]}. Recall

that A(n — 1) = [a;(n — 1),a_;(n — 1)]. The solution of (23)
is:
if F; = F*(n)

otherwise (24)

= {27

For a specific frequency channel F}, even though the cor-
responding primary user’s traffic is stationary, it is not guar-
anteed that the secondary users’ strategies will converge to a
steady state, since the secondary users mutually impact each
other. Hence, our solution adopts a multi-agent learning which
resembles the gradient play [25] in game theory. Our approach
does not employ a best response strategy, but rather adjusts a
strategy in the direction of the perceived “better” response. In
addition, due to the cost of frequency hopping and the hardware
limitations, only a limited set of selectable frequency channels
can be selected by a secondary user for transmission. Hence,
we assume that the selectable frequency channels for the sec-
ondary user SU; are in a set F; C F. Let us denote H; =
{Fj|si; > 0} C F; as the set of frequency channels with
5;; > 0. The maximum number of selected frequency channel
is H,;, i.e., |F,| S H,j.

Note that changing the selected frequency channels requires
channel sensing, control signaling, and also additional incurred
delays, etc. for the spectrum handoff [23]. In the Appendix,
we discuss the convergence properties of the proposed algo-
rithm considering the cost of changing the frequency selection
strategy. We refer to this cost for the secondary user SU; as
xi(si(n),s;(n — 1)), which is a function of the difference be-
tween the selected strategy and the previous strategy (see the
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Appendix for more detail). The utilit%//rfunction of SU; now be-
comes Us(s;(n),s—i(n — 1)) = 375, sij(n) X E[V;j(A(n —
D)l = xi(si(n),si(n —1)).

The steps in our DSL algorithm are summarized below.

Step 1. Model the strategy matrix from the action
information exchange:
The priority virtual queue interface collects the
action information from the other users and
accordingly updates the strategy matrix.

Step 2. Calculate virtual queue effects:
Given the strategy matrix of the previous stage,
S(n—1) = [si(n—1),s_;(n — 1)] and the channel
loading specification, we calculate the aggregate
virtual queue effects E[V;;(A(n — 1))] based on
(18) and (20).

Step 3. Determine the set of selected frequency channels:
Determine the set H; of selected frequency
channels from F';

H;(n) = arg max) { B[V, (A(n - 1))]}

FjGFi

(25)

where we denote the operation max(™) (X) as the
largest N choices from a set X.

Step 4. Determine the channel selection strategies:
Based on H;(n), we determine the strategy
§;;(n) using the policy shown (26), as shown at
the bottom of the page, where o is a constant
step size of changing the strategies such that the
policy favors a frequency channel leading to a
larger E[V;;(A(n — 1))]. Specifically, the policy
concentrates the traffic distribution to the frequency
channel F**(n) from the other frequency channels
in H;, while learning from the previous strategy
Sij (n - 1)

Step 5. Update the new strategy:
Update the new strategy s;,(n) if the strategy
§ij(n) leads to an improved utility

§ij(’ll)7 if UL' (§L(7’L) S_,L'(TL — 1))
SLJ(n) = > U; (Si(’ll — 1),s_i(n - 1)) .
sij(n — 1), otherwise

27
Step 6. Determine a frequency channel for packet
transmissions based on the strategy.
The proposed dynamic channel selection algorithm has the
following advantages.
1) Decentralized decision making allows heterogeneous
secondary users (in terms of their priorities, utilities,

max (0, s;;(n — 1) — o),

Sij(n) = ¢ 1= p 2pe(nymax (0,s55(n — 1) —0),

0,

lfF] S HL(TL) Fj =

(26)
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TABLE 1
SIMULATION PARAMETERS OF THE SECONDARY USERS

Ph}’Si_Ciil Physical packet | [nitial strategy Satisfaction Rate Packet | Delay
Secondary | transmission rate error rate 5:(0) rate requirement length | deadline
users T;; (Mbps) Pij Y T, = 3B, ; (Mbps) L d;
F | B | KB | R |B | FB|R|B|F (Mbps) ! (bytes) | (sec)
SU; 190 | 1.21 | 1.78 | 0.09 | 0.16 | 0.12 | 1/3 | 1/3 | 1/3 2.77 0.92 1000 0.5
SU, 046 | 097 | 1.52 1 0.01 | 0.09 | 0.15 | 1/3 [ 1/3 | 1/3 2.21 0.74 1000 0.5
TABLE 11

SIMULATION PARAMETERS OF THE PRIMARY USERS

brimary users Il\i)(;rdni]::z;q Secondlmorr.lent nozrmalized
j oading pj
PU, 0.2 1x10™*
PU, 0.1 1x10™*
PU; 0.3 1x107™*

source traffic and channel conditions) to optimize their

own utility functions based on the information exchanges.
2) Virtual queuing analysis provides the expected utility

impacted by other users using the same frequency channel

and hence, simplifies the required information exchange.
3) The iterative algorithm provides real-time adaptation

to the changing network conditions and source traffic

variations of the primary users or other secondary users.

VI. SIMULATION RESULTS

First, we simulate a simple network with two secondary users
and three frequency channels (i.e., N = 2, M = 3) in order to
show the results of our solution using a simple example such
that the behavior of the proposed cognitive radio model can be
clearly understood. We assume that each secondary user can
choose all the frequency channels, i.e., H; = 3. The two sec-
ondary users are in the same priority class. The simulation pa-
rameters of the secondary users are presented in Table I, in-
cluding the channel conditions R;; = [T;j,p:;], and initial
strategies s;(0), etc. The normalized traffic statistics of the pri-
mary users are in Table II. Given these statistics, Fig. 5 pro-
vides the analytical experienced delays E[D;;] [using (17)] that
are bounded by the delay deadlines for the two secondary users
using different strategy pairs (s1;, s2;) in the three frequency
channels. Importantly, a strategy pair (s1;, s2;) that results in an
unbounded E[D;;] will make the utility function drop abruptly
for delay-sensitive applications [see (2)], which is undesirable
for these secondary users. Hence, (17) provides the analytical
operation points for the strategy pairs. In the following subsec-
tion, each secondary user applies the proposed DSL algorithm
from a uniform traffic distribution over the three channels to find
the channel selection strategies.

A. Impact of the Delay Sensitivity Preference of the
Applications

In this simulation, we show that the delay sensitivity prefer-
ences of the secondary users affect the stability of utility and
also the resulting channel selection strategies. Fig. 6 gives the

0.z

0.4
5198y

06

0z

04 06
51381 (Mbps)

0 02 04 0B 0.8

51381 (Mbps)

08 0

Fig.5. Analytical expected delay of the secondary users with various strategies
in different frequency channels, shadow part represents a bounded delay below
the delay deadline (stable region).

strategies and the resulting utilities of the two secondary users
with two different 6; [applications that care less about delay with
6; = 0.2,4 =1, 2 in Fig. 6(a) and applications that care more
about delay with §; = 0.8, ¢ =1, 2 in Fig. 6(b)].

The delay-sensitive applications in Fig. 6(b) do not achieve
a steady state, since the small changes in the channel selection
strategies can push the experienced delay over the delay dead-
line and hence, impact the utility function dramatically. More-
over, compared with the resulting strategies of the applications
in Fig. 6(a), Fig. 6(b) shows that the delay-sensitive applications
prefer a channel without other secondary users to transmit the
data—SU; transmits most of its data through channel F}, while
SU, transmits through F5 and F3 (i.e., s11 =2 1, s21 = 0). This
is because for a secondary user with delay sensitive applications,
the utility function is more sensitive to the traffic in a frequency
channel. The data traffic from other secondary users can in-
crease the uncertainty of the channel, which makes such channel
undesirable for the delay sensitive applications. Moreover, the
resulting utility is more unstable for the applications with a
larger ;. The resulting strategy (s11,0), (0, $22), and (0, s23)
of Fig. 6(b) are closer to the region with unbounded delay for
E[D11], E[Das], and E[Do3], respectively (see Fig. 5).
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Fig. 6. (a) Simulation results of the DSL algorithm—strategies of the secondary users and the utility functions of less delay-sensitive applications (¢; = 0.2,
o = 0.05, x;; = 0). (b) Simulation results of the DSL algorithm—strategies of the secondary users and the utility functions of delay-sensitive applications

6; = 0.8,0 = 0.05,\i; = 0).

B. Impact of the Primary Users in Different Channels

Next, we simulate the impact of the highest priority
users—the primary users in Fig. 7. We change the normalized
traffic loading of PU; in the frequency channel F} from 0
to 1 and fix the normalized loading of the other two primary
users as in Table II. Due to the priority queuing, we know
that once p; reaches 1, frequency channel F} is not accessible
for the secondary users. For different normalized loading of
PU,, Fig. 7 shows the resulting strategies and the utilities of
the two secondary users after convergence. Both s1; and the
utility value U; decreases when the available resource from
F decreases (p1 > 0.6). Interestingly, even though SU; does
not utilize channel F} (s2; = 0) and the resulting strategies do
not change with p;, U, also decreases. This is because more
traffic from SU; will now be distributed to F» and F3. This
simple example illustrates that the traffic of a higher priority
class user can still affect the utilities of the secondary users in
lower priority classes even when these secondary users avoid
selecting the same channels as the higher priority class user.

C. Comparison With Other Cognitive Radio Resource
Management Solutions

In this subsection, we simulate a larger number of secondary
users and a larger number of frequency channels. First, we look
at the case with six secondary users with video streaming appli-
cations (“Coastguard”, frame rate of 30 Hz, CIF format, delay
deadline 500 ms) sharing ten frequency channels (N = 6, M =
10, 6; = 1). We compare our DSL algorithm with other two
resource allocation algorithms—the ““Static Assignment” [10]
and the “Dynamic Least Interference” [9]. In the “Static Assign-
ment” algorithm, a secondary user will statically select a fre-
quency channel with the best effective transmission rate without

9; 0.8 : : - . — . i
w 06} - -7
5 047 -+ = ] ]
£ 02t ¥ i ]
i Y St
5 0 1 1 L 1 1 1 1 1
01 02 03 04 05 06 07 08 09 1
8N 0.8 . . . . . . . .
‘5 O'BI——F—+—~o~1_’j*_7j’1:—&~4< —»—/—,:
> 0.4+ 0= e —— S, i 7
E 0.2 i:zz 4
S 9 — . — R
® 01 02 03 04 05 06 07 08 09 1
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£ 05f 1
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Normalized loading of PU1: P4

Fig. 7. Steady state strategies of the secondary users and the utility functions
vs. the normalized loading of PU; for delay-sensitive applications (¢; = 0.8,
o = 0.05, x;; = 0.02).

interacting with other secondary users. This work has the draw-
back that it is merely a decentralized scheme without any in-
formation exchange. In the “Dynamic Least Interference” al-
gorithm, a secondary user will dynamically select a single fre-
quency channel that has the least interference from the other
users (both secondary users and primary users), which is also
similar to the rule D in [29]. This work has the drawback of
considering only the interference and the resulting throughput in
the physical layer. We simulate 100 different frequency channel
conditions as well as the traffic loadings and then compute the
average the video PSNR and the standard deviation of the PSNR
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TABLE III
COMPARISONS OF THE CHANNEL SELECTION ALGORITHMS FOR DELAY-SENSITIVE APPLICATIONS WITH N = 6, M = 10

Medium bandwidth “Static Assignment . « . . -

case: _ Largest Bandwidth” Dynamic Least Interference Dynamic Learning Algorithm

(average T;; =125 Average | Y-PSNR Average | Y-PSNR Average | Y-PSNR

v PLR Y-PSNR | Standard PLR Y-PSNR | Standard PLR Y-PSNR | Standard

Mbps) (dB) Deviation (dB) Deviation (dB) Deviation
SU, 15.24 % 32.93 3.92 17.44 % 32.55 3.49 7.61 % 34.17 1.52
SU, 25.38% 31.48 431 19.80 % 32.20 3.45 8.74 % 33.97 1.82
SU; 21.34% 32.03 4.24 15.45% 32.86 3.50 11.85 % 33.44 228
SU, 20.38 % 32.17 435 12.98 % 33.26 3.40 822 % 34.06 1.77
SUs 2717 % 31.21 429 20.56 % 32.09 3.55 12.61 % 33.32 221
SUsg 19.26 % 32.32 433 12.86 % 33.27 3.61 9.38 % 33.86 227

Low “Static Assignment w . i . . e

bandwidth case: _Lareest-Bandwidth” Dynamic Least Interference Dynamic Learning Algorithm

(average T, = Average | Y-PSNR Average | Y-PSNR Average | Y-PSNR

J PLR Y-PSNR | Standard PLR Y-PSNR | Standard PLR Y-PSNR | Standard

1 Mbps) (dB) Deviation (dB) Deviation (dB) Deviation
SU, 42.01 % 29.48 4.94 38.16 % 29.89 432 18.30 % 32.42 1.97
SU, 3821 % 29.90 4.89 34.07 % 30.35 429 17.02 % 32.62 242
SU; 39.97 % 29.69 5.02 33.85% 30.37 4.41 18.76 % 32.36 2.26
SU, 32.30% 30.59 4.98 29.74 % 30.87 4.37 16.12 % 32.75 231
SU; 42.19% 29.48 4.98 3834 % 29.87 4.41 18.45 % 32.40 233
SUsg 37.07 % 30.01 5.04 31.52% 30.65 4.46 19.40 % 32.26 2.67

TABLE 1V

COMPARISONS OF THE CHANNEL SELECTION ALGORITHMS FOR DELAY-SENSITIVE APPLICATIONS WITH N = 20 + r, M = 10,
WHERE 7 IS THE SECONDARY USERS WITH DELAY INSENSITIVE §;, = () APPLICATIONS

Average T,'j 3 B I?;?;;cs?l;ilf:vlﬁzrtllz” “Dynamic Least Interference” “Dynamic Learning Algorithm”
Average | Y-PSNR Average | Y-PSNR Average | Y-PSNR
Mbps PLR Y-PSNR | Standard PLR Y-PSNR | Standard PLR Y-PSNR | Standard
(dB) Deviation (dB) Deviation (dB) Deviation
r=2 20.00% 28.49 14.24 12.64% 33.76 2.59 0.06% 35.60 0.0013
r=235 35.00% 23.15 16.98 15.81% 33.30 2.83 2.86% 35.23 1.64
r =10 50.00% 17.81 17.80 24.34% 3232 3.36 8.12% 34.50 2.55

over the one hundred cases in Table III for the six video applica-
tions. Unlike the “Dynamic Least Interference” that only con-
siders the interference and the resulting throughput in the phys-
ical layer, our proposed multi-agent learning algorithm tracks
the strategies of the other users through information exchange
and adequately adapts the channel selection to maximize the
multimedia utility in the application layer. The results show that
our DSL algorithm outperforms the other two algorithms for
delay-sensitive multimedia applications in terms of packet loss
rate (PLR) and video quality (PSNR).

Next, we simulate the case with 20 secondary users with
video streaming applications (6; = 1) mixed with r secondary
users with delay insensitive (6; = 0) applications. These sec-
ondary users are in the same priority class and share 10 fre-
quency channels. The average T;; of the frequency channels is
now set to 3 Mbps, instead of 1.25 and 1 Mbps in the previous
simulation. Table IV shows the average packet loss rate and the
average PSNR over the 20 video streams (instead of over 100
different channel conditions in the previous simulation) with
different r for the three solutions. Larger r reduces the available
resources that can be shared by the video streams, and hence,

decreases the received video quality. The results show that the
video streaming of the “Static Assignment” is impacted severely
by the different channel conditions to the secondary users. The
standard deviations of the “Static Assignment” are larger than
the results of the “Dynamic Least Interference” and our DSL
algorithm. The results again show that our DSL algorithm out-
performs the other two algorithms for multimedia applications
in terms of packet loss rate and video quality.

VII. CONCLUSIONS

In this paper, we propose a priority virtual queue interface for
heterogeneous multimedia users in cognitive radio networks,
based on which they can exchange information and time share
the various frequency channels in a decentralized fashion.
Based on the information exchange, the secondary users are
able to evaluate the expected utility impact from the dynamic
wireless environment as well as the competing wireless users’
behaviors and learn how to efficiently adapt their channel
selection strategies. We focus on delay-sensitive multimedia
applications, and propose a dynamic learning algorithm based
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on the priority queuing analysis. Importantly, unlike conven-
tional channel allocation schemes that select the least interfered
channel merely based on the channel estimation, the proposed
multi-agent learning algorithm allows the secondary users to
track the actions of the other users and adequately adapt their
own strategies and actions to the changing multi-user environ-
ment. The results show that our proposed solution outperforms
the fixed channel allocation and the dynamic channel allocation
that selects the least interfered channel, in terms of video
quality. Without primary users using the highest priority class,
the proposed approach can also be used to support QoS for gen-
eral multi-radio wireless networks. This situation also emerges
in wireless systems such as those discussed in [23], where the
secondary users are competing in the unlicensed band (i.e.,
ISM band) and there is no primary user. The proposed DSL
algorithm can be implemented by the secondary users to switch
channels, suspend/resume channel operation, and add/remove
channels, etc., while complying with emerging MAC solutions
for cognitive radio networks [3].

APPENDIX
CONVERGENCE OF THE DECENTRALIZED APPROACH

If we consider the additional cost (penalty) x;(si,s:(n — 1))
when the channel selection strategies are not the same, (23) can
be rewritten as

si(n) = arg max Uj (siys—i(n—1))

s;ESM
M
= arg max, z; sij - E[Vij (A(n —1))]
j=

—Xi (si,;si(n—1)))  (28)

For example, the penalty function can be
Xis ifsij(n—1)=0,s;>0

Xi_7 1fsqj(n — 1) > 0,81',]' =0 (29)
0 otherwise

Xi (8i,si(n —1)) =

)

where X and x; represent the cost of selecting a new channel
and the cost of hopping away from a used frequency channel.

From (28), the secondary user SU; will keep updating
its channel for transmission, unless the utility difference
of selecting a new strategy s¥(n) becomes small. Hence,
in the proposed DSL algorithm in Section V, assume the
difference between the estimated strategy §;;(n) and the
previous strategy s;;(n — 1) is e;;(n) for SU; using the fre-
quency channel Fj, ie., e;;(n) = 3ij(n) — sij(n — 1). Let
U (n) = Y3 eij(n) x E[Vij(A(n — 1))] be the utility
difference between the estimated strategy and the previous
strategy.

Claim 1: If e;;(n) satisfies the following condition:

U7 (n) < xi (8i(n),si(n — 1)) (30)

for all the secondary users, the channel selection strategies con-
verge to a steady state.
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Proof: Equation (30) can be derived as

M
e Gilm). s = 1) 2 3 Giin) — szl — 1)

x E[Vij (A(n —1))]
M

= Zs”(n —1) x E[Vij (A(n —1))]
=1
M

>3 5ij(n) x E[Vij (A(n—1))]
=1
— xi (8i(n),si(n — 1))

= Ui (si(n — 1),s_i(n — 1))

From Step 5 of the DSL algorithm in Section V, the strategies
will remain unchanged and converge to a steady state. |

Claim 2: If the penalty function x;(s;, s;(n— 1)) is a convex
function of s;, when the DSL algorithm converges to a steady
state, the channel selection strategy s; is the best response
strategy that maximizes U;.

Proof: Aslong as the penalty function x;(s;,s;(n—1))isa
convex function of s;, the utility function U;(s;,s_;(n—1)) isa
concave function, since for each iteration, the E[V;;(A(n—1))]
in (28) does not change with s;. Hence, when the DSL algorithm
converges to a steady state, the local optimum in (28) converges
to the global optimum. |
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