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Abstract

In recent years, the problem of spectrum mobility in Cognitive Radio (CR) Networks has been
widely investigated. In order to utilize spectrum resources completely, many spectrum handoff
techniques based on game theory have been proposed, but most studies only concern that users
how to achieve better payoffs, without much attention to the diverse needs of users. In this
paper, we propose a new channel-switching model based on game theory, using a prioritized
approach to meet the diverse needs of users in two different modes (CQ and PS). At the same
time, this paper proposes some acceleration techniques to reach the Nash equilibrium more
efficiently. We evaluate the performance of the proposed schemes depending on priority using
real channel availability measurements, and conclude that the channel quality function (CQ)
mode provide better service for priority user but the plan-sorting (PS) mode can be more
suitable in multiple priority users exist scene.
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1. Introduction

With the development and popularization of wireless technology, wireless technology has

been applied in many scenarios, like mobile phone, TV, radio, satellite, and WiFi. Especially,
in recent years, with the rapidly growing popularity of WiFi, WiFi Access Point (AP) exists in
every corner of our life, like Starbucks, McDonald’s, airports, railway stations, and even in
telephone booths.

Wireless technology greatly facilitates our life, but the limited spectrum resources are too
short to meet our demand for frequency bands. Available channel bands become more and
more crowded, especially with the appearance of 4G and other new technologies, and the
current available bands are not enough for new technology to use. Therefore, we need a
method to take full use of existing spectrum resources.

In recent years, cognitive radio network has been widely investigated. Cognitive radio is an
intelligent wireless communication system that is aware of its surrounding environment, and
uses the methodology of understanding-by-building to learn from the environment and adapt
its internal states to statistical variations in the incoming RF stimuli by making corresponding
changes to certain operating parameters in real-time, with two primary objectives in mind:
highly reliable communication whenever and wherever needed; efficient utilization of the
radio spectrum [1].
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In order to utilize spectrum resources completely, people need to find those bands that can
be used. In recent years, Microsoft, Google, and other enterprises have begun to establish their
own spectrum database, and have already made a number of significant achievements, such as
Microsoft’s WhiteSpaceFinder (see Fig. 1). The FCC’s rule said that users must be given
access to a predictive database which details the time when the license holders will be
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active/inactive over the next 24 hours [2], which make cognitive radio network users have the
capacity to use these data to make their own spectrum switching plans.

Since the inception of the game theory, a growing number of areas began to utilize the
theory to study, analyze, model, and solve problems. For wireless networks, especially
cognitive radio network, game theory is an important research tool.

There have been many scholars used game theory to study cognitive radio network [3]. For
example, Southwell et al. [2] has solved the problem that when cognitive network users meet
the situation that existing channel is not available, they will choose to use it continually or to
switch to other channels for better payoffs, and Malanchini et al. [4] introduced the gambling
problems in selecting channels.

These studies in modeling mostly focus on the system’s overall payoffs, in fact, some users
may need high speed, and the others need low speed. The existing models and the methods
cannot well adapt to the demand.

A common assumption in previous congestion game based spectrum sharing literature is
that a user’s utility strictly increases with its received data rate (and hence strictly decreases
with the congestion level). This is true, for example, when users are running elastic
applications such as file downloading. However, there are many other types of applications
with more specific QoS requirements, such as VolP and video streaming. These inelastic
applications cannot work properly when their QoS requirements are violated, but do not obtain
additional benefits when given more resources than needed. This kind of traffic is becoming
increasingly popular over the wireless networks. This motivates us to study the spectrum
mobility game model with priority in this paper. Rather than assuming that users wish to
increase their data rates whenever possible, we assume that each user has a fixed QoS
requirement. If the requirement is satisfied, then the user has no inclination to change his
choice of resource. It was inspired that the concept of focusing upon satisfaction rather than
data rate maximization [6].

Therefore, this article proposes a game model of cognitive network that meets the different
requirements. This model achieves to meet the needs of high speed and low speed for different
users at the same time, based on the approach that different needs of users use different
priority.

The follows is the main innovation of this paper:

(1) Propose a game model with priority, which can satisfy different performance
requirements of users: We propose a kind of spectrum-mobility-game-model with priority.
The model provides different quality of service based on setting different priorities to different
users. Our model can take both primary user (PU) and secondary user (SU) into consideration.

(2) Propose new acceleration technology to accelerate the convergence to the optimal
solution: We propose the acceleration technology based on the partition method, at the same
time we use the algorithm of approximate Nash equilibria to speed up.

The organization of the rest of this paper is as follows. In Section I, we survey related work.
In Section 111, we present our spectrum mobility games with priority model. In Section IV, we
present novel techniques to accelerate convergence. We present specifics of simulation
experiments, which validate the correctness of the proposed algorithm in Section V. Finally,
Section VI concludes the paper.
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2. Related Work

The problem of spectrum mobility in cognitive radio networks has been widely investigated in
the literature recently [7]-[11].

2.1 Game Theory for Cognitive Radio Networks

Game theory is an important tool in studying, modeling, and analyzing the cognitive radio
networks [7, 12].

Southwell et al. [2] presented a general game theoretic model of cognitive radio-channel-
selection-problem with switching cost (see Fig. 2). The authors used a symmetric network-
congestion-game-model to solve the spectrum mobility problem with prior information of
heterogeneous channels. The authors also provided a decentralized algorithm for achieving
Nash equilibria without communicating.
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Fig. 2. A general game theoretic model of cognitive radio channel selection problem.

Malanchini et al. [4] proposed a game theoretic framework to evaluate spectrum
management problem in cognitive radio network. CR users can adopt the framework in order
to share available bands with other users. At the same time, the authors analyzed the properties
of spectrum selection game.
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Chen etal. [13] adopted a game theoretic approach for the database-assisted TV white space
access point (AP) network design. The authors provided a distributed algorithm, which allows
multiple players to organize themselves into Nash equilibria.

However, those general game theoretic models are simple and easy to use, but none of them
concerned about the issue of differentiated service.

2.2 QoS in Cognitive Radio Networks

Dasilva et al. [14] stated that a complete solution to the problem of providing adequate quality
of service (QoS) to heterogeneous users must take into account the issue of pricing. By
adopting an appropriate pricing policy and by setting prices carefully, a service provider will
be able to offer the necessary incentives for each user to choose the best service that matches
his/her needs, thereby discouraging over-allocation of resources and maximizing revenue
and/or social welfare.

Roberts [6] presented the main points of an analysis of the statistical nature of Internet
traffic and the way that affects the performance of voice, video, text, and data services. The
author proposed an alternative flow-aware networking architecture based on a novel router
design called cross-protect. In this architecture, performance requirements are satisfied
without explicit service differentiation, creating a particularly simple platform for the
converged network.

Wang et al. [15] analyzed a cognitive radio network where SUs contend for spectrum usage,
using random access method, over available PU channels. The authors focused on SUs’
queuing delay performance, and they studied the steady-state delay performance of SUs by
applying a fluid-queue-approximation-approach.

There are many other researches about QoS in cognitive radio networks, such as [16]-[20].
In this paper, we focus on the different needs of SUs, and use a priority-based method to
provide differentiated service.

2.3 Convergence to Approximate Nash Equilibria

Fabrikant et al. [21] stated that in the symmetric network [22], a pure Nash equilibrium can be
computed in polynomial time. They proposed a polynomial algorithm for finding a pure Nash
equilibrium in symmetric network congestion games.

Chien et al. [23] studied the ability of decentralized, local dynamics in non-cooperative
games to reach an approximate Nash equilibrium rapidly. They stated that symmetric
congestion games [24] can converge to an e-Nash equilibrium within a number of steps that is
polynomial in the number of players and ¢~1. Feldmann et al. [25] analyzed which
approximation guarantees can be achieved by the method of randomized rounding for network
congestion games with delay functions such as polynomials, exponential functions, and
functions from queuing theory.

In this paper, we use an approximation algorithm to reach Nash equilibria for our game
model.

2.4 Symmetric Network Congestion Games

Congestion games [26] have been used to study many network resource allocation scenarios.
The basic idea behind congestion games is that a player needs to pay a cost de(x) when he
uses a resource e with a congestion level x. In a network congestion game, the resources are
edges within a graph. Each player selects a route from their source vertex to their destination
vertex, in an attempt to minimize the cost they pay from traversing congested edges. For
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example, network congestion games can model how drivers select routes through cities. A
network congestion game is symmetric [22] when every player selects a route from the same
source vertex to the same destination vertex.

Since symmetric network congestion games are congestion games, they have the finite
improvement property. This means that when players keep improving their strategy choices
asynchronously where no more than one player changes its strategy at any given time, the
system will eventually reach a Nash equilibrium.

The correspondence between spectrum mobility games and symmetric network congestion
games allows us to design a spectrum mobility planning protocol. The purpose of this protocol
is to allow the users to select their routes through frequency-time in a mutually acceptable and
efficient way, i.e., reaching a Nash equilibrium.

2.5 Priority-based Differentiated Service

Kim et al. [27] proposed a priority-based scheme, comprising Frame Tailoring and Priority
Toning, in order to relax such a problematic delay and guarantee time-bounded delivery of
high priority packets in event-monitoring networks.

Yaghmaee et al. [28] observed that the information provided might have different levels of
importance and argue that sensor networks should be willing to spend more resources in
disseminating packets carrying information that is more important. Some applications of
WMSNSs may need to send real time traffic toward the sink node. This real time traffic requires
low latency and high reliability so that immediate remedial and defensive actions can be taken
when needed. Therefore, similar to wired networks, service differentiation in wireless sensor
networks is also an important issue. The authors present a priority-based rate control
mechanism for congestion control and service differentiation in WMSNSs. They distinguish
high priority real time traffic from low priority non-real time traffic, and service the input
traffic based on its priority. Simulation results confirm the superior performance of the
proposed model with respect to delays, delay variation, and loss probability.

Wang et al. [29] stated that in wireless sensor networks (WSNSs), congestion occurs, for
example, when nodes are densely distributed, and/or the application produces high flow rate
near the sink due to the convergent nature of upstream traffic. Congestion may cause packet
loss, which in turn lowers throughput and wastes energy. Therefore congestion in WSNs needs
to be controlled for high energy-efficiency, to prolong system lifetime, improve fairness, and
improve quality of service (QoS) in terms of throughput (or link utilization) and packet loss
ratio along with the packet delay. The authors propose a node priority-based congestion
control protocol (PCCP) for wireless sensor networks. In PCCP, node priority index is
introduced to reflect the importance of each node. PCCP uses packet interarrival time along
with packet service time to measure a parameter defined as congestion degree and furthermore
imposes hop-by-hop control based on the measured congestion degree as well as the node
priority index. PCCP controls congestion faster and more energy-efficiency than other known
techniques.

In this paper, we use the priority-based differentiated service to get better performance in
cognitive radio network.
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3. The Spectrum Mobility Games with Priority Model

3.1 Assumptions and Notations

N
Spectrum database Primary user
b Secondary user

Fig. 3. Spectrum sharing with spectrum database.

We consider a scenario that cognitive radio network SUs use a spectrum database provided by
a spectrum allocation server (see Fig. 3). We denote the set of heterogeneous channels by B,
the set of SUs by V. We divide time into independently time slots. We can choose the length
of atime slot to be any value that is suitable for various kinds of scenarios. The server has prior
information of the channel availabilities, so the users can access the spectrum database, which
is on the server, which describes the available channels over the coming T time slots. We
involve set T = {1,2,---, T}, representing the set of the next T time slots. By requesting the
server, users plan how to act over these time slots.

For every time-frequency point (b, t) with time t € T and channel b € B, the spectrum
database has channel quality functions f(; ) (x). The function (1) shows a user’s payoff for
using channel b at time t, while x represents a total number of users on channel b at time t,
and V represents the initial value of the channel quality. It is non-increasing and non-negative
with x, reflecting that a user’s benefit by using a channel will decrease with the congestion
level.

|4
@ ==
f(b,t) ) Z]l\]=1 IL
@
o {1 if channel b is used by i on time slot t,
" 0 otherwise.

To apply to many practical scenarios, the model allows every time-frequency point (b, t) to
have a different channel quality function. The model can allow one channel to have a lower
bandwidth than another, i.e., f(;+) (%) < fp:,t)(x). The model can also allow the payoff of
using a channel to change over time in a way, which represents license holder dynamics. For
example, in a spectrum underlay network scenario, we have f;, ) (x) = 0 for all x > J,
representing the scenario where the license holder of channel b will not tolerate more than J
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users transmitting concurrently on the channel. In a spectrum overlay network scenario, we set
fw,t)(x) = 0 forall x, which represents that the license holder is active on channel b at time ¢,
and the cognitive radio users can’ t access that channel.

The model assume that a user must pay a cost of k (k = 0) every time for switching
channels. This allows us to model several possible negative effects of switching. At the same
time, it takes a fixed number of s (s > 0) time slots every time for a user switches channels.
For example, if a user begins switching at the end of time slot t, then it will land on the
destination channel at the beginning of time slot ¢t + s + 1. We assume that users cannot gain
any payoff when they are in the middle of switching.

3.2 Spectrum Mobility Games with Priority

The spectrum mobility game with priority is specified by a 7-tuple
I=W,P,B7T,(fut)we) €BXT,s k) where N ={1,2,---,N} is the set of players,
P = {P, P,,--+, Py} isthe set of players’ priorities, B = {1,2,-:-, B} is the set of heterogenous
channels, 7" = {1,2,---, T} is the set of time slots, £+ is the (non-increasing) channel quality
function of channel b at time t, s (s = 0) is the number of time slots it takes for a user to
switch, and k (k = 0) is the switching cost.

For the spectrum mobility game with priority, we redefine the channel quality function
fw,t) With priority. We will detail this in next section.

We show how users can switch channels with a directed graph ¢ = (V, E) (see Fig. 4).
Routes through the graph G represent routes through time-frequency. When a user travels
along a route, the user gains payoffs at the vertices, and pays costs at the edges. The graph
G = (V,E) is defined as follows:

Channel

>

Time

Fig. 4. Spectrum Mobility Games with priority in a directed graph.

e The vertex issetas V = B x T. Vertex (b, t) € V represents channel b in time slot t.

* Theedgeis set E = EgjckU Egyitcn- The set Egicr represents the actions where users do
not switch channels, i.e., Eg;cx 1S the set of all edges of the form ((b, t), (b, t + 1)) such that
beBandt e {1,2,:--,T —1}. The set E,yitcn represents the actions where users switch
channels, i.e., the set of all edges of the form ((b,t), (b’,t + s + 1)) such that b,b’ € B: b #
b'andt € {1,2,--, T — 1 —s}.
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We denote the set of all routes from a vertex of the form (b, 1) € V to a vertex of the form
(b, T)EVinG by R=U.cep Rg((b,1),(b',T)). Moreover, define cost as E - N, such
that Ve € E we have

_ 0 if eE€ Estick
COSt(e) B {k if e € Eswitcn (2)

In this context, we map the player’s route as its chosen strategy, and the strategy of the
player n € JV is its route X,, = R. The game profile X = (X, e € (R)" consists of each
player’s choice of route. Note that a game profile includes one strategy for each player.
Similarly, X_,, is defined as the strategy set chosen by all other players except player n.

Since the game is executed in a distributed manner, the utility function U, (X) of each
player n € V" only depends on the strategy of its own and neighbors, and is defined as,

Un(X) = ZvEV(Xn) fv(l/)X(v)) - ZeEE(Xn) COSt(e) (3)

where YX(v) = |n' € N:v € V(X),,| is the total number of users whose chosen routes visit
the vertex v. The first sum in (3) represents the payoff that user n gains from transmitting on
channels. The second sum in (3) represents the cost it pays due to switching. In order to
achieve an optimal value for U,, (X), the players will negotiate and change their interdependent
strategies in X.

Definition (Nash Equilibrium, NE), A strategy X* € X is a NE if it satisfies

Up(X*) = Uy (X, X—), ¥Xp € X,YN EN @)

According to this definition, no player can benefit by deviating from its strategy if other
players do not change theirs. In other words, this result guarantees an agreement for
negotiations among all the players. However, it can’t be intrinsically guaranteed of optimal
outcome or fairness.

3.3 Priority-based Differentiated Service

For each user JV;, we define a demand Q;. Users can generate the priority P; according to their
requirements Q;, and server will make spectrum mobility plans and charge based on the
priorities of users. For example, the demand Q of the user who is utilizing the short message
service (SMS) is low, correspondingly the priority P is low, the quality of the spectrum
mobility plan which was assigned is poor, available time is short, delay is high, and the price is
low; On the contrary, the demand Q of the user who is watching video is high,
correspondingly the priority P is high, the quality of the spectrum mobility plan which was
assigned is good, available time is long, delay is low, and the price is high.
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P=1

P=4

Fig. 5. Differentiated Service.

Here, our model has two working modes:
(1) To achieve the mechanism that high priority users get better quality of the channel by
adjusting the channel quality function. First, we change the channel quality function to

f(b,t) ) = (%)

By default, all users priority P = 1, there are a total of x users on channel b at time t. The
channel quality function f;, . (x) = V/(y + I + -+ Iy) = V/x, that is, the user benefits
associated with channel congestion degree. When the priority of user JV; rises, the quality
value of the channel used by the user will decrease (quality does not necessarily reduce the
actual channel), so that other users will avoid 2V; of the channel, allowing users JV; can be
exclusive or share the channel with less users, and the channel quality that user JV; gains will
improve. As shown in Fig. 5, when the red user’s priority P = 1, it has no difference with
general users; When the priority of user was advanced, with P = 2, the user began to use
exclusively part of time slots; When the priority of user continues to ascend, with P > 3, the
time slots used by the user are all exclusive. For PUs, we can set its priority to infinity, that is,
the quality function of the channel containing PU is f(; ) = 1/ = 0, so we can regard the
PUs as special users who have infinitely large priority.
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(2) When the server allocates the channels according to the information of available channel
in spectrum database, it generates a spectrum mobility plans set X which includes N plans,
while the N is the number of active users. The server will analyze the qualities of plans in X,
for example, speed, delay, etc. Sorting according to the qualities of plans, and finally allocates
the spectrum mobility plans according to the priority level. The high priority user gets the high
quality plan; on the contrary, the low priority user gets the low quality plan.

The first working mode changes the channel quality function to provide differentiated
service, denoted as channel quality function (CQ) mode; and the second working mode sorts
the plans to provide differentiated service, denoted as plan-sorting (PS) mode.

4. Techniques to Accelerate Convergence

In this section, we present novel techniques for spectrum mobility game with priority to
improve convergence speed.

4.1 Divide and Conquer

After we bring PU into the model, we found that in the model of spectrum mobility game with
priority, PU has no essential difference from SU without concerning priority, and PU do not
need to participate in the game with SU, from which we get inspired: high priority users can
take precedence to choose their own plan, and the low priority users’ plan does not have much
influence on the former.

Algorithm 1: The Accelerate Convergence Algorithm

Input: A spectrum mobility game with priority I’
Output: A Nash equilibrium set X of I’

1 for P+ MAX to 1 do

2 for n < 1to N do

3 if P, =— P then

4 | X« Bj(0);

5 end

6 end

7 while X ¥ is not a Nash equilibrium do
8 for n +— 1to N do

9 if P, —— P then

10 | XP « BL(XE)):

11 end

12 end

13 end

14 end

Fig. 6. The Accelerate Convergence Algorithm.

With the conclusion above, we can use "Divide and Conquer" method to divide users into
smaller groups by priority and play games within each group, so as to reduce the computation
scale.
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Shown in Fig. 6, specific steps are as follows:

1. Divide users into several groups by priority, and users of the same priority belong to
the same group.

2. Sort the groups according to the priority of the groups from big to small in order.

3. Play the game inside the highest priority group to achieve Nash equilibria.

4. Play the game inside the priority groups to achieve Nash equilibria, until it reaches the
Nash equilibria within the lowest priority group.

Primary user reach Nash equilibrium

High priority SU reach Nash equilibrium

e W

———a B

Low priority SU reach Nash equilibrium

o a e )
cs) e oy
* ",
by |, O || —————
5 e
o P N BN &’ R G

Fig. 7. Divide and conquer method.

Shown in Fig. 7, as the first step, PUs, which the priority is co, make their plans, then high
priority SUs play and make plans, finally low priority SUs play and make plans.

4.2 Algorithm to Approximate Nash Equilibria

Only when the channel quality functions and switching costs of the spectrum mobility game
are integer valued, does it correspond to a symmetric network congestion game with integer
valued cost functions. There is a polynomial time algorithm which can be used to find a Nash
equilibrium of such symmetric network congestion games. Thus, one limitation of our model
is that it is not guaranteed to converge within polynomial time when the channel quality
functions and switching costs are not integer valued.

Chien et al. [23] studied the ability of decentralized, local dynamics in non-cooperative
games to rapidly reach an approximate Nash equilibrium. Feldmann et al. [25] analyzed that
approximation guarantees can be achieved for congestion games by the method of randomised
rounding. Their results show that the success of this method depends on different criteria
depending on the class of functions considered. Inspired by their work, we use an
approximation algorithm to reach Nash equilibria for our game model.
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For symmetric congestion games in which the edge delays satisfy a "bounded jump"
condition, the game can convergence to an e-Nash equilibrium within a number of steps that is
polynomial in the number of players and e~1. We prove that rapid convergence holds even
under only the apparently minimal assumption that no player is excluded from moving for
arbitrarily many steps. We also prove that, in a generalized setting where players have
different tolerances ¢; that specify their thresholds in the approximate Nash equilibrium, the
number of moves made by a player before equilibrium is reached depends only on his
associated ¢;, and not on those of the other players. Finally, we show that polynomial time
convergence still holds even when a bounded number of edges are allowed to have arbitrary
delay functions.

A network symmetric congestion game is described by a directed graph G = (V, E) with m
edges, a set V' of n players, a pair (s;,t;) € V x V of source and target node for each player
i € IV, and a non-decreasing delay function d, for each edge e € E. For i € IV we denote by
P; the set of all paths from node s; to node t;. Every player i has to choose one path P; from
the set ; and to allocate all edges on this path. For a state S = (P, P, -, B,) € P; X P, X
X P, and an edge e € E, we denote by n,(S) the number of players allocating edge e in
state S, i.e. n.(S) = |{i € NV'|e € P;}|. The delay §;(S) to a player i € IV in state S is defined
as equal to the delay dp,(S): = XYeep; de(n.(5)) of the chosen path P; in S. Every player
wants to allocate a path with minimum delay. We say that a state S is a Nash equilibrium if no
player can decrease her delay by changing her strategy. That is, if state S’ is obtained from S
by letting one player i € V" change her strategy, then the delay §;(S") is at least as large as the
delay 6;(S). A state S is said to be an e-approximate Nash equilibrium if §;(S) < (1 + ¢) -
8;(S") for every state S’ that is obtained from S by letting one player i € V' change her
strategy.

Algorithm 2: The Accelerate Convergence Algorithm

Input: A spectrum mobility game with priority T’
Output: A Nash equilibrium set X of T’
1 forn=1—=N do

2 i+ 0

3 €Ly a;

4 repeat

5 €] — wy:

6 H(e*) « H(e*)—1:
7 t4— 1+ 1;

8 Iy 4 €3

9 until ; == b;

10 }&-N — (.1'0. Ly ..i.‘i)I
11 return X

12 end

Fig. 8. Compute approximate Nash equilibria.

In order to compute approximate Nash equilibria, we use the method of randomized
rounding. First, we relax the network congestion game by replacing each player by an infinite
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set of agents, each of which controls an infinitesimal amount of flow. To be more precise, we
can transform the network congestion game into a multi-commodity flow problem [30] and we
introduce a flow demand of 1 that is to be routed from node s; to node ¢; for every player
i € V. Thedelayofedge e € E isd.(f) = d.(f.), and the delay on a path P is the sum of the
delays of its edges, i.e. dp(f) = Yeep de(fe). A flow vector fis called a Wardrop equilibrium
[25] if for all commodities i € V" and all paths Py, P; € P; with fp > 0 it holds that dp, () <
dp, (f). It is well known that Wardrop equilibria can be computed in polynomial time using
convex programming.

By using the approximation algorithm, our game model ensures to reach an approximate
Nash equilibrium within polynomial time whether the channel quality functions and switching
costs are integer valued or not.

5. Simulations

5.1 Experiment Setup

We applied our proposed model to study spectrum mobility of channel availability using
real data. The data we used was a record of the availability of B = 3 channels in total length
for 1 minute in Maryland. Time is divided into T = 600 time slots, each 0.1 seconds long. The
data can be represented by a 3 x 600 matrix D* like that

1 if channel b is available on time slot t

Doe = {O otherwise. ©)

We use the database D* of a spectrum mobility game with priority in each frequency time
piece (b, t) has a channel quality function £}, ,(x) = Dp,¢/x.

We studied the behavior of N = 10 users at the Nash equilibria. We consider a switching
costs k = 0, and investigate the effect of the priority P (see Figs. 9 and Figs. 10). Out of the 3
x 600 time-frequency blocks, only 1173 are available. In each Nash equilibrium computed, at
least one player accesses each available time-frequency block; because of the form of the
channel quality functions f(;, .y, the average payoff of the users is thus equal to 117.3 in

average cases.

5.2 Payoff

500
—&—Priority user in CQ  =3¢PriorityuserinPS /
400

-8~ Average
« 300
o
>
[
o 200
100 M
0 r T T T T T T T T T 1

1 2 3 4 5 6 7 8 9 10
Priority

Fig. 9. Payoff of priority user and average.



1338 Bingxian Lu et al.: Priority-based Differentiated Service in Spectrum Mobility Game

First, we compare payoff of selected user in CQ and PS mode. Fig. 9 shows the comparison
between the payoffs of the selected user. Set the number of users N to 10 in this simulation,
which includes a priority user. Set the of the ordinary users’ priority to 1, and the priority level
of priority user ranges from 1 to 10. In the figure, set the priority level of priority users as the
horizontal ordinate, and the payoff as the vertical ordinate. In Fig. 9, we can clearly see that
with the growth of the priority, the selected user’s payoff increases gradually in both CQ and
PS mode. This is because when P is larger, the users can get better channels, and thus cause
decreasing of payoffs to users who do not have a high priority. At the same time, we can see
that whit the growth of the priority, the payoff of the selected user in CQ mode increases much
quicker than it in PS mode. In CQ mode, when the priority is 9, it reaches the maximum payoff,
that is, the number of total users minus 1 (N — 1). And in PS mode, when the priority is 10, it
reaches the maximum payoff, that is, the number of total users (V). On the other hand, with the
change of the priority, the average payoff of all users fluctuates at around 110 in both CQ and
PS mode. It reflects that the change of priority has little effect to all users in only one-priority
users exist scene, which being consistent with the forecast analysis.

5.3 Congestion Level

6

o~

Average congestion level
(W8]

Priority

Fig. 10. Average congestion level of channels which are used by priority user.

Then, we compare average congestion level of channels, which are used by the selected user in
CQ and PS mode. Fig. 10 shows how the average congestion level of the selected user changes
with the change of the priority level. In Fig. 8 We can see that with the increasing of priority,
the channel’s average channel congestion degree decreases significantly in CQ mode, and its
service quality is becoming better. And in CQ mode, when the priority grows up to N — 1, the
average channel congestion degree no longer reduces, and stays steady at around 2.4. At this
point, the quality of service the user obtains is optimal, that is, with the increasing of priority,
the quality of service does not enhance any more. In PS mode, the average congestion level of
channels, which are used by the selected user, has not shifted noticeably.

5.4 Mutil-user

Shown in Fig. 11 and Fig. 12, we studied the behavior of users at the Nash equilibria in CQ
and PS mode, in each mode there are two selected users: A and B. We conduct three
comparisons, and set the priority level respectively as following:
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1. Py=4,Py=7;
2. P,=5Pz=05;
3. Py=7P;=4

From these comparisons, we can find that users who have higher priority can have more
payoffs than lower priority users in both CQ and PS mode. Moreover, the average payoff of all
users in CQ mode is lower than the payoff in PS mode.

In the experiments described above, we use the generic algorithm and accelerate
convergence technology at the same time. Results show that in both CQ and PS mode scenario,
the general algorithm has similar results with our algorithm using accelerate convergence
technology, while the cost of time of the latter is much less than the former.

250
B User A B User B B Average

200

+ 150
o
>
v

a. 100

50

0

1 2 3
Scene

Fig. 11. Payoffs of 2 priority users exist scene in CQ mode.

128
126
124
122
120
118
116
114
112
110

B User A B User B B Average

Payoff

1 2 3
Scene

Fig. 12. Payoffs of 2 priority users exist scene in PS mode.

5.5 Performance comparison

We implement another simulation with the number of users N = 40, 50, and 60 with half of the
users having a high QoS demand. Upon comparison, we also implement the decentralized
spectrum access solution by Q-learning mechanism proposed in [31]. We observe that our
algorithm can achieve up-to 32% performance gain over the Q learning mechanism.
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Compared with the PS mode, the performance loss of the CQ mode is at most 10%. This
demonstrates the efficiency of the proposed algorithm.

B PS mode ®mCQ mode mQ learning

=N W A
o O O o

Fraction of satisfied users (%)

o

40 50 60
Number of users
Fig. 13. Performance comparison of the PS mode, CQ mode, and Q-learning mechanism.

6. Conclusion

Our main contribution is that we proposed a model of spectrum mobility game with priority,
which can provide differentiated service and is suitable for users in scenarios with different
requirements. Without affecting the overall payoff, our model is able to provide users who
have different needs (i.e., has different priorities) with different services. In the meantime, due
to the priority, we can view the PUs as special users with the highest priority, so that our model
is not only suitable for competition with SU, but also put the PU and the SU into consideration
together.

In CQ mode, when only a high priority user exists, and other users’ priorities are the default
values, the selected user advances the default user priority 1 to N — 1, and in the process of
which, the user’s payoff increases significantly. Then if improve the user’s priority again,
income does not improve, the average for all users in the process has no obvious change. It
proves that our model is effective to meet the high demand for the user to provide better
services, meanwhile, we get the conclusion that the highest priority can be setto N — 1. In PS
mode, the high priority user’s payoff increases but not significantly. And because it’s a sorting
method, the highest priority can be setto N.

In the case of multiple priority users exist, our experiments proved that higher priority users’
payoff is always higher than the lower one, and the same priority users get similar amount of
payoff, which proves that our model in the presence of multiple high priority users can still
provide different services for different needs of users. However, in CQ mode, the average
payoff of all users wills decreases when more than one priority users exist. On the contrary, the
number of priority user does not affect the average payoff of all users.

We can conclude that the priority user will get better service in CQ mode than it in PS mode,
and the PS mode can used in multiple priority users exist scene without affect the average
payoff of all users.

In order to accelerate the convergence speed, we propose two different acceleration
technologies: First, we use divide and conquer method, and only let the same priority user
compete, which effectively reduces the size of the game, and speeds up the convergence speed.
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Then, we use an algorithm of approximation Nash equilibria, which can significantly improve
the convergence speed to ensure the convergence of a better result at the same time.

In our experiment, there was no significant difference between the general algorithm and
the acceleration technology, while time spent in the latter is apparently less than the former,
which proves that the acceleration of our technology can be achieved to very close to the
optimal solution in a short period of time.

In the future work, we will optimize the acceleration algorithm to achieve better results. We
also plan to broaden our model’s uncertainty and random circumstance of channels. Random
games seem to be the appropriate model for these scenarios. This promotion is very
challenging, and will be popular in the future cognitive radio scenarios.
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