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Abstract-With the development of Cognitive Radio networks, in
order to fully utilize the scarce spectrum resources, secondary
users are capable of exploiting the available spectrum of primary
users. However, when there are several spectrum options
available, how to select an appropriate one for the secondary user
according to the spectrum quality and the QoS requirements of
different kinds of applications is a new challenge. In this paper,
we propose a new Automatic Distributed Spectrum Decision
(ADSD) method to solve this problem. ADSD considers multiple
characterization parameters, in particular, the primary users'
arrival probability, to estimate the quality of the available
spectrum options. A weight self-generation mechanism is
included to automatically determine the weights of different
parameters, thus avoiding the difficulty and irrationality when
relying on the users to specify the weights directly. In addition, in
conjunction with the reconfiguration mechanism, ADSD can
reduce the rate of spectrum handoffs by reconfiguring the
transmission parameters rather than making a new decision for
the existing transmission. Simulation results show that without
any users' interference, ADSD can automatically select the
appropriate spectrum for transmission and significantly improve
the Cognitive Radio network performance in terms of
throughput and the spectrum handoff rate.

I. INTRODUCTION

In recent years, with the development of wireless
communication technologies and the increase of mobile
communication services, the limited frequency spectrum
resources become more and more scarce. However, today's
wireless networks are regulated by a fixed spectrum
assignment policy. According to the Federal Communication
Commission (FCC) [1], temporal and geographical variations
in the utilization of the assigned spectrum range from 15% to
85%. The limited available spectrum and the inefficiency in the
spectrum usage necessitate a new spectrum assignment method.
Dynamic Spectrum Access (DSA) networks have been
proposed to solve the current spectrum inefficiency problems
and Cognitive Radio (CR) technologies are regarded as the
most promising technologies in this area. CR is defmed as an
intelligent radio that can change its transmitter parameters
based on interactions with the environment in which it operates
[1]. The basic idea of a CR network is that secondary users
(SU), also referred to as cognitive radio users or unlicensed
users, are capable of periodically sensing, and identifying
available channels in the frequency spectrum to occupy them
while they are not being used by primary users (PU). Once a
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primary user is detected, the secondary using occupying the
primary users' channels needs to vacate them.

A critical problem in CR networks is how to make efficient
spectrum decisions for SUs. While meeting the SUs' QoS
requirements is an important goal, a good decision method also
needs to minimize the interference to the PUs. Usually, a
spectrum decision [2] consists of two steps: First, each
spectrum region is characterized not only based on local
observations of the SUs but also on statistical information of
the PUs. Then, based on this characterization, the most
appropriate spectrum channels can be selected. In this paper,
we focus on the spectrum characterization and propose an
efficient spectrum decision method which is based on an
improved Analytic Hierarchy Process (AHP) method and is
combined with SU's reconfiguration.

This paper makes three contributions. Firstly, in order to
represent the quality of available spectrum in a sufficient
manner, we combine spectrum characterization parameters
such as channel capacity, acceptable error rate, delay, jitter, and
the PU's activity for making a spectrum decision. Secondly, we
propose an improved AHP spectrum decision method
considering multiple influence parameters. We apply an
"entropy weight" analysis method to automatically and
reasonably determine the weights of different parameters,
alleviating the user from this task. Finally, to avoid frequent
spectrum handoffs, the decision making method is combined
with SU's reconfiguration mechanism, by exploiting an
adaptive transmission parameters modulation instead of having
to change spectrum decisions.

The remainder of this paper is organized as follows. The
next section describes the spectrum decision background and
introduces the related research work. Section III proposes our
spectrum decision method in detail. Section IV includes several
simulation experiments and presents our performance
evaluation results. Finally, conclusions are drawn in section V.

II. RELATED WORK

In [3] Akyildiz and Lee point out that SUs of CR networks
require the capability to decide which is the best spectrum
channel among the available channels spread all over the entire
available spectrum according to the QoS requirements. They
call this notion a spectrum decision. Then, they state that a
spectrum decision is closely related to the channel



characteristics and operations of PUs and they investigate the
channel characteristics, decision procedures, and research
challenges in making spectrum decisions. Finally, they
conclude that making spectrum decisions constitutes a rather
important but as yet unexplored topic in CR networks.

Some research work has focused on spectrum
characteristics. In [4] authors conclude that parameters such as
channel capacity, interference level, channel error rate, path
loss, link layer delay, and holding time can represent the
quality of a spectrum channel. In particular, in [5] the
interference temperature model is given to establish channel
capacity. Also, some work has been started in the area of
operations of PUs, because SUs must vacate the channel once a
PU is detected and this will influence SUs' decision. In [6]
Krishnamurthy proposed a new metric to capture PU's activity,
which is defmed as the probability of a PU's appearance during
a SU's transmission. In [7] Kim and Shin assumed that PU's
activity is modeled by exponentially distributed inter-arrivals,
and the PU traffic can be modeled as a two state birth-death
process.

Based on spectrum characteristics and an SU's QoS
requirements, the decision making should result in selection of
a reasonable spectrum channel. In this research area, the key
issue is how to design a spectrum decision method. In [8]
Zheng and Cao proposed a device-centric spectrum
management scheme, and five spectrum decision rules were
presented to regulate users' access trading off fairness and
utilization with communication costs and algorithm complexity.
However, this scheme assumes that each channel has similar
throughput capacity. In [9] Kanodia introduced Multi-channel
Opportunistic Auto Rate (MOAR), an enhanced MAC protocol
to opportunistically exploit the presence of spectrum channels.
The key mechanism of MOAR is that if the signal to noise ratio
(SNR) on the current channel is not favorable, users can
opportunistically skip to better quality spectrum channels.

In addition to spectrum decision making, in order to
dynamically adapt to the entire spectrum, SUs must possess the
ability to reconfigure their protocols and transmission
parameters for different layers of the network stack. Once the
spectrum is selected, a reconfiguration should be done
according to the application QoS requirements as well as
spectrum characteristics. In [10] Pursley described a low
complexity adaptive transmission protocol for different
spectrum regions. The protocol's primary mechanism for
responding to changes in propagation loss is to adjust
transmission modulation and coding. The transmitter power is
increased only if the most powerful combination of coding and
modulation is inadequate.

From the above, we can see that several problems have not
been yet properly solved. Firstly, it is not sufficient to
characterize spectrum channels only by parameters such as
SNR in CR networks. A suitable method should consider
multiple characterization parameters and specify a reasonable
weight for each one. Secondly, the arrival probability of PUs
during the SUs' entire transmission is important to SU's
spectrum decision making because the activities of PUs affect
the channel quality in CR networks. In this case, more practical
PU's activity models are needed. Finally, existing

reconfiguration paradigms are only applied after a new
spectrum has been decided. However, sometime with only
reconfiguration, SUs can maintain the current transmission
rather than change spectrum decisions. So a spectrum decision
method combined with transmission parameters
reconfiguration is needed to reduce the spectrum handoff rate.

III. PROPOSED METHOD

In the previous section, we introduced the related research
work in the spectrum decision making area and concluded that
three important problems are still not properly solved by
current methods. In this paper, we present a new joint spectrum
decision and reconfiguration framework. Apart from that, we
propose an Automatic Distributed Spectrum Decision (ADSD)
method to handle spectrum decision making problems for SUs
in CR networks. This method takes into account of multiple
parameters including PU's arrival probability, contains a
weight self-generation mechanism and combines with
transmission parameters reconfiguration. Next, we demonstrate
our research work in detail.

A. Joint Spectrum Decision and Reconfiguration Framework

The joint spectrum decision and reconfiguration framework
for SUs is illustrated in Fig. 1. In this framework, there are five
major functional modules.

• Monitor

Monitors are responsible for periodically sensing available
spectrum channels as well as application requests, and include
a Spectrum Characterization process. They report their
collected information to the Decision Engine or the
Reconfiguration module, so that each SU can select a
reasonable spectrum for transmission.

• QoS Manager

QoS Manager maintains the QoS requirements of different
types of applications to help the Decision Engine to make
spectrum decisions and the Reconfiguration module to
modulate the transmission parameters.

• Spectrum Decision Engine

Spectrum Decision Engine is the most important module in
this framework. It is mainly used to make spectrum decisions
for each new transmission according to the data from the
Monitors and the requirements of the QoS Manager.

• Reconfiguration

For each existing transmission, Reconfiguration module is
used to evaluate whether the current solution still satisfies the
QoS requirements or not, and reconfigure the transmission
parameters dynamically according to the data from the
Monitors and the requirements of the QoS Manager.

• SU Transmission

This module initiates the transmission after it receives the
decisions from the Decision Engine or the Reconfiguration
module. In addition, once the SU needs to hand off between
different spectrum regions, this module is responsible for
transmitting the handoff signaling messages.



Figure 1. Joint Spectrum Decision and Reconfiguration Framework

As illustrated above, the objective function (1) means
finding the most appropriate spectrum region Yj in the current
available spectrum set Y for each SU Xi in the set X. Wj is a

variable measuring the selection priority among the available
spectrum regions, which is calculated by Constraint (Ll). A
large value of Wj gives the preferred alternative. Constraint

(1.4) means that PU's arrival probability of the selected
spectrum region must be under the SU's tolerance Po
Constraint (1.5) means that the selected spectrum must have

B. ADSD Spectrum Decision Method

Decision Engine is the key module in our spectrum
decision framework. It contains the spectrum decision method
ADSD. Let X={xJ, X2, X3°o.Xn} be the set of SUs in CR
networks. Let Y= {yJ, Y2 , Y3 °o.Ym} be the set of spectrum
regions currently available, and each spectrum region Yj is
described by a set of k parameters Yj = {Yj,J, Yj.20 Yp oo'Yj.k}. All
these parameters will be considered in the ADSD method. Yp
represents the thparameter of the /h available spectrum. In
particular, parameter P= {pJ, P2, P3 ,. .Pm} denotes the PUs'

arrival probabilities. Let ~= {w1.1' w],l' w 3,l'" Wm,l } be the

vector of weights corresponding to different available
spectrum regions for the th parameter and W = {w J, W2, W3 ,. . Wk}

be the vector of weights corresponding to the different
parameters.

Then the spectrum decision problem for SUs in CR
networks can be presented as fmding a mapping between set X
and set Y, to satisfy:

Procedure Decision( )

//select the appropriate spectrum for the secondary user

{ calculate the feasible solution set for the application
according to the Constraints;

if (the feasible solution set is not empty){

//normalize the attribute parameters

Normalization ( );

//produce the weights of the different parameters

Weight_SelfGeneration ();

//find the optimal spectrum for the secondary user

AHP();}

else Report]ailure( );

Figure 2, The pseudo-code of the ADSD method

}

Procedure Initialization () //initialize the method

calculate the PU's arrival probability for each spectrum;

monitoring the application request;

if (it is a new communication request)

Decisiom);

else Reconfigurationt);

}

Procedure Reconfiguration()

//reconfigure the transmission parameters according to the
QoS requirements

{ if (by reconfiguration the current solution still satisfy
the Constraints)

Reconfigure the transmission parameters;

else Decision();

}

enough channel capacity for the application. Constraint (1.6)
means that the selected spectrum region must meet the QoS
requirements of the applications. Here, we adopt the definition
of QoS in ITU [11], using delay, jitter and packet loss to
measure the QoS of the applications.

Based on the above-mentioned model, we propose the
ADSD method for the SUs in CR networks. This method
considers multiple parameters such as the spectrum conditions
(channel capacity, data rate, acceptable error rate, delay, jitter),
the PU's arrival probability and the QoS requirements of
different applications. In order to make the different types of
parameters comparable with each other, we first classify and
normalize these parameters using the method described in
reference [12]. The pseudo-code of the ADSD spectrum
decision making method is illustrated in Fig. 2.
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D. Weight Self- Generation Mechanism

Before a decision can be made, the weights of the different
parameters must be determined in a reasonable way. Existing
proposals generally rely on users to specify the weights
manually. However, most of the users lack the related
background knowledge, thus it is very difficult for them to give
the appropriate weights for multiple parameters. In this paper,
we demonstrate an innovative mechanism to automatically
compute the weights ofdifferent parameters.

We utilize the concept of "entropy" [14] in information
theory to determine the weights of different parameters.
Entropy is a measurement ofuncertainty and it can also be used
to measure the amount of effective information contained in the
data. For mxk matrix B= (bj,dmxk' the entropy of the zth
parameter HI is defmed as:

The ADSD method for each SU contains three parts:
Initialization, Decision and Reconfiguration. Initialization
periodically calculates the PU's arrival probability for each
available spectrum and monitors the application requests.
Details of the PU's arrival probability are presented in Section
III E. For each new request, the Decision function is startup.
The spectrum regions which can not meet the QoS
requirements of the applications (Constrains in (1)) are
removed from consideration, and all the remaining candidate
spectrum regions are selected to form the feasible solution set
for the request. Then, we use a weight self-generation
mechanism to determine the weights of different parameters,
and utilize the AHP method to fmd the optimal spectrum
region. Details of AHP method and weight self-generation
mechanism are presented in Section III C and III D. For each
existing transmission, the Reconfiguration function is used to
evaluate whether the current solution still satisfies the
Constraints or not, and reconfigure the transmission
parameters dynamically according to the QoS requirements.

HI =-AI.0,lln.0,1
)=1

1= 1,2,3...k (3)

As can be seen from (2), variable W) represents the

alternative's relative ability to achieve the decision goal. Thus,
it is the variable in the objective function (1). The larger the
value of W) , the better the decision. For each SU, we should

rank the candidate spectrum regions in descending order of the
values W) and try to select the spectrum region with a larger

value.

c. AHP Method

The AHP (Analytic Hierarchy Process) [13] method is a
structured method for dealing with complex decisions. Rather
than prescribing a "correct" decision, the AHP helps the
decision makers fmd the one that best suits their needs and
their understanding of the problem. The basic idea is to
provide a comprehensive and rational framework for
structuring a decision problem, for representing and
quantifying its elements, for relating those elements to overall
goals, and for evaluating alternative solutions.

In this paper, we utilize AHP to rank the different available
spectrum regions for each SUo Its main decision making
process operates as follows. Suppose there are m candidate
spectrum regions in the feasible solution set and each
spectrum region has k parameters. Therefore, the candidate
spectrum regions and the parameters form a mxk matrix
B=(bj,dmxk' Then, we build the hierarchy for this decision
problem. For each parameter, each spectrum region is
compared to one another in a rational and consistent way, so a

numerical weight vectorW';={wj,l' w2,l ' w3,l " ' W m,/ } is derived.

W),I is the weight of the r spectrum region for the r
parameter. Furthermore, based on the weight self-generation
mechanism, the weights W = {wJ, W2, W3 ...Wk} corresponding
to different parameters can be obtained, where WI is the weight
of the lth parameter. Finally, numerical priorities are calculated
for each of the decision alternatives using (2).

Finally, the entropy weight of the lth parameter WI can be
computed by (5). W= {wJ, W2, W3 ...Wk} is the weight vector for
different decision parameters.

(4)

(5)1= 1,2,3...k

A =_1_
lnm

b' lf =_J,_
),l ms».L..J J,

)=1

where

Based on above equations, it can be concluded that the
parameter weights determined by entropy in this paper have
the following desirable features:

• The entropy weight WI is inversely proportional to the
entropy of the spectrum parameter, and satisfies o~ WI

k

~1,LWI=I.
1=1

• If all the candidate spectrum regions have the same
value in one parameter, then the corresponding entropy
weight for this parameter reaches O. It means that there
is no difference in this parameter values among all the
candidate spectrum regions, thereby this parameter
supplies little useful information and can be discarded.

• If there exists a big difference in the values for a
specific parameter among all the candidate spectrums,
then the corresponding entropy weight of this
parameter is large. This means that the parameter
supplies a lot of useful information and should be paid
more attention to.

(2)
k

W. = ~W'I*WIJ L..J J,
1=1



E. The Arrival Probability ofPrimary User

In order to describe the dynamic nature ofCR networks , we
need a new mechanism to capture the statistical behavior of
PUs, which called PU's activity. Since the SU must vacate the
channel upon the PU arrival, the estimation ofPU's activity is a
very crucial issue in spectrum decision making. In this paper,
we propose a new mechanism, which based on queuing theory,
to predict PU's arrival probability during the entire
transmission for each SU.

Let P= {PI> P2, P3"'Pm} be the set of probabilities
corresponding to the different available spectrum regions, Pi
represents the probability of ther available spectrum region
that has PU arrival. Considering one of the available spectrum
regions, analogous to related researches , we assume that PU's
activity can be modeled by a Poisson process [15] with arrival
rate A. As shown in Fig.3, WTv represents PU arrival and Tv is
the time inter-arrival between (v _l)lh and V

lh PU arrival.
According to Poisson 's theorem , the inter-arrivals times are
subject to an exponentially distribution with mean W, as
shown in (6).

F (t) = P{T s t} = {l- e-
AJ

, t ~ 0 (6)
T. v 0 ,t <O

Usually, for ther available spectrum region , there will be
not only one but multiple PUs. We assume that its channel
capacity is C and the number of unused channels is u. The key
issue is how to calculate the probability of the V

lh (v<u) PU
arrival during a particular spectrum decision period (M), as

shown in Fig. 3. We use (7) to specify the V
lh PU's arrival time,

it is a sum of v independent exponential distributions, and it
can be modeled by an Erlang distribution with parameters of v
and A, and its ~robability density is given by (8). Finally, we
can get the VI PU's arrival probability for each available
spectrum region using (9) and form the probabilities vector P=
{PI> P2, P3·· ·Pm}.

A cost capacity delay jitter packet
(l/min) p ($/min) (Kbps) (ms) (ms) loss

SpectrumI 0.4 0.5 0.015 4000 150-500 10 <5%

Spectrum2 0.5 0.5 0.009 5000 140-500 20 <5%

Spectrum3 0.7 0.5 0.012 4500 130-500 15 <5%

Spectrum4 0.5 0.5 0.033 2000 37-50 3 <1%

Spectrum5 0.9 0.5 0.021 96 35-50 4 <1%

Spectrum6 0.7 0.5 0.029 1000 43-50 3 <1%

IV. PERFORMANCE EVALUATION

To evaluate performance of the ADSD method, we design a
simple simulation scenario using MATLAB. We assume that
PU's and SU's arrivals are both subject to Poisson process . Six
different kinds of spectrum options are provided. Their
initialization parameters are illustrated in Table I. Parameters
such as probability of spectrum availability P, capacity and
delay will change with the decision period. According to the
current conditions, SUs make spectrum decisions for each
application.

There are three different types of applications in our
simulation: voice, video and file transfer . Voice has the strictest
QoS requirements (delay < 50ms, jitter < 5ms, packet loss <
3%, bandwidth 9.6Kbps). Video consumes more bandwidth,
90Kbps , and delay less than 200ms. File transfer only requires
the transmission bandwidth to be 120Kbps.

The arrival probability of PUs for each spectrum changes
with parameters A, t and V. Ais PU's arrival rate, t is spectrum
decision period and v is the number of arrival PUs in one
period. Once we determine the values of v and A, we can
predict PUs' arrival probability for each spectrum decision
period . As shown in Fig. 4, the probability increases with the
decrease ofparameter v or the increase of parameter A.

Fig. 5 depicts the spectrum decisions for different kinds of
applications as a function of decision periods using the ADSD
method, and describes PUs' arrival time for each spectrum.
From the figure, we can conclude that ADSD prefers to select a
spectrum with a low arrival probability of PUs, which can
guarantee the QoS requirements. In addition, by carrying out
transmission parameters reconfiguration, ADSD attempts to
maintain the current spectrum decision instead of having to
make new decisions .

WTv = iTo v z l
0=1

!
Ae-A1 (Atr-l , t ~ 0

fWT.(t) = (v-I)!

o , t < 0

rumbe~t

P = 1 fWT. (t)dt

(7)

(8)

(9)

TABLE 1. SPECTRUM PARAMETERS

urrival c WZ; WI; WT3 WT>-l WZ; WT,.l

~.
I I

I
number

Figure 3. The relation between PU arrival and spectrum decision period
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Figure 6. Change ofSU's throughput with the increase in number ofSUs
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channel capacity, can reduce the spectrum handoffrate by 21%
and get a low spectrum handoff rate of about 2.5%.

V. CONCLUSIONS

This paper proposes a new spectrum decision method,
ADSD, for secondary users in Cognitive Radio networks. The
method considers multiple influencing parameters, especially
the arrival probabilities of primary users, to estimate the quality
of each available spectrum more comprehensively. Moreover,
the method includes a mechanism to automatically determine
the weights of the different parameters and utilizes the idea of
the Analytic Hierarchy Process method to make reasonable
decisions according to the current conditions and the QoS
requirements of different applications. In addition, the ADSD
in combination with the transmission parameters
reconfiguration can reduce the rate of spectrum handoffs by
maintaining the existing transmission selections instead of
making new spectrum decisions . Simulation results show that
without any users' interference, ADSD can automatically select
the appropriate spectrum for transmission and significantly
improve performance of Cognitive Radio networks in terms of
throughput and spectrum handoff rate, compared with common
spectrum decision method only based on channel capacity .
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Fig. 6 describes the variety of SUs' throughput with the
increase in the number of SUs. ADSD considers multiple
influencing parameters for spectrum decision making,
especially the PUs' arrival probability. As a result, compared
with the common method which makes spectrum decisions
only based on channel capacity, ADSD can make more
appropriate decisions and significantly improve the
performance of the entire CR networks. When the number of
SUs reaches 120, ADSD improves throughput by 53%.

Fig. 7 depicts the variety of SUs' spectrum handoff rate
with the increase in the number of SUs. The spectrum handoff
rate is defined as the probability that the SU needs to make a
new decision for an existing transmission in a new period. The
ADSD method in combination with the transmission
parameters reconfiguration, compared with the common
method which makes spectrum decisions based only on


