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a b s t r a c t

Cooperative transmission between cognitive users can effectively decrease interference with primary

users in underlay mode. Relay transmission between cognitive user and primary user can not only

benefit the primary communications and facilitate the cognitive transmission too. Having obtain

considerable profits from the cooperation, the primary user may lease its spectrum dynamically or

upgrade the interference temperature timely for the cognitive user as a repayment. In this paper, we

first consider a system model under the circumstances of Rayleigh fading channels which are coming

close to real conditions. Then, we analyze the incomes of the primary transmitter in underlay mode and

raise a rational scheme to compensate the cognitive relay by increasing certain interference

temperature. In overlay mode, we propose an appropriate time-division pattern for the cooperative

transmission under the deployment of dynamic spectrum leasing. Game theory is used when we

resolve the bargaining problem of time division. Simulation tests are further run in MATLAB platform

to prove the feasibilities of our proposals. The results demonstrate that both the primary and cognitive

users can benefit from the cooperation.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

With the rapid development of wireless services and applica-
tions, currently deployed radio spectrum is becoming more and
more crowded. However, some researches show that spectrum
resources of partial licensed frequency have not been fully
utilized, so there is ‘‘spectrum hole’’ in time and space (Federal
Communications Commission, 2002; Yang, 2004). Cognitive radio
(CR) is widely considered as a promising technology that deals
with the spectrum shortage problem caused by the current
inflexible spectrum-allocation policy (Zhou and Harada, 2012).

To make full use of the spectrum resources, the applications of
transmit-power control and dynamic spectrum management are
necessary for CR (Haykin, 2005). In the underlay mode, secondary
user (cognitive user) is allowed to use primary spectrum only
when the interference is below a certain level called interference
temperature (Notice of Inquiry and Notice of Proposed Rule
Making, 2002). In the overlay mode, the secondary user utilizes
the channel in the condition of the absence of primary user and
it has to leave when the owner shows up. Many solutions and
assumptions have been considered to resolve the problem of the
coexistence between primary users and cognitive users in CR
networks. In addition, if the secondary user can act as a relay to
improve the communication performance of the primary user,
then it may obtain the spectrum authorization as a repayment.

This scheme will bring considerable gains to both where the
cooperative relay communication under cognitive networks
should be deployed.

Cooperative relay communication has been introduced to
enhance the performance of wireless networks for a long time,
since it can mitigate the effects of path loss in wireless links and
achieve cooperative diversity to counter the detrimental effect of
signal fading inherent to wireless channels, thereby significantly
improving the network coverage and capacity (Laneman et al.,
2004). Inspired by the concepts of cognitive radio and relay
networks, cognitive relay networks have recently been investigated
as a potential way to improve the performance of secondary users.
Recent literatures (Cheng and Yao, 2010; Zhao et al., 2011; Lee
et al., 2011) have discussed cooperative relay in CR from various
perspectives. In Cheng and Yao (2010), a cognitive relay technique
has been discussed to mitigate intercell interference in cellular
systems while several relay stations equipped with cognitive radio
are deployed near the cell boundary. In Zhao et al. (2011), the
problems of power and channel allocation for cooperative relay in a
three-node cognitive radio network have been investigated. The
outage probability of cognitive relay networks with interference
constraints has been evaluated in Lee et al. (2011). And the best
relay selection has been always a key point in both cognitive relay
transmission and traditional relay communication (Zou et al.,
2010; Chen et al., 2011; Cho et al., 2011; Bletsas et al., 2006).
In general, cooperative relay communication in CR networks can be
performed through using one of two approaches: cooperation
between primary and secondary user, and cooperation between
secondary users themselves. A number of literatures have been
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presented to discuss the latter situation whose main intention is to
alleviate the interference level in the underlay mode (Lee and Yene,
2006; Suraweera et al., 2008; Mietzner et al., 2009; Kim et al.,
2008). However, the cooperation between primary and secondary
users in CR networks, which is the main concern in this paper,
receives relatively little attention.

In this paper, based on the analysis of cognitive radio net-
works, an interference model is first given over Rayleigh fading
channels. Furthermore, a discussion about how to improve the
coexistence between cognitive users with primary networks is
made. For primary users, relay transmission on several hops can
lead to an extended battery life, lower outage probability, as well
as lower level of system interference. In the underlay mode, we
investigate the incomes of primary user in terms of decreasing
outage probability, and a corresponding payment for the cogni-
tive relay is identified. On the other hand, when the cognitive
users stay in the mode of overlay, the scheme of dynamic
spectrum leasing is more suitable in this situation, where the
critical problem of rational time allocation for both participators
needs to be fixed carefully. In this case, a novel time-division
pattern is proposed by using game theory which has been proved
to be an effective method to solve different bargaining problems
in many areas (Li et al., 2011; Moretti and Vasilakos, 2010; Saad
et al., 2011; Canales and Gallego, 2010).

The rest of this paper is structured as follows: Section 2
describes the system model of the CR relay networks. The
algorithms for power allocation and time division are investigated
in Section 3. Section 4 illustrates the simulation results. Finally,
Section 5 concludes this paper.

2. System model

In this paper, we consider a model of relay system where a pair
of primary users and several cognitive users locate as shown in
Fig. 1. The relay works in regenerative mode, so a relay decodes
the received data and then forwards it to a secondary destination.
How to select the best relay position in networks is always a
critical issue and has been widely investigated in many litera-
tures, but is not the main point we want to discuss in this paper.

After identifying a suitable cognitive terminal as the relay
station, if the cooperation executes in the mode of overlay, the
primary user should broadcast a lease time T for the cooperation
which can be ascribed as T ¼ tpþts. Having consumed time tm to
receive the signal of primary transmitter, the secondary user SUrl

relays the signal for a time tp to the primary receiver. Then, the

secondary user will reserve time ts to communicate for its own
purpose. In this situation, how to rationally divide tp and ts,
involves the allocation of the benefits of primary user and
secondary user, is a key problem for cognitive relay transmission
which will be discussed in the following sections.

In the underlay mode, a chief task for cognitive users is to
rationally control its interference with primary user. In this paper,
we consider the model of signal-to-interference-plus-noise ratio
(SINR) over Rayleigh fading environments. The power received
from transmitter j can be given by

P¼ GjFjPj ð1Þ

The number Gj, which is positive, represents the path gain (not
including fading) from the jth transmitter. It can be described as
Gj ¼ hjcj, where hj ¼ A=ra and cj are the correlation coefficient
(Koskie and Gajic, 2005). In the analysis below, we assume that
Gj is constant, and does not change much with time.

The number Fj models Rayleigh fading. They are assumed to be
independent, exponentially distributed random variables, with
unit mean (Stuber, 1997). In other words, the power received
from transmitter j is an exponentially distributed random vari-
able, with mean value

EðGjFjPjÞ ¼ GjPj ð2Þ

Then, the SINR g of the ith mobile can be defined as

gi ¼
GiFiPiP

ja iGjFjPjþs2
ð3Þ

where Pi is the power of the ith mobile and s2 is the background
noise which will be given in the later simulation. One of the
designing goals of communication in wireless networks is to
ensure that no mobile’s SINR gi falls below its threshold gtar

i to
ensure adequate quality of service (QoS). Thus, there is

giZgtar
i 8i ð4Þ

For individual mobiles, this threshold can be calculated to main-
tain a satisfactory frame error rate. Furthermore, we define the
interference vector as I which can be represented as

IiðP�iÞ ¼
X
ja i

GjFjPjþs2 ð5Þ

Sign IiðP�iÞ means that the interference vector of the ith mobile
depends on all but the power vector itself. From (3), we regard
pi as the power of primary user and pj as the power of cognitive
user. We assume that primary users can not interfere with each
other when they use different spectrums, and we ignore the
interference from other cells. The primary user needs to meet
the requirement of QoS, as described in (4). When the power of
the primary user is constant, if we want to satisfy (4), we can
achieve the following equation from (3):

X
ja i

GjFjPjrT ¼
GiFiPi

gtar
i

�s2 ð6Þ

Eq. (6) can be rewritten as follows:

GlFlPlþ
X

j a i
j a l

GjFjPjrT ð7Þ

where Pl is the power of a cognitive user. Eq. (7) can also be
deduced to

Plr T�
X

j a i
j a l

GjFjPj

0
@

1
A,GlFl ð8Þ

The interference with the primary user cannot exceed a certain
threshold involved in the concept of interference temperature;
otherwise, it cannot ensure the QoS of the primary user. If the

Fig. 1. System model of cognitive relay transmission. PUt, PUr, SUrl, and SUr

represent primary transmitter, primary receiver, cognitive relay, and secondary

receiver, respectively. Furthermore, qd, qm, qr and qs are the outage probabilities in

the corresponding channels, respectively.
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