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Abstract—We consider a dual-hop cooperative spectrumsharing system with multiple relays that are available to opportunistically help the secondary communication system. In
this primary/secondary cooperative system, we propose using a
reactive relay selection (RRS) technique at the secondary system
in which the best relay is chosen based on both the first and
second hops transmission conditions. In fact, the best relay is
selected as the relay node that not only satisfies a minimum
required rate on the first-hop transmission, but can also achieve
the highest signal-to-noise ratio (SNR) at the destination node.
In this context, we first derive an expression for the cumulative
distribution function (CDF) of the received SNR at the secondary
destination node while assuming that the secondary transmission
is limited by the appropriate interference constraints. Then, we
use this CDF expression to obtain a closed-form expression for
the end-to-end outage probability of the proposed cooperative
system. Finally, illustrative numerical examples are shown and
the benefits of using the proposed RRS technique in different
channel propagation conditions are discussed.

I. I NTRODUCTION
Relaying communication has shown great potential to overcome the insufficiency of the spectrum resources in cognitive
radio (CR) networks [1]. Earlier, the cooperative transmission
technique has been used in wireless communication systems
in order to improve the system performance and coverage
area [2], [3]. In CR systems, when the available spectrum
resources are not sufficient to guarantee reliable transmission
for the cognitive users, the resource allocation policy may
not be able to satisfy the cognitive users’ requirements. In
such cases, cooperative communication can be employed by
the CR (secondary) system to more effectively and efficiently
utilize the available transmission resources, such as power,
while adhering to the interference constraints at the primary
receivers. This has recently been shown to be of great interest
in CR systems [4]–[6].
In this regard, in [5], an optimization technique has been
developed for a multipoint-to-multipoint spectrum-sharing system in order to jointly optimize the secondary transmit power
and also the relays’ beamforming weights. The latter was
investigated subject to the constraints on the interference
inflicted on the existing PRs. The work in [4], on the other
hand, considered that the secondary communication is assisted
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by some intermediate relays that implement the decode-andforward (DF) technique onto the SU’s relayed signal. That
paper also investigated the end-to-end performance of the
dual-hop cooperative spectrum-sharing system under resource
constraints defined so as to ensure that the primary’s quality
of service (QoS) is unaffected.
Regarding the scenario that a cluster of relays is available
between the source and destination nodes, how to choose a
proper relay is an important issue. Several centralized relay
selection schemes were developed in [7], where the selection
of an appropriate relay node was performed based on different
assumptions about the channel knowledge. In this context,
an antenna/relay selection strategy for coded cooperative networks has been introduced in [8] to improve the detection
reliability at the relay nodes. In [9] and [10], a threshold-based
relaying approach has been presented to mitigate the error
propagation inherent in cooperative communication networks.
Moreover, in [11] and [12], a simple relaying protocol, called
reactive relay selection (RRS), was presented in which the
relay selection is performed after the first-hop transmission.
In the RRS strategy, only the relays whose received SNRs are
higher than a certain threshold will be taken into account in the
selection. Then, the single relay with the maximum received
SNR at the destination node is chosen to forward the signal
to the destination. It is worth noting that in the last-mentioned
works, the selection is basically performed based on the SNR
values calculated using the forwarding channel information,
i.e., source-relays-destination. In cooperative spectrum-sharing
CR networks, however, only limited interference with primary
systems is allowed. Hence, the relay selection method must be
different from the conventional ones. In cooperative CR systems, the secondary source chooses the relay that maximizes
the SNR at the secondary destination node, while taking the
interference generated at the primary system into consideration
to ensure that no harmful interference is caused to the primary
system.
In this paper, we propose using the RRS strategy in cooperative relaying spectrum-sharing systems while taking into
account the necessary limitations on the generated interference
on the primary system. In fact, the RRS is chosen to be
implemented in the secondary communication system, since
it selects the best relay based on both the first and second
hops transmission conditions. Specifically, in Section II, we
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consider a dual-hop cooperative spectrum-sharing system with
multiple intermediate relays available to help the secondary
communication system between the source and destination
nodes. In Section III, a useful expression for the cumulative
distribution function (CDF) of the received SNR at the secondary destination is obtained while taking into account the
average interference constraints at the PRs. Then, in Section
IV, making use of the obtained CDF, we derive a closedform expression for the end-to-end outage probability of
the proposed cooperative spectrum-sharing system. Moreover,
we provide insightful discussion about the benefits of using
the RRS scheme in Section V. Numerical results show an
improvement on the overall system performance when the
second transmission link is in strong propagation conditions
or when the number of potential relays increases. Finally,
concluding remarks are drawn in Section VI.
II. S YSTEM AND C HANNEL M ODELS
We consider a dual-hop cooperative spectrum-sharing CR
system where the DF relays are employed to help in the SU’s
communication process, as shown in Fig. 1. It is assumed that
a cluster of relays are available for the secondary source (SS)
communication from where one relay is chosen based on the
RRS selection technique [11]. In this technique, the selection
is performed after the first-hop transmission. Specifically, we
assume that during the first-hop transmission, all relays listen
to the SS’s signal and only those with the received SNR higher
than a certain threshold, denoted by 𝛾min , will decode the
received signal, where 𝛾min can be calculated in terms of
the minimum service-rate constraint (𝑅min ) on the first-hop
transmission as given by 𝛾min = 2𝑅min − 1. Then, during the
second-hop transmission, the single relay with the maximum
received SNR at the secondary destination (SD) is chosen to
forward the secondary signal to the destination. It is assumed
that the relays within a cluster are located close together so
that the SS-relay links experience the same average SNR, but
distinct instantaneous SNR values.
We consider a discrete-time flat-fading channel with perfect
channel state information (CSI) at the secondary transmitters
and receivers. As illustrated in Fig. 1, we assume that the
channel power gains between the SS and relays is given by
ℎ𝑙 , ∀ 𝑙 = 1, ..., 𝐿, with mean 𝜏 f and the one between the 𝑙th relay and the SD by 𝑔𝑙 with mean 𝜏 s . In this paper, it is
assumed, as in underlay spectrum sharing technique [4], that
the SUs have knowledge of the interference they cause to the
primary users (PUs). Hence, we assume that the secondary and
primary users are allowed to simultaneously operate within the
same spectrum band as long as the interference generated by
the SUs at the PRs is below certain acceptable levels. The level
of interference inflicted on the PRs can be estimated by the
fact that the secondary transmitters (STs) can hear the uplink
signal of the PRs. In this regard, we assume the availability
of the interference channel power gains between the SS and
the PR, 𝛼, and the one between the 𝑙-th relay and the SD, 𝛽𝑙 ,
both at their respective STs. 𝛼 and 𝛽𝑙 are mutually independent
with unit mean distribution functions. The information about
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Fig. 1: The proposed cooperative relaying spectrum-sharing system
with reactive relay selection.

the interference channels may be carried out directly by the
licensee or indirectly through a band manager which mediates
between the two parties. Furthermore, we consider that the
interference generated by the primary transmitter is modeled
as an additive zero-mean Gaussian noise at the relays and SD,
with variance 𝜎12 and 𝜎22 , respectively.
Regarding the secondary system communication, at the firsthop transmission, the SS listens to the interference channel
and adjusts its transmit power under a predefined interference
constraint to make sure that the primary system operation
is unaffected. Similarly, at the second-hop transmission, the
selected relay node uses the same spectrum band originally
assigned to the primary system in order to communicate with
the SD. Particularly, during the second-hop transmission, the
selected relay listens to the interference channel in order to
adhere to the interference constraint with the primary system
and forwards the decoded received signal to the SD node. It
is assumed that the first and second hops’ transmissions are
independent, e.g., through a time-division channel allocation
scheme, and the secondary transmissions in both hops are
limited by the average received-interference power at the PRs.
We define the average received-interference power constraints
for the first- and second-hop transmissions as:
Eℎ𝑙 ,𝛼 [𝑆sr (ℎ𝑙 , 𝛼) 𝛼] ≤ 𝑊1 ,
E𝑔𝑙 ,𝛽𝑙 [𝑆rd (𝑔𝑙 , 𝛽𝑙 ) 𝛽𝑙 ] ≤ 𝑊2 ,

(1)
(2)

where 𝑆sr (ℎ𝑙 , 𝛼) and 𝑆rd (𝑔𝑙 , 𝛽𝑙 ) represent the instantaneous
transmit powers at the SS and 𝑙-th relay, respectively, and
E𝑋 [⋅] denotes the statistical average with respect to 𝑋. Furthermore, 𝑊1 and 𝑊2 are the average received-interference
power limits pertaining to the first- and second-hop transmissions, respectively.
III. S IGNAL - TO -N OISE R ATIO S TATISTICS
In this section, we investigate the first-order statistic pertaining to the instantaneous SNR at the SD node under average
interference constraints at the PRs. Specifically, we obtain the
CDF of the received SNR at the SD node which has key
importance in the performance analysis of the cooperative
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spectrum-sharing system under consideration. In this context,
considering the proposed system model, it can be shown that
the optimal power allocation policy that maximizes the ergodic
capacity of the first link is obtained through the Lagrangian optimization technique such that the aforementioned interference
constraint is met. Therefore, the first-hop power transmission
policy can be obtained as
)+
( f
𝜎2
𝜆
𝜎2
ℎ𝑙
− 1
(3)
, ∀ 1f ≤ ,
𝑆sr (ℎ𝑙 , 𝛼) =
𝛼
ℎ𝑙
𝜆
𝛼
where (𝑋)+ ≜ max(𝑋, 0) and 𝜆f is the first-hop optimization
parameter and must be determined such that the average interference constraint in (1) is satisfied with equality. Substituting
the optimal power allocation policy in (3) into the average
interference constraint given by (1) with equality, we have
)
∫ (
𝜎2
𝜆f − 1 𝑓𝑍 (𝑧) 𝑑𝑧 = 𝑊1 ,
(4)
𝑧
2
𝜎1
𝜆f

≤𝑧

where the random variable 𝑍 is defined as 𝑍 ≜ ℎ𝑙 /𝛼. Then,
considering that the fading follows the Rayleigh distribution,
i.e., ℎ𝑙 and 𝛼 are exponentially distributed random variables, it
can be shown that the probability
function (PDF)
( distribution
)2
of 𝑍 is given by 𝑓𝑍 (𝑧) = 𝜏 f / 𝜏 f + 𝑧 [13]. Thus, applying
the latter in (4), the interference constraint may be calculated
with equality as
)
(
𝜎2
𝜏 f 𝜆f
= 𝑊1 .
𝜆f − 1f ln 1 + 2
(5)
𝜏
𝜎1
Now, using the power allocation policy in (3), we can
express the instantaneous received SNR at the 𝑙-th relay as
( f
)+
𝑆sr (ℎ𝑙 , 𝛼) ℎ𝑙
𝜆
=
𝑍 −1
,
(6)
𝛾sr,𝑙 =
𝜎12
𝜎12
where 𝑍 ≜ ℎ𝑙 /𝛼 with PDF 𝑓𝑍 (𝑧). Then, it is easy to show
that the PDF of 𝛾sr,𝑙 can be obtained using the fundamental
theorem as [14]


𝜎12

.
(7)
𝑓𝛾sr,𝑙 (𝛾) = f 𝑓𝑍 (𝑧)
𝜎2

𝜆
𝑧 = 1f (𝛾 + 1)
𝜆
After substituting 𝑓𝑍 (𝑧) and some mathematical manipulations, the PDF of the received SNR pertaining to the link
between the SS and the 𝑙-th relay is obtained as
𝑓𝛾sr,𝑙 (𝛾) =

𝜎12 𝜆f 𝜏 f
(𝜆f 𝜏 f + 𝜎12 𝛾)

2,

𝛾sr,𝑙 ≥ 0.

(8)

Following the same approach for the second-hop transmission, the PDF of the instantaneous received SNR at the SD
node from the 𝑙-th relay, 𝑓𝛾rd,𝑙 (𝛾), can be expressed as
𝑓𝛾rd,𝑙 (𝛾) =

𝜎22 𝜆s 𝜏 s
(𝜆s 𝜏 s + 𝜎22 𝛾)

2,

𝛾rd,𝑙 ≥ 0

(9)

where 𝜆s is the second-hop optimization parameter and must
satisfy the interference constraint in (2) at equality.

To obtain
∫ 𝛾 the CDF functions of 𝛾sr,𝑙 and 𝛾rd,𝑙 , using
𝐹𝛾 (𝛾) = 0 𝑓𝛾 (𝛾) 𝑑𝛾, we have
⎧
𝜎12 𝛾

 𝐹𝛾 (𝛾) =
, First − hop
⎨
sr,𝑙
f
f
𝜆 𝜏 + 𝜎12 𝛾
(10)
𝜎22 𝛾

 𝐹𝛾 (𝛾) =
.
Second
−
hop
⎩
rd,𝑙
𝜆s 𝜏 s + 𝜎22 𝛾
Now, as mentioned earlier about the RRS technique, this
selection strategy first chooses the relays whose link quality
satisfies the threshold 𝛾min . Then, during the second-hop
transmission, only the best relay with the maximum 𝛾rd,𝑙 is
selected among the relay candidates to transmit the secondary
signal to the destination node. Making use of the Binomial
theorem, when there are 𝑘 relay candidates that satisfy the
threshold condition 𝛾sr,𝑙 ≥ 𝛾min , the probability that 𝑘 relays
pass the minimum threshold can be calculated according to
( )
)𝑘 (
)𝐿−𝑘
𝐿 (
1 − 𝐹𝛾sr,𝑙 (𝛾min )
𝐹𝛾sr,𝑙 (𝛾min )
𝑃𝛾min ,𝑘 =
.
𝑘
(11)
After substituting the CDF expression in (10), the probability
𝑃𝛾min ,𝑘 can be expressed as
)𝐿 ( f f )𝑘
( )(
𝜎12 𝛾min
𝜆𝜏
𝐿
𝑃𝛾min ,𝑘 =
.
(12)
2
f
f
𝑘
𝜆 𝜏 + 𝜎1 𝛾min
𝜎12 𝛾min
Let us assume that 𝛾sr,𝑙𝑘∗ is the best relay selected
among 𝑘 relay candidates that passed the( threshold) test,
=
i.e., 𝛾sr,𝑙𝑘 ≥ 𝛾min . In this case, Pr 𝛾sr,𝑙𝑘∗ < 𝛾
Pr (𝛾sr,𝑙 < 𝛾 ∣𝛾sr,𝑙 ≥ 𝛾min ) = 𝐹𝛾sr,𝑙 (𝛾 − 𝛾min ), and hence,
the CDF of the received SNR for the first-hop transmission
can be written as
𝜎 2 (𝛾 − 𝛾min )
𝒰 (𝛾 − 𝛾min ) ,
(13)
𝐹𝛾sr,𝑙∗ (𝛾) = f f 1 2
𝑘
𝜆 𝜏 + 𝜎1 (𝛾 − 𝛾min )
where 𝒰 (⋅) denotes the unit step function.
Regarding the second-hop transmission, since 𝛾rd,𝑙𝑘∗ =
max {𝛾rd,𝑙𝑘 } and making use of the order statistics theorem
[14], the CDF of 𝛾rd,𝑙𝑘∗ pertaining to the second-hop transmission can be obtained as follows:
)𝑘
(
𝜎22 𝛾
∗
𝐹𝛾rd ,𝑙𝑘 (𝛾) =
.
(14)
𝜆s 𝜏 s + 𝜎22 𝛾
Considering the fact that the end-to-end instantaneous SNR
at the SD for the RRS technique is defined as the minimum
of the channel strength
among}the SS-𝑅𝑙𝑘∗ and 𝑅𝑙𝑘∗ -SD links,
{
i.e., 𝛾𝑙tot
= min 𝛾sr,𝑙𝑘∗ , 𝛾rd,𝑙𝑘∗ , the CDF of the end-to-end
∗
𝑘
received SNR at the SD node can be expressed in terms of
the CDF expressions 𝐹𝛾sr ,𝑙𝑘∗ (𝛾) and 𝐹𝛾rd ,𝑙𝑘∗ (𝛾), as follows [4]
tot
𝐹𝛾,𝑙
∗ (𝛾) = 𝐹𝛾sr ,𝑙∗ (𝛾) + 𝐹𝛾rd ,𝑙∗ (𝛾) − 𝐹𝛾sr ,𝑙∗ (𝛾) ⋅ 𝐹𝛾rd ,𝑙∗ (𝛾) .
𝑘
𝑘
𝑘
𝑘
𝑘
(15)

By substituting the CDF functions in (13) and (14) into (15),
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(
𝑃out =

𝜎12 𝛾min
f
f
𝜆 𝜏 + 𝜎12 𝛾min

⎛

)𝑘 (
)
)𝐿 ∑
)𝐿 (
𝐿 ( )(
𝜆f 𝜏 f 𝜎22 𝛾th
𝐿
𝜎12 (𝛾th − 𝛾min )
𝜎12 𝛾min
+
𝑘
𝜎12 𝛾min (𝜆s 𝜏 s + 𝜎22 𝛾th )
𝜆f 𝜏 f + 𝜎12 𝛾min
𝜆f 𝜏 f + 𝜎12 (𝛾th − 𝛾min )
𝑘=1



Σ1
⎞

⎜ 𝐿 ( ) ( f f )𝑘
)𝑘 ⎟
𝐿 ( )(
∑
⎜∑ 𝐿
⎟
𝜆𝜏
𝐿
𝜆f 𝜏 f 𝜎22 𝛾th
⎟ 𝒰 (𝛾th − 𝛾min ) .
−
×⎜
2
2
2
⎜
s
s
𝜎1 𝛾min
𝜎1 𝛾min (𝜆 𝜏 + 𝜎2 𝛾th ) ⎟
𝑘
⎝𝑘=1 𝑘
⎠
𝑘=1


 


Σ2

(20)

Σ1

)𝐿 ((

)
)𝐿
𝜆f 𝜏 f 𝜎22 𝛾th
+1
𝑃out =
−1
𝜎12 𝛾min (𝜆s 𝜏 s + 𝜎22 𝛾th )
⎛
(
(
) )𝐿 ⎞
)
(
𝜆f 𝜏 f 𝜎22 𝛾th + 𝜎12 𝛾min 𝜆s 𝜏 s + 𝜎22 𝛾th
𝜎12 (𝛾th − 𝛾min )
⎝1 −
⎠ 𝒰 (𝛾th − 𝛾min ) .
+
𝜆f 𝜏 f + 𝜎12 (𝛾th − 𝛾min )
(𝜆f 𝜏 f + 𝜎12 𝛾min ) (𝜆s 𝜏 s + 𝜎22 𝛾th )
(

𝜎12 𝛾min
f
f
𝜆 𝜏 + 𝜎12 𝛾min

and after some mathematical manipulations, we have
)𝑘 (
)
(
𝜎22 𝛾
𝜎12 (𝛾 − 𝛾min )
tot
𝐹𝛾,𝑙
+
∗ (𝛾) =
𝑘
𝜆s 𝜏 s + 𝜎22 𝛾
𝜆f 𝜏 f + 𝜎12 (𝛾 − 𝛾min )
(
)
)
(
𝑘
𝜎22 𝛾
× 1−
𝒰 (𝛾 − 𝛾min ) .
(16)
𝜆s 𝜏 s + 𝜎22 𝛾
In the following section, making use of the derived statistics
for the RRS scheme, we investigate the end-to-end performance of the secondary system and obtain a closed-form
expression for the outage probability of the proposed dualhop cooperative spectrum-sharing system.

thus yielding
(
Σ1 =
and

𝑘

𝑃out =

𝐿
∑
𝑘=1

tot
𝑃𝛾min ,𝑘 ⋅ 𝐹𝛾,𝑙
∗ (𝛾th ),
𝑘

(17)

tot
where the probability 𝑃𝛾min ,𝑘 is given in (12) and 𝐹𝛾,𝑙
∗ (𝛾th )
𝑘
can be obtained from (16). Now, by substituting the latter and
(12) into (17) and after some mathematical manipulations, the
outage probability 𝑃out is given in (20) at the top of the next
page.
The summations in (20) denoted by Σ1 and Σ2 , can be
solved by considering the sum ∑
of binomial
( ) coefficients𝐿 rule
𝐿
[15, Eq. 0.155.3], namely, using 𝑘=1 𝐿𝑘 𝐴𝑘 = (𝐴 + 1) −1,

𝜆f 𝜏 f 𝜎22 𝛾th
+1
2
𝜎1 𝛾min (𝜆s 𝜏 s + 𝜎22 𝛾th )
(

Σ2 =

𝜆f 𝜏 f + 𝜎12 𝛾min

)𝐿

)𝐿
− 1,

)𝐿
(
− 𝜎12 𝛾min

(𝜎12 𝛾min )

𝐿

.

(21)

(22)

Finally, substituting (21) and (22) into (20) and after some
manipulations, the closed-form expression for the end-toend outage probability of the cooperative relaying spectrumsharing system can be obtained as given in (23).
V. N UMERICAL R ESULTS

IV. E ND - TO -E ND O UTAGE P ROBABILITY P ERFORMANCE
In spectrum-sharing systems, the outage probability can
be interpreted as the fraction of time that the secondary
communication link (SS-Relay-SD) experiences an outage due
to fading. In the cooperative system under consideration, the
statistical variation of both the received signal at the SD and
the received interference power at the PRs must be considered
in the outage probability analysis. Mathematically speaking,
the end-to-end outage probability of the proposed system is
defined as the probability that the received SNR at the SD
node, 𝛾𝑙tot
∗ , falls below a predetermined threshold, 𝛾th , i.e.,

(23)

In this section, we numerically illustrate the outage probability performance of the proposed cooperative spectrumsharing system with the RRS selection strategy utilized by
the secondary system in order to establish a dual-hop communication between√the SS and SD nodes. We consider that
√
the channel gains ℎ𝑙 and 𝑔𝑙 are modeled according to
Rayleigh PDFs with expected values of 𝜏 f and 𝜏 s , respectively.
It is also assumed that the interference channels 𝛼 and 𝛽𝑙
experience Rayleigh fading with unit variances. Furthermore,
in our numerical results, we assume that 𝜎12 = 𝜎22 = 1.
In Fig. 2, we illustrate the outage probability of the proposed
cooperative system for different values of the average interference limit, 𝑊1 = 𝑊2 = 𝑊 . In this figure, we set the number
of relays participating in the selection 𝐿 = 3 and the outage
threshold 𝛾th = −5 dB, and investigate the variation of 𝜏 s with
𝜏 f = 0 dB, and for different values of the minimum required
rate at the first hop transmission 𝑅min = 0.5, 0.8, 1 bit/s/Hz.
As shown in the figure, for a given 𝑅min value, we observe
a significant improvement on the overall outage probability
performance of the proposed cooperative system as the second
transmission link is in strong propagation conditions, i.e.,
𝜏 s > 𝜏 f , or by decreasing the minimum required rate 𝑅min .
This can be interpreted by the fact that the lower required
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Fig. 2: Outage probability of the cooperative spectrum-sharing system
for equal interference limits (𝑊1,2 = 𝑊 ) with 𝑅min = 0.5, 0.8, 1
bit/s/Hz, for different 𝜏 s and 𝜏 f = 0 dB (𝐿 = 3, 𝛾th = −5 dB).

Fig. 3: Outage probability of the cooperative spectrum-sharing system
versus 𝑊1 , with 𝐿 = 1, 6, and imbalanced resource limits (𝑅min =
0.5, 𝛾th = −5 dB).

rate at the first hop and the stronger channel condition at the
second hop provide a higher chance for intermediate relays to
participate in the selection, and consequently, this improves
the overall performance in the proposed cooperative system.
On the other hand, it is observed that, for given values of
𝜏 s and 𝑅min , the outage probability decreases as the average
interference limit, 𝑊 , increases.
In Fig. 3, we fix the outage threshold at 𝛾th = −5 dB and
set the minimum required rate to 𝑅min = 0.5. We investigate
the effect of imbalanced resource limits, 𝑊1 and 𝑊2 , on the
end-to-end outage probability performance of the cooperative
spectrum-sharing system when 𝜏 f and 𝜏 s are set to 0 dB. As
shown in the figure, we observe the significant effect of imbalanced resource limits on the performance of the cooperative
system utilizing the RRS selection strategy. For instance, for
a fixed value of 𝑊1 , we observe a substantial improvement on
the outage probability of the secondary system as the average
interference limit 𝑊2 increases. Furthermore, the number of
relays used in the selection is 𝐿 = 1, 6. Analysis of the
number of relays shows considerable improvements in outage
probability performance as 𝐿 increases.

numerical results and comparisons were provided to illustrate
the benefits of using the RRS technique in different channel
propagation conditions.

VI. C ONCLUDING R EMARKS
We considered a cooperative relaying spectrum-sharing system where 𝐿 relays are available to opportunistically assist the
communication between the secondary source and destination
nodes while ensuring that no harmful interference is caused to
the primary users of the spectrum band. Hence, the proposed
spectrum-sharing system was assumed to operate under appropriate constraints on average received-interference power at
the PRs. In this context, assuming the RRS technique in which
the selection is performed during the second-hop transmission,
we investigated the performance of the proposed cooperative
system under a Rayleigh fading environment. In this regard,
we first obtained the CDF of the instantaneous received SNR at
the secondary destination node. Then, using the obtained CDF
expression, we investigated the end-to-end outage probability
of the cooperative relaying spectrum-sharing system. Finally,

R EFERENCES
[1] K. B. Letaief and W. Zhang, “Energy detection of unknown deterministic
signals,” Proc. of the IEEE, vol. 97, no. 5, pp. 878–893, May 2009.
[2] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: efficient protocols and outage behavior,” IEEE
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062–3080, Dec. 2004.
[3] V. Asghari, A. Maaref, and S. Aissa, “Symbol error probability analysis
for multihop relaying over Nakagami fading channels,” in Proc. IEEE
Wireless Commun. & Networking Conf., WCNC’10”, Sydney, Australia,
Apr. 2010, pp. 1 – 6.
[4] V. Asghari and S. Aı̈ssa, “End-to-end performance of cooperative relaying in spectrum-sharing systems with quality of service requirements,”
IEEE Trans. Vehicular Tech., vol. 60, no. 6, pp. 2656–2668, July 2011.
[5] K. Zarifi, S. Affes, and A. Ghrayeb, “Joint source power control and
relay beamforming in amplify-and-forward cognitive networks with
multiple source-destination pairs,” in Proc. IEEE Int. Conf. Commun.
(ICC’11), Tokyo, Japan, June 2011, pp. 1–6.
[6] L. Musavian, S. Aı̈ssa, and S. Lambotharan, “Effective capacity for
interference and delay constrained cognitive-radio relay channels,” IEEE
Trans. Wireless Commun., vol. 9, no. 5, pp. 1698–1707, May 2010.
[7] A. Muller and J. Speidel, “Relay selection in dual-hop transmission
systems: selection strategies and performance results,” in Proc. IEEE
Int. Conf. Com. (ICC’08), Beijing, China, May 2008, pp. 4998–5003.
[8] M. Elfituri, A. Ghrayeb, and W. Hamouda, “Antenna/relay selection for
coded cooperative networks with AF relaying,” IEEE Trans. Commun.,
vol. 57, no. 9, pp. 2580–2584, Sep. 2009.
[9] S. Nguyen, A. Ghrayeb, G. Al-Habian, and M. Hasna, “Mitigating error
propagation in. two-way relay channels with network coding,” IEEE
Trans. Wirel. Commun., vol. 9, no. 11, pp. 3380–3390, Nov. 2010.
[10] G. Al-Habian, A. Ghrayeb, M. Hasna and A. Abu-Dayya, “Thresholdbased relaying in coded cooperative networks,” IEEE Trans. Veh. Tech.,
vol. 60, no. 1, pp. 123–135, Jan. 2011.
[11] A. Bletsas, H. Shin, and M. Win, “Cooperative communications with
outage-optimal opportunistic relaying,” IEEE Trans. Wireless Commun.,
vol. 6, no. 9, pp. 3450–3460, Sep. 2007.
[12] S. Lee, M. Han, and D. Hong, “Average SNR and ergodic capacity
analysis for opportunistic DF relaying with outage over Rayleigh fading
channels,” IEEE Trans. Wireless Commun., vol. 8, no. 6, pp. 2807–2812,
Jun. 2009.
[13] L. Garcia, Probability, Statistics, and Random Processes for Electrical
Engineering, 2nd ed. Prentice Hall, 1999.
[14] A. Papoulis, Probability, Random Variables, and Stochastic Processes,
4th ed., 2002.
[15] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and
Products, 6th ed. New York: Academic, 2000.

1102

