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Abstract Most of existing papers on cognitive relay net-
works with multiple primary user (PU) receivers consider
the scenario where the PU receivers utilize the same spec-
trum band. In this paper, we consider a new scenario where
the PU receivers utilize orthogonal spectrum bands and the
spectrum of a PU receiver whose channel enhances the per-
formance of the secondary system is shared with the sec-
ondary user (SU) nodes. Using orthogonal spectrum bands
in cellular networks aims to reduce the interference between
users as in the downlink transmission where orthogonal fre-
quency bands are used by the base station in transmitting the
data for the different users. In this paper, we study the outage
performance of cognitive opportunistic decode-and-forward
relaying operating in the secondary network with multiple
PU receivers and in the presence of interference from a PU
transmitter. A closed-form expression is derived for the out-
age probability with all system links following Rayleigh dis-
tribution. Furthermore, to get more insights about the system
behavior, the performance is studied at the high signal-to-
noise ratio (SNR) regime where approximate expressions for
the outage probability, diversity order, and coding gain are
obtained. Monte Carlo simulations are given to validate the
achieved results. Main findings illustrate that with fixed inter-
ference power, the diversity order of the secondary system
equals the number of relays and it is not affected by the num-
ber of PU receivers. Also, results show that the number of
PU receivers affects the system performance through affect-
ing only the coding gain. Unlike the existing papers where
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the same spectrum band is assumed to be shared by the PU
receivers, our findings demonstrate that increasing the num-
ber of PU receivers in the proposed scenario enhances the
system performance. Finally, results illustrate that when the
interference at the SU relays or at SU destination or at both
scales with SNR, the system achieves a zero diversity order
and a noise floor appears in the results due to the effect of
interference on the system performance.

Keywords Opportunistic decode-and-forward relay ·
Cognitive network · Interference · Rayleigh fading
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1 Introduction

Spectrum sharing or cognitive radio has been proposed to
improve the spectrum resource utilization efficiency [1]. The
underlay scenario is among the various cognitive radio para-
digms that have been proposed in [2]. This paradigm allows
users in a secondary cell (secondary or cognitive users) to
utilize the frequency bands of users in a primary cell (pri-
mary or licensed users) only if the interference is below a
certain threshold. Along with the cognitive radio networks,
the relay networks have been recently presented to deal with
the problem of multipath fading in wireless systems by pro-
viding diversity [3]. This technique proved itself also as an
efficient tool in widening the coverage area and in reducing
the need for high-power transmitters in wireless networks.
The cognitive relay networks (CRNs) are currently a hot area
of research for a large number of researchers.

Closed-form expressions for outage probability of oppor-
tunistic decode-and-forward (DF) CRNs were evaluated in
[4] assuming Rayleigh fading channels. Recently, the outage
performance of DF CRNs with the N th best-relay selection
scheme was presented in [5]. In such scheme, the second
or even the N th best relay is selected to forward the source
message to destination which makes this scheme efficient in
conditions where the best relay is busy in some scheduling
or load balancing duties in other parts of the network. Most
recently, the outage performance of opportunistic amplify-
and-forward (AF) and DF CRNs with multiple secondary
destinations and in the presence of direct link was studied
in [6]. The performance of selection DF and AF CRNs with
collaborative distributive beamforming was recently studied
in [7]. The outage and error rate performances of an underlay
fixed-gain AF CRN with reactive relay selection were evalu-
ated in [8]. Among the relays which satisfy the interference
constraint, the relay with the best end-to-end (e2e) channel
is selected to forward the source message to destination. As
an extension to the previous works on AF CRNs, the outage
performance of an AF CRN with multiple primary users was
recently presented in [9].

The effect of interference from PU transmitter on the per-
formance of secondary systems with single SU relay was
studied in [10–12]. Particularly, Xu et al. [12] derived closed-
form expression for the outage probability of DF CRNs

with interference from primary user. The performance of
CRNs with multiple SU relays and interference from primary
user was recently studied in [13–15]. Particularly, in [15], a
closed-form expression was derived for the outage probabil-
ity of proactive DF CRNs with interference from primary
user and assuming Rayleigh fading channels. In the proac-
tive DF networks, the relay with the e2e signal-to-noise ratio
(SNR) is selected to forward the source message to destina-
tion. A drawback of this scheme is the huge amount of over-
head it requires for obtaining the channel information of all
nodes each transmission time [16]. In the area of CRNs with
single SU relay and multiple PU receivers, Tran et al. [17]
derived in a closed-form expression for the outage probabil-
ity and an approximate expression for the ergodic capacity
assuming Nakagami-m fading channels. Recently, the per-
formance of CRNs with single SU relay and multiple PU
transceivers was investigated in [18] assuming interference-
limited scenario. Asymptotic expressions were derived for
the outage probability and symbol error rate assuming mul-
tiple antennas per each node and Nakagami-m channels. The
outage probability performance of CRNs with multiple SU
relays and multiple primary receivers was studied in [19].
Most recently, the performance of opportunistic DF CRNs
with multiple PU receivers and transmitters and distributed
beamforming was studied in [20]. The interference caused
by primary user on secondary users can be mitigated using
various techniques. Wang et al. [21] presented two methods
for mitigating interference in multi-user two-way relay net-
works with distributed beamforming. The first method nulls
out every interference at every user, and the second one treats
the interferences at each user as a whole and nulls the power
of the total interferences. Another important problem that
could be studied in future is the outdated channel state infor-
mation and its impact on the performance of cognitive relay
networks [22].

In most of the existing papers on CRNs with multiple
PU receivers, the PU receivers were assumed to utilize the
same spectrum band, and hence, the spectrum of PU receiver
whose channel causes the minimum interference with the
SU nodes is assigned to the SU transmitters. Another impor-
tant scenario which can be widely seen in practice is the one
where the PU receivers utilize orthogonal spectrum bands as
in frequency division multiple access (FDMA)-based cellu-
lar networks. In such networks, the downlink transmission
from a primary base station to the different users in its cell is
conducted over orthogonal spectrum bands. The main aim of
using orthogonal frequency bands was to avoid or reduce the
interference between users. In such scenario, the SU trans-
mitters will need to share the spectrum with one of the PU
receivers, and at the same time, the SU receivers will be
corrupted by interference from the primary base station. An
important application of the proposed scenario could be in
GSM cellular systems where the primary and secondary users

123



Arab J Sci Eng (2014) 39:8989–8999 8991

are assigned the system resources using the FDMA/time divi-
sion multiple access (TDMA) technique. The proposed sce-
nario could be seen also in long-term evolution (LTE) net-
works where the orthogonal FDMA (OFDMA) technique is
used in the downlink transmission in which different sub-
channels and bands are assigned for different users. Another
application is in IEEE 802.22 wireless regional area networks
(WRANs) where the OFDMA is a candidate access method
for these networks. The importance of addressing this sce-
nario where the PU receivers utilize orthogonal spectrum
bands and its applicability motivated us to contribute in this
area of research.

To the best of our knowledge, the scenario and perfor-
mance of opportunistic DF CRNs with multiple PU receivers
using orthogonal spectrum bands and interference from PU
transmitter have not been presented yet. The contributions
of our paper over the existing studies can be summarized
in the following points: (1) we propose and study the per-
formance of the new scenario of cognitive opportunistic DF
relay network where the multiple PU receivers utilize orthog-
onal spectrum bands and in the presence of interference
from PU transmitter; (2) the proposed scenario is applica-
ble in the FDMA-based cellular systems where the primary
base station utilizes orthogonal spectrum bands in the down-
link transmission with its different users. Using orthogonal
frequency bands aims to avoid or reduce the interference
between the various users; (3) in contrast to the opportunis-
tic proactive DF relaying scheme where the two hop channels
of relays are required to be estimated each transmission time,
the studied opportunistic DF partial relay selection scheme
requires only the estimation of relays second hop channels
each transmission time. In this scheme, among the relays who
succeeded in decoding the source message in the first phase
of communication, the relay with the best second hop chan-
nel’s SNR is selected in the second phase of communication
to forward a re-encoded version of the source message to the
destination; (4) in order to get more insights about the system
behavior, we study the performance at the high SNR regime
where approximate expressions for the outage probability,
diversity order, and coding gain are derived and analyzed.
In the analysis, the cumulative distribution function (CDF)
of first hop channels’ signal-to-interference plus noise ratio
(SINR) of the SU relays conditioned on the statistics of chan-
nels from the SU source to the PU receivers is first derived.
This CDF is then used along with the CDF of second hop
channels’ SINR of the SU relays conditioned on the statis-
tics of channels from these relays to the PU receivers to derive
an exact closed-form expression for the outage probability of
the studied system. A full description of how the proposed
scenario works is also provided in this paper.

This paper is organized as follows. Section 2 presents the
system and channel models and a description of the pro-
posed scenario. The exact outage performance is evaluated

in Sect. 3. Section 4 provides the asymptotic outage perfor-
mance. Some simulation and numerical results are presented
and discussed in Sect. 5. Finally, conclusions are given in
Sect. 6.

2 System and Channel Models

Consider a dual-hop spectrum-sharing relay network con-
sisted of one secondary user (SU) source S, K DF SU relays
Rk (k = 1, . . . , K ), one SU destination D, M primary user
(PU) receivers Pm (m = 1, . . . , M) using orthogonal fre-
quency bands, and one PU transmitter PTx as shown in Fig. 1.
All nodes are assumed to be equipped with single antenna,
and the communication is assumed to operate in a half-duplex
mode. Also, a downlink transmission is assumed to be con-
ducted between the PU transmitter or base station and its
PU receivers. The SU users need to share the spectrum with
the PU receiver whose channel results in a best performance
for the secondary system. At the same time, the K SU relays
and destination will be corrupted by interference from the PU
transmitter or base station PTx. The direct link is assumed to
be in a deep fade, and hence, it is neglected in the analysis.
Also, we assume block fading model where the channel coef-
ficient stays constant over an entire block of communication.
The communications take place in two phases. In first phase,
the SU source sends its message x to K relays under a trans-
mit power constraint which guarantees that the interference
with the selected PU receiver PSel does not exceed a thresh-
old Ip. To satisfy the PU interference constraint and result in
a best performance for the secondary system, the SU source
S must transmit at a power given by Ps = Ip/minm |gs,m |2,
where gs,m is the channel coefficient of the S → Pm link.
The received signal at the kth relay can be expressed as

Fig. 1 Cognitive opportunistic DF relay network with interference and
multiple PU receivers
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ys,k = √Pshs,k x0 +
√

P1
p fp,k xp + nk, (1)

where hs,k is the channel coefficient of the S → Rk

link, x0 is the transmitted symbol from the SU source S
with E{|x0|2} = P0, fp,k is the channel coefficient of the
PTx → Rk link, xp is the transmitted symbol from the PU
transmitter PTx with E{|xp|2} = P1

p , where the superscript
1 is used to denote that this is the transmitted power at the
first communication phase, nk ∼ CN (0, N0) is an additive
white Gaussian noise (AWGN), and E{·} denotes the expec-
tation operation. Let us define hk,d, gk,m , and fp,d as the
channel coefficients of the Rk → D, Rk → Pm, PTx → D
links, respectively. All channel coefficients are assumed to
follow the Rayleigh distribution, that is, the channel pow-
ers denoted by |gs,m |2, |hs,k |2, |hk,d|2, |gk,m |2, | fp,k |2, and
| fp,d|2 are exponentially distributed random variables (RVs)
with mean powers μs,m,Ωs,k,Ωk,d, μk,m, βp,k , and βp,d,
respectively.

Using (1), the SINR at the kth relay can be written as

γs,k =
Ip
N0

|hs,k |2
W1

P1
p

N0
| fp,k |2 + 1

= Xs,k

Y1 + 1
= Xs,k

Z1
, (2)

where W1 = minm |gs,m |2, Xs,k, Y1, and Z1 are some RVs
used for an easy follow of the paper.

Let CL denote a decoding set defined by the set of active
relays that could have correctly decoded the source message
in first phase of communication. It is defined as

CL �
{

k ∈ Sr : 1

2
log2

(
1 + γs,k

) ≥ R

}

=
{

k ∈ Sr : γs,k ≥ 22R − 1
}

, (3)

where Sr is a set of L relays and R denotes a fixed spectral
efficiency threshold.

In the second phase and after decoding the received mes-
sage, a relay with the best second hop channel’s SNR is
selected from CL to forward the re-encoded copy of the SU
source message to the SU destination. In order to satisfy the
PU interference constraint and result in a best performance
for the secondary system, the transmit power at Rl must be
PRl = Ip/minm |gl,m |2. The SINR at the destination result-
ing from the lth relay signal can be written as

γl,d =
Ip
N0

|hl,d|2
W2

P2
p

N0
| fp,d|2 + 1

= Xl,d

Y2 + 1
= Xl,d

Z2
, (4)

where P2
p is the transmitted power of the interferer at the

second communication phase, W2 = minm |gl,m |2, Xl,d, Y2,
and Z2 are some RVs used for an easy follow of the paper.

Equivalently, the relay with the best Xl,d is selected to
forward the source signal to destination since the denom-
inator is common to the SINRs from all relays belonging
to CL .

The proposed cognitive opportunistic DF relaying sce-
nario works as follows. At the beginning of first commu-
nication phase, the SU source obtains the channel informa-
tion of the PU receivers (gs,m, m = 1, . . . , M) by either
a direct reception of pilot signals from primary users [23],
or by exchange of channel information between primary
and secondary users through a band manager [24]. Using
the estimated channels, the SU source knows which spec-
trum band to share with the PU and determines its transmit
power using Ps = Ip/minm |gs,m |2. Then, the SU source
sends its message to the K SU relays through which each
relay calculates its first hop SINR (γs,k, k = 1, . . . , K )
using (2) and then compares it with the outage threshold
γout. The relays whose SINRs are greater than γout are
called active relays. At the beginning of second commu-
nication phase and through sensing of pilot signals from
PU receivers, the active relays obtain their channel infor-
mation (gk,m, k = 1, . . . , L; m = 1, . . . , M). Using the
estimated channels, each active relay knows which spec-
trum band to share with the PU and determines its trans-
mit power using PRl = Ip/minm |gl,m |2. Then, each active
relay sends a training sequence to the SU destination through
which the SU destination calculates the SNR received from
the relays (Xl,d, l = 1, . . . , L).1 To avoid interference
between relays while transmitting their training sequences,
they can be coordinated to transmit in a time division duplex
manner. This is a feasible assumption in TDMA systems.
Using the calculated SNRs and according to the opportunis-
tic relay selection criterion, the destination sends a pos-
itive acknowledge or a 1-bit feedback to the relay who
has the largest SNR asking him to start forwarding a re-
encoded version of the source message to it.2 It is impor-
tant to mention here that the interference channels at the
relays need to be locally estimated by the relay nodes as
a step in decoding the source message before it is being
forwarded to the destination. This helps in calculating the
SINRs (γs,k, k = 1, . . . , K ) of the relays to compare with
the outage threshold γout when finding the set of active relays
CL .

1 It is worthwhile to mention here that the relay selection in the sec-
ond hop is performed using the numerators of SINRs received at the
destination from the active relays (Xl,d, l = 1, . . . , L). This is because
the interference at the destination is common to the SNRs of all relays
belonging to CL .
2 We are assuming that the channels of the second hop transmission do
not change while a decision on which relay is selected is made [25]. This
is a valid assumption in relay networks where the data communication is
conducted in slow movements and where the channels can be estimated.
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3 Exact Outage Performance

In this section, we evaluate exact closed-form expressions
for the outage probability of the studied system for the inde-
pendent non-identically distributed (i.n.i.d.) generic case of
relay second hop channels. The outage probability is defined
as the probability that the SINR at D goes below a prede-
termined outage threshold γout, i.e., Pout = Pr[γD ≤ γout],
where Pr[·] denotes the probability operation. Let CL be a
decoding subset with a number of L active relays (i.e., car-
dinality |CL | = L), then

Pr [CL ] =
∏

l∈CL

Pr
[
γs,l ≥ u

] ∏

m /∈CL

Pr
[
γs,m < u

]
, (5)

where u = (22R − 1). The outage probability for the studied
system can be written as

Pout � Pr

[
1

2
log2 (1 + γD) < R

]

=
K∑

L=0

∑

CL

Pr
[
γD < u|CL

]
Pr [CL ] , (6)

where the internal summation is taken over all of
(K

L

)
possible

subsets of size L from the set with the K relays. In order to
evaluate (6), we need first to derive Pr[γD < u|CL ] and
Pr[CL ].

First, we find the term Pr[CL which can be obtained by
first deriving the CDF of γs,k . This CDF conditioned on W1

can be obtained using

Pr
[
γs,k < u|W1

] =
∫ ∞

1
fZ1(z)

∫ uz

0
fXs,k (x |W1)dx

︸ ︷︷ ︸
FXs,k (uz|W1)

dz.

(7)

The probability density function (PDF) of Z1 can be
directly obtained from the PDF of Y1 which is given for
Rayleigh fading channels as fY1(y) = αp,k exp(−αp,k y),

where αp,k = (γ̄ I
r βp,k)

−1 and γ̄ I
r = P1

p
N0

. Using transfor-
mation of RVs, the PDF of Z1 can be easily obtained as
fZ1(z) = αp,k exp(−αp,k) exp(−αp,k z). The CDF of Xs,k

conditioned on W1 can be obtained as

FXs,k (x |W1) =1 − exp
(−λs,k W1x

)
, (8)

where λs,k = 1/
(
Ωs,k

Ip
N0

)
. Upon substituting fZ1(z) and

(8) in (7) and after doing the integration, we get

Pr
[
γs,k < u|W1

] = 1 − αp,k
exp
(− (λs,k W1u

))

(
λs,k W1u + αp,k

) . (9)

Assuming i.n.i.d. channels between the SU source and the PU
receivers, the CDF and PDF of W1 are, respectively, given
by

FW1(w) = 1 −
M∏

m=1

(1 − F|gs,m |2(w))

= 1 − exp

(

−
M∑

m=1

ζs,mw

)

,

fW1(w) =
M∑

m=1

ζs,m exp

(

−
M∑

m=1

ζs,mw

)

, (10)

where ζs,m = 1/μs,m . Now, averaging over the PDF of W1

using
∫∞

0 Pr[γs,k < u|W1] fW1(w)dw, and with the help of
[26, Eq. (3.352.2)], we get

Pr
[
γs,k < u

] = 1 + αp,k

(∑M
m=1 ζs,m

λs,k

)

× exp

(

αp,k

(

1 +
∑M

m=1 ζs,m

λs,ku

))

× Ei

(

−αp,k

(

1 +
∑M

m=1 ζs,m

λs,ku

))

u−1,

(11)

where Ei(·) is the exponential integral defined by [26, Eq.
(8.211.1)]. Upon substituting (11) in (5), the term Pr[CL ]
can be calculated.

Now, we derive the first term in (6) which is Pr[γD <

u|CL ]. With opportunistic or best-relay selection scheme,
the CDF of γD conditioned on CL , W2 can be obtained using

Pr
[
γD < u|CL , W2

] =
∫ ∞

1
fZ2(z)

∫ uz

0
fXSel(x |W2)dx

︸ ︷︷ ︸
FXSel (uz|W2)

dz,

(12)

where fSel(x |W2) is the PDF of the best relay conditioned
on W2.
The PDF of Z2 can be directly obtained from the PDF of
Y2 which is given for Rayleigh fading channels as fY2(y) =
αp,d exp(−αp,dy), where αp,d = (γ̄ I

d βp,d)−1, where γ̄ I
d =

P2
p

N0
. Using transformation of RVs, the PDF of Z2 can be

easily obtained as fZ2(z) = αp,d exp(−αp,d) exp(−αp,dz).
The CDF of XSel conditioned on W2 can be written as

FXSel(x |W2) =
L∏

l=1

FXl,d(x |W2), (13)
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where FXl,d(x |W2) is given by

FXl,d (x |W2) =1 − exp
(−λl,dW2x

)
, (14)

where λl,d = 1/(Ωl,d
Ip
N0

).
Upon substituting (14) in (13) and applying the identity

L∏

l=1

(1 − ql) =
L∑

l=0

(−1)l

l!
L∑

n1,...,nl

l∏

t=1

qnt , (15)

with
∑L

n1,...,nl being a short hand-notation for
∑ · · ·∑

n1=···=nl=1
n1 �=···�=nl

, (13) can be rewritten as

FXSel(x |W2) =
L∑

l=0

(−1)l

l!
L∑

n1,...,nl

l∏

t=1

exp
(−λnt ,dW2x

)
.

(16)

Upon substituting (16) in (12), and after simple manipula-
tions, we get

Pr
[
γD < u|CL , W2

] = αp,d

L∑

l=0

(−1)l

l!
L∑

n1,...,nl

×
l∏

t=1

exp
(− (λnt ,dW2u + αp,d

))

(λnt ,dW2u + αp,d)
.

(17)

Assuming i.n.i.d. channels between the SU relays and the PU
receivers, the CDF and PDF of W2 are, respectively, given
by

FW2(w) = 1 −
M∏

m=1

(1 − F|gnt ,m |2(w))

= 1 − exp

(

−
M∑

m=1

ζnt ,mw

)

,

fW2(w) =
M∑

m=1

ζnt ,m exp

(

−
M∑

m=1

ζnt ,mw

)

, (18)

where ζnt ,m = 1/μnt ,m .
Averaging over the PDF of W2 using

∫∞
0 Pr[γD < u|CL , W2]

fW2(w)dw, and with the help of [26, Eq. (3.352.4)], we get

Pr
[
γD < u|CL

] = − αp,d

L∑

l=0

(−1)l

l!
L∑

n1,...,nl

×
l∏

t=1

(∑M
m=1 ζnt ,m

λnt ,d

)

× exp

(∑M
m=1 ζnt ,mαp,d

λnt ,du

)

× Ei

(

−
∑M

m=1 ζnt ,mαp,d

λnt ,du

)

u−1. (19)

Having the terms Pr[CL ], Pr[γD < u|CL ] being obtained,
a closed-form expression for the outage probability in (6) can
be achieved.

4 Asymptotic Outage Performance

Due to complexity of the achieved expressions in previous
sections, it is hard to get more insights about system per-
formance. Therefore, we see it is important to derive simple
expressions where more insights about the system behavior
can be achieved.

At high SNR values, the outage probability can be
expressed as Pout ≈ (GcSNR)−Gd , where Gc denotes the
coding gain of the system and Gd is the diversity order of the
system. In the upcoming analysis, the relays are assumed to
have identical second hop channels (λ1,d = · · · = λK ,d =
λr,d) and identical R → Pm links (ζ1,1 = · · · = ζ1,M =
ζ1,p), and (ζ1,p = · · · = ζK ,p = ζr,p). Also, the chan-
nels between the SU source and PU receivers S → Pm

are assumed to be identical (ζs,1 = · · · = ζs,M = ζs,p).

As Ip
N0

→ ∞, the CDF in (8) simplifies to FXs,k (x |W1) ≈
λs,k W1γ . Upon substituting this CDF in (7) and following
the same procedure as in Sect. 3, the CDF Pr[γs,k < u]
which is a part of the term Pr[CL can be obtained at high
SNR values with the help of [26, Eq. (3.381.3)] as

Pr
[
γs,k < u

] ≈ exp(αp,k)

αp,k

(
λs,k

Mζs,p

)
Γ (2, αp,k)u. (20)

In evaluating Pr[γD < u|CL ], as Ip
N0

→ ∞, the CDF in (14)
simplifies for the identical case to FXr,d(x |W2) ≈ λr,dW2γ .
Upon substituting this CDF in (12) and following the same
procedure as in Sect. 3, the term Pr[γD < u|CL ] can be
obtained at high SNR with the help of [26, Eq. (3.351.2)]
and [26, Eq. (3.351.3)] as

Pr[γD < u|CL ] ≈ L!(αp,d)−L
(

λr,d

Mζr,p

)L

uL . (21)

The transmit power of the PU transmitter can be assumed
to be fixed or it can be assumed to be dependent of and scaling
with the transmit power of the SU transmitters. These two
cases were considered in [27]. The case where the trans-
mit power of the PU transmitter is fixed was considered
in [10,12]. In practice, the network where the interference
power scales with the desired user power is called symmetric
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network, whereas, the network where the interference power
is fixed and not related to the desired user power is called
asymmetric network [28]. The first case could reflect the sit-
uation where the secondary user is located far away from
the primary transmitter or interferer. In this case, the inter-
ference caused by the primary transmitter on the secondary
user will be very small and can be assumed to be constant. In
such condition, the secondary user can increase or decrease
its transmit power according to his requirements and in an
independent way from the primary transmitter power. The
second case could reflect the situation where the secondary
user and primary transmitter or interferer are located closely
and near the edge of their cells. In this case, the interference
from the interferer on the secondary user can be strong and
even harmful on the performance of the secondary system. In
such case, the interference power could take a wide range of
values and will be affecting the operating conditions of the
secondary user. In order to capture these effects, the value
of the interference power is taken to be dependent on the
transmit power of the secondary user. These two cases are
considered in the following analysis.

Case 1 γ̄ I
r , γ̄ I

d are constants (asymmetric network).
With a simple analysis, we noticed that the outage probabil-
ity for this case is dominated by the first term in (6) Pr[γD <

u|CL ] which was obtained in (21). For this case, the parame-
ter αp,d can be approximated by αp,d ≈ (γ̄ I

d βp,d)−1. Recall-

ing that for the identical case, we have λr,d = 1/(Ωr,d
Ip
N0

).
Hence, the outage probability at high SNR values can be
obtained in a simple expression as

P∞
out =

[

(L!)−1/L
γ̄ I

d β fp,d Mζs,pΩr,d

γout

Ip

N0

]−L

. (22)

As can be seen from (22), the coding gain of the system is
affected by the parameters γ̄ I

d , βp,d, M, ζs,p,Ωr,d, and γout;
while the diversity order equals the number of active relays
L . It is worthwhile to mention here that the maximum num-
ber of active relays in DF relay networks could reach the
total number of relays K and this makes the diversity order
of the system in (22) equal K . Furthermore, it can be noticed
from (22) that the diversity order of cognitive opportunistic
DF relay networks with partial relay selection is the same
as that of its non-cognitive counterpart and is independent
of the primary cell [29]. With fixed interference power, the
interference from primary users will be degrading the perfor-
mance of the secondary users through effecting the coding
gain without affecting the diversity order.

Case 2 γ̄ I
r , γ̄ I

d are scaling with SNR (symmetric network).
In this case, the interference powers can be expressed as

γ̄ I
r = a

Ip
N0

, γ̄ I
d = b

Ip
N0

, where a, b are some positive num-
bers. As the interference at the relays differs than that at

the destination, we have the following different subcases;

γ̄ I
r = a

Ip
N0

or γ̄ I
d = b

Ip
N0

or γ̄ I
r = a

Ip
N0

and γ̄ I
d = b

Ip
N0

.

With γ̄ I
r = a

Ip
N0

and fixed γ̄ I
d , we noticed that the outage

probability for this case is dominated by the second term in
(6) Pr[CL ] which can be obtained using the CDF derived
in (20). Also, the parameter αp,r can be approximated by

αp,r ≈ (γ̄ I
r βp,r)

−1 = (a
Ip
N0

βp,r)
−1. Recalling that for the

identical case, we haveλs,r = 1/(Ωs,r
Ip
N0

). Hence, the outage
probability at high SNR values can be obtained in a simple
expression as

P∞
out =

(
a

Ip

N0
βp,r

)
exp

(
1
/

a
Ip

N0
βp,r

)
⎛

⎝
Ωs,r

Ip
N0

Mμs,p

⎞

⎠

−1

× Γ

(
2, 1
/

a
Ip

N0
βp,r

)
γout

= (aβp,r)
(
Ωs,r/Mμs,p

)−1
γout, (23)

where at high SNR, the exponential term and the incomplete
Gamma function term in the first line of (23) reach the value
of 1. As can be seen from (23), when the interference at the
relays has a power that scales with SNR, the diversity gain
of the system reaches zero and a noise floor is expected to
appear in the results. In such case, the system performance is
affected by various parameters such as βp,r,Ωs,r, M, μs,p,
and γout.

When the interference at the destination scales with SNR
γ̄ I

d = b
Ip
N0

, and the interference at the relays has a fixed
power, we noticed that the outage probability for this case is
dominated by the first term in (6) Pr[γD < u|CL ], which was
obtained in (21). Also, the parameter αp,d can be approxi-

mated by αp,d ≈ (γ̄ I
d βp,d)−1 = (b

Ip
N0

βp,d)−1. Recalling that

for the identical case, we have λr,d = 1/(Ωr,d
Ip
N0

). Hence,
the outage probability at high SNR values can be obtained in
a simple expression as

P∞
out =

[

(L!)−1/L γ̄ I
d bβp,d Mζr,pΩr,d

γout

]−L

. (24)

It is clear from (24) that when the interference at the destina-
tion has a power that scales with SNR, the system achieves a
diversity gain of zero and the system performance is affected
by various parameters including L , γ̄ I

d , βp,d, M, ζr,p,Ωr,d,
and γout.

Finally, when the interference at the relays and the inter-
ference at the destination have powers that scale with SNR

γ̄ I
r = a

Ip
N0

, γ̄ I
d = b

Ip
N0

, the outage probability for this case
was shown to be dominated by the second term in (6) Pr[CL ],
which can be obtained using the CDF derived in (20). There-
fore, the outage probability for this case is similar to that
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found in (23) where the diversity gain reaches zero and the
system behavior is affected by several parameters including
βp,r,Ωs,r, M, μs,p, and γout.

5 Simulation and Numerical Results

In this section, we illustrate the validity of the achieved ana-
lytical and asymptotic expressions via a comparison with
Monte Carlo simulations. We also provide some numerical
examples to show the effect of the interference and some sys-
tem parameters such as number of relays and number of PU
receivers on the system performance.

Figure 2 portrays the outage performance versus SNR for
different numbers of relays K . We can see from this figure
that perfect fitting exists between the analytical and asymp-
totic results with Monte Carlo simulations. Also, one can
see from this figure that with constant interference power,
as K increases, the diversity order of the system increases
and the system performance enhances. This is clear from the
asymptotic results where the diversity order equals K when
the interference power is fixed. Also, we can see from this
figure that the system can still achieve full diversity gain as
SNR increases.

The effect of number of PU receivers M on the sys-
tem performance is studied in Fig. 3. Again, the perfect fit-
ting between the analytical results and asymptotic results is
clear in this figure. More importantly, we can see that as M
increases, better the achieved performance. This is because
having more PU receivers increases the probability to find
primary receivers of weak channels and hence, higher the

0 5 10 15 20 25 30 35 40 45

10
−8

10
−6

10
−4

10
−2

10
0

M = 1, γout = 10 dB, γ̄I
r = γ̄I

d = 6.02 dBO
ut

ag
e 

P
ro

ba
bi

lit
y

SNR I
p
/N

0
 [dB]

K = 3,2,1

Asymptotic (high SNR)
Simulation (exact)
Analytical

Fig. 2 Outage probability versus SNR of cognitive opportunistic DF
relay network with interference and multiple PU receivers for differ-
ent values of K and μs,p = 0.9, μr,p = 0.1,Ωs,1 = 0.6,Ωs,2 =
0.7,Ωs,3 = 0.8,Ωr,d = 0.8, βp,r = 0.7, βp,d = 0.9

0 10 20 30 40 50
10

−8

10
−7

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

M = 1,3,5,7

O
ut

ag
e 

P
ro

ba
bi

lit
y

SNR I
p
/N

0
 [dB]

K = 2, γout = 10 dB, γ̄I
r = γ̄I

d = 6.02 dB

Asymptotic (high SNR)
Analytical

Fig. 3 Outage probability versus SNR of cognitive opportunistic DF
relay network with interference and multiple PU receivers for different
values of M and μs,1 = · · · = μs,7 = 1.8, μr,1 = · · · = μr,7 =
0.02,Ωs,1 = 0.6,Ωs,2 = 0.7,Ωr,d = 0.8, βp,r = 0.7, βp,d = 0.9

0 5 10 15 20 25 30 35
10

−3

10
−2

10
−1

10
0

K = 2,M = 2,Ip/N0 = 20 dB

O
ut

ag
e 

P
ro

ba
bi

lit
y

Outage Threshold γ
out

 [dB]

γ
r
I = γ

d
I  = 20 dB

γ
r
I = γ

d
I  = 15 dB

γ
r
I = γ

d
I  = 10 dB

γ
r
I = γ

d
I  = 5 dB

Fig. 4 Outage probability versus γout of cognitive opportunistic DF
relay network with interference and multiple PU receivers for different
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transmit power of the SU transmitters. Furthermore, we can
see that the number of PU receivers affects the system perfor-
mance through affecting its coding gain and not the diversity
order. Again, this fact was proved by the asymptotic results.

Figure 4 illustrates the interference effect on the system
performance. It portrays the outage behavior versus out-
age threshold γout for different values of interference pow-
ers γ̄ I

r , γ̄ I
d when they are equal. As expected, as γ̄ I

r , γ̄ I
d

increase, worse the achieved performance. Also, the con-
tinuous increase in γout results in a unity outage probability.

The outage performance versus SNR is plotted in Fig. 5
for different values of outage threshold γout. Two cases are
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shown in this figure: the case where the interference power
scales with SNR and the case where the interference power
is fixed. We can see that when the interference power scales
with SNR, the system diversity gain reaches zero and a noise
floor appears in all curves of this figure due to the effect of
interference on the system performance. On the other hand,
when the interference power is fixed, the system performance
keeps enhancing as SNR increases. Also, we see from this fig-
ure that the outage threshold is affecting the system behavior
through affecting its coding gain and not the diversity order.
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Fig. 7 Outage probability versus SNR of cognitive opportunistic DF
relay network with interference and multiple PU receivers for different
values of γ̄ I
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Figure 6 shows the outage performance versus SNR for
different numbers of PU receivers M and different values of
interference powers γ̄ I

r , γ̄ I
d including the case when they are

unequal. The figure aims to compare the interference severity
at the relays and destination on the system performance. It
is obvious from this figure that the interference at the relay
nodes is more severe on the system behavior compared to
that at the destination node. This is because the interference
at the relays affects the signal on the first hop which is also
affecting the re-encoded signal on the second hop. In other
words, the signal processing conducted by the relay nodes is
negatively affected by the interference and this results in a
further degradation in the system performance. Furthermore,
the enhancement in system performance due to having more
PU receivers is clear in this figure. Clearly, this enhancement
in system performance happens in the coding gain and not
the diversity order of the system.

The asymptotic behavior of the system is studied in Fig. 7.
Two cases are shown in this figure: a system performance
with full diversity gain and a system performance with zero
diversity gain. The system can achieve full diversity gain only
if the interference at the relays and destination is assumed to
be fixed and not scaling with SNR. This was summarized in
case 1 of the asymptotic analysis section. On the other hand,
when the interference at the relays or at the destination or
at both scales with SNR, the system reaches zero diversity
gain and a noise floor appears in the results due to the effect
of interference on the system performance. Furthermore, it
can be seen from this figure that the worst performance is
achieved when both γ̄ I

r , γ̄ I
d scale with SNR, as expected.

Also, the case where γ̄ I
r scales with SNR results in worse

performance compared to the case where γ̄ I
d scales with SNR

as the interference at the relays is more severe on the system
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performance compared to that at the destination node. This
result was also illustrated in Fig. 6.

Figure 8 studies the impact of number of PU receivers M
on the system behavior. It portrays the outage performance
versus M for different numbers of relays K . It can be seen
from this figure that when M increases, the outage probability
decreases, but the slope of the curves depends on the value
of K . The highest slope is achieved at the largest value of K ,
as expected.

6 Conclusion

In this paper, we proposed and evaluated the outage perfor-
mance of a new scenario in spectrum-sharing opportunis-
tic DF relay networks where the PU receivers are assumed
to utilize orthogonal spectrum bands in the presence of
interference from PU transmitter. Closed-form expression
was derived for the outage probability assuming the i.n.i.d.
generic case of relays second hop channels. Furthermore, the
system outage performance was evaluated at the high SNR
regime where simple expressions for the outage probability,
diversity order, and coding gain were derived. Monte Carlo
simulations proved the accuracy of the achieved analytical
and asymptotic results. Main findings illustrated that with
fixed interference power, the diversity order of the secondary
system equals the number of relays and it is not affected
by the number of PU receivers. Also, results showed that
the number of PU receivers affects the system performance
through affecting the coding gain. Finally, results illustrated
that when the interference at the SU relays or the SU desti-

nation or at both scales with SNR, the system reaches a zero
diversity gain and a noise floor appears in the results due to
the effect of interference on the system performance.
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