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Abstract—Cooperative spectrum sharing systems (CSSSs) have
recently received considerable attention from the wireless com-
munity due to their performance gains and spectrum utilization
improvement when compared to traditional communication sys-
tems. Owing to this fact, we investigate the outage performance
of CSSSs in the presence of multiple primary users (PUs). The
secondary user (SU) network is composed by one source node,
N decode-and-forward (DF) relays, and one destination. A best
relay selection strategy is performed where the selected relay is
that which maximizes the end-to-end signal-to-noise ratio (SNR)
and, simultaneously, satisfies the interference constraint imposed
by the M PU receivers. The communication between the SU
source and SU destination is carried out through the help of
one out of N DF relays and also via direct link. Afterwards, the
SU destination selects the best path between the direct and the
relaying path by using selection combining technique. A closed-
form expression for the outage probability (OP) is derived, and an
asymptotic analysis is carried out which reveals that the diversity
order of the considered system equals N + 1, showing that it is
not affected neither by the number of PU receivers nor by the
interference threshold. The presented analytical expressions are
corroborated by means of Monte Carlo simulations and insightful
discussions are provided.

I. INTRODUCTION

Along the last decade, the wireless communications com-
munity has witnessed a considerable upsurge in the demand
of new wireless services and applications. The necessity for
higher throughput/reliability and for an efficient spectrum al-
location has boosted the interest of developing new techniques
to deal with these requirements. To this end, two promising
techniques, namely cooperative diversity [1] and cognitive
radio [2], were proposed and since then an impressive number
of studies has been carried out. Briefly speaking, the main idea
behind cooperative diversity is to emulate a virtual antenna
array by the distributed transmission and processing of the
information so that spatial diversity can be achieved from the
use of single-antenna devices. Cognitive radio, by its turn,
provides an efficient use of the radio spectrum by allowing
unlicensed users, called secondary users (SUs), to utilize a
partition of the spectrum initially allocated to the licensed
users, called primary users (PUs). This spectrum access may
be granted provided that the PU communication is not affected,
which is done by adjusting the transmission power of the SUs
according to an interference threshold, namely interference
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temperature. The concurrent use of the radio spectrum by the
PUs and SUs is known as spectrum sharing [3].

Several works have investigated the combined use of coop-
erative diversity and spectrum sharing systems. In [4], consid-
ering one SU source, one SU relay, one SU destination, and
one PU receiver, the outage analysis of cooperative spectrum
sharing systems (CSSSs) subject to Nakagami-m fading was
studied. In [5], assuming multiple SU relays, the outage prob-
ability (OP) of CSSSs was evaluated, where a relay selection
criterion considering the interference constraint on the PU,
was implemented. The authors in [6] investigated the OP of
CSSSs considering the presence of a direct link and a single
relay, while a selection combining (SC) receiver was used at
the SU destination to select the best path between the direct
and the relaying link. This work was later extended in [7] for
Nakagami-m fading. In [8], the outage performance of CSSSs
with best relay selection scheme was examined, in which the
best relay was chosen based on the maximum instantaneous
signal-to-noise ratio (SNR) from the SU relays to the SU
destination (i.e., the channel state information from the SU
source to the SU relays was not taken into consideration for
the relay selection process).

In this paper, we investigate the outage performance of
CSSSs composed of one SU source, multiple decode-and-
forward (DF) SU relays, one SU destination, and multiple PU
receivers. It is assumed that a direct link between SU source
and SU destination is available. Because of the spectrum
sharing environment, a maximum transmission power at the
SU nodes is imposed, which is defined by the maximum
power available at the SU node and by the interference
level at the PU receivers. In addition, a best relay selection
strategy is performed where the selected relay will be the
one maximizing the end-to-end SNR and, simultaneously,
satisfying the interference threshold imposed by the M PU
receivers. A closed-form expression for the outage probability
(OP) is derived, and an asymptotic analysis is carried out
which reveals that the diversity order of the considered system
equals N + 1, showing that it is not affected neither by the
number of PU receivers nor by the interference threshold. The
presented analytical expressions are corroborated by means
of Monte Carlo simulations and insightful discussions are
provided.

The remainder of this paper is organized as follows. In
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Fig. 1. Schematic of the system model.

Section II, the system and channel models are introduced along
with the relay selection process. In Section III, a closed-form
expression for the OP of the secondary network is derived.
Also, an asymptotic analysis is carried out, in which the diver-
sity gain is attained. In Section IV, representative numerical
results are shown and validated by means of Monte Carlo
simulations, and insightful discussions are drawn. Finally, in
Section V the conclusions are drawn.

Throughout this paper, fZ(·) and FZ(·) denote the probabil-
ity density function (PDF) and cumulative distribution function
(CDF) of an arbitrary random variable (RV) Z , respectively,
hAB stands for the channel coefficient between two arbitrary
nodes A and B, Pr(·) indicates probability, and E[·] denotes
statistical expectation.

II. SYSTEM AND CHANNEL MODELS

We consider a CSSS consisted of one SU source S, N DF
SU relays Rn (n = 1, ..., N ), one SU destination D, and M
PU receivers Pm (m = 1, ...,M ), as shown in Fig. 1. PU
transmitters are not taken into account since the focus of this
paper is on the SU communication1. All nodes are equipped
with a single antenna and operate in a half-duplex mode. It is
also assumed that the direct link between S and D is available.
The channel coefficients experience Rayleigh block fading,
i.e., they do not change during the transmission of a block of
data, but change independently from one block to another. We
also consider that all noise terms are additive white Gaussian
noise (AWNG) with mean power N0.

The end-to-end SNR acquired through an arbitrary relay
Rn can be expressed as min [γSRn

, γRnD], where γSRn
=

WS |hSRn
|2/N0 and γRnD = WRn

|hRnD|
2/N0 denote the

instantaneous SNR of the links of the first-hop (i.e., from
the SU source to the n-th SU relay) and the second-hop (i.e,
from the n-th SU relay to the SU destination), respectively.

1As in previous works, we assume that the PU transmitters are located
away from the SU nodes far enough not to impinge any interference upon
the received signals at Rn and D and not to cause perturbation on the relay
selection process.

Owing to the spectrum sharing environment, the transmit
power constraints at the SU source and at the n-th SU relay
can be written as [4], [5]

WS ≤ min
(
min
m

Qm

|hSPm |
2 ,W

)
,

WRn
≤ min

(
min
m

Qm

|hRnPm |
2 ,W

)
,

(1)

where W is the maximum transmit power of the respective SU
nodes and Qm designates the maximum tolerable interference
power at the m-th PU receiver2.

Before the SU communication starts, one out of N relays
is selected to assist the communication process. To this end,
we assume that global CSI including all channels is available
at the SU source, and the best SU relay R∗ is chosen in such
a way that the end-to-end SNR through the relaying link is
maximized, i.e.,

R∗ = argmax
n

[min [γSRn
, γRnD]] . (2)

After the best SU relay is selected, the communication process
starts and it comprises two phases. In phase I, the SU source
broadcasts its information to both R∗ and D with transmission
power WS . In phase II, assuming that the selected SU relay is
always able to fully decode its received signal, R∗ forwards
it to D with a transmission power WRn

. Concluded the two-
phase transmission, a SC strategy is performed by the SU des-
tination. In this case, the path with the highest instantaneous
SNR is selected between the direct and the best dual-hop link,
so that the end-to-end SNR can be written as

γend = max
[
γSD, max

n
[min [γSRn

, γRnD]]
]
, (3)

where γSD = WS |hSD|
2/N0. Note that the two terms inside

the operator max[·, ·] in (3) are not statistically independent
due to the presence of a common RV |hSPm

|2, which renders
the analysis rather cumbersome. Following a similar analysis
to [6] in order to deal with this inconvenience, next we derive
the outage probability of the considered system in closed-form,
from which an asymptotic analysis is carried out, followed by
insightful discussions.

III. EXACT OUTAGE PROBABILITY AND ASYMPTOTIC

ANALYSIS

As is well-known, the OP is defined as the probability
that the end-to-end SNR, γend, falls bellow a predefined
threshold, γth. As can be seen from (1) and (3), the terms γSD

and max
n

[min [γSRn
, γRnD]] are not statistically independent

because of the presence of a common term, |hSPm
|2. In what

follows, for ease of presentation, we assume that Qm = Q,
m = 1, ...,M , so that the expressions min

m
(Qm/|hSPm

|2) and

min
m

(Qm/|hRnPm
|2) are equivalent to Q/(max

m
|hSPm

|2) and

Q/(max
m
|hRnPm

|2), respectively.

2We assume that all PU receivers are located in an environment such that
the signals from S to Pm experience independent identically distributed (i.i.d.)
Rayleigh fading. The same can be said with respect to the signals from
Rn to Pm. However, the channels pertaining to the interference links S-
Pm experience Rayleigh fading conditions distinct from those of the links
Rn-Pm.
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Let X = max
m
|hSPm

|2. Thus, relying on the conditional
probability law, the conditional OP can be written as

Pr (γend < γth|X) =

ϕ︷ ︸︸ ︷
Pr (γSD < γth|X)

× Pr
(
max
n

[min [γSRn
, γRnD]] < γth|X

)
︸ ︷︷ ︸

θ

, (4)

As the channel gains are exponentially distributed, the first
term of (4) can be calculated as

ϕ = FγSD
(γth|X) = 1− e−γth λSD , (5)

where λSD � 1/E [γSD]. On the other hand, to determine θ
in (4), note that, if U and V are two arbitrary RVs, then

Pr (min [U, V ] < γ) = FU (γ) + FV (γ)− FU (γ)FV (γ). (6)

Thus, θ can be derived as

θ =
N∏

n=1

[
(1 − e−γth λSRn ) + (1− e−γth λRnD )

−
(
1− e−γth λSRn

) (
1− e−γth λRnD

)]
, (7)

where λSRn
� 1/E [γSRn

] and λRnD � 1/E [γRnD]. Let
Y = max

m
|hRnPm

|2. Using the total probability theorem, the
OP can be determined as

Pout =

∫ ∞

0

∫ ∞

0

FγSD
(γth|X)FγSR∗D

(γth|X,Y )

× fX(x)fY (y)dxdy, (8)

where

γSR∗D = max
n

[min [γSRn
, γRnD]] (9)

and

fX(x) = M(1− e−xλSP )(M−1)λSP e−xλSP ,
fY (y) = M(1− e−y λRnP )(M−1)λRnP e−yλRnP ,

(10)

with λSP � 1/E[|hSPm
|2] and λRnP � 1/E[|hRnPm

|2].
Before solving (8), it is worth to see that

min

(
Q

X
,WS

)
=

{
WS , when X ≤ Q/WS ,
Q/X, when X > Q/WS ,

(11)

min

(
Q

Y
,WRn

)
=

{
WRn

, when Y ≤ Q/WRn
,

Q/Y, when Y > Q/WRn
.

(12)

Based on (11) and (12), and in order to satisfy all the combi-
nations of transmit power conditions, the OP can be calculated
by expanding (8) into the sum of four terms, with each one
being expressed as a double-integral. More specifically, Pout

can be rewritten as Pout = ξ1 + ξ2 + ξ3 + ξ4, where

ξ1 =

∫ Q/W

0

∫ Q/W

0

FγSD
(γth|X)FγSR∗D

(γth|X,Y )

× fX(x)fY (y)dxdy, (13)

ξ2 =

∫ Q/W

0

∫ ∞

Q/W

FγSD
(γth|X)FγSR∗D

(γth|X,Y )

× fX(x)fY (y)dxdy, (14)

ξ3 =

∫ ∞

Q/W

∫ Q/W

0

FγSD
(γth|X)FγSR∗D

(γth|X,Y )

× fX(x)fY (y)dxdy, (15)

ξ4 =

∫ ∞

Q/W

∫ ∞

Q/W

FγSD
(γth|X)FγSR∗D

(γth|X,Y )

× fX(x)fY (y)dxdy, (16)

where WS = WRn
= W is assumed. By making the appro-

priate substitutions in (13) and using the binomial expansion
for re-expressing the PDFs of X and Y given in (10), we have

ξ1 =
(
1− e−γth λW

SD

) N∏
n=1

(
1− e−γth(λW

SRn
+λW

RnD)
)

×M2
M−1∑
m=0

M−1∑
t=0

(−1)m(−1)t
(
M − 1

m

)(
M − 1

t

)

×

(
1− e(−

Q

W
λSP (m+1))

)
λSP (m+ 1)

(
1− e(−

Q

W
λRnP (t+1))

)
λRnP (t+ 1)

. (17)

where

λW
IJ �

1

E [W |hIJ |2/N0]
, (18)

with I ∈ {S,Rn} and J ∈ {Rn, D}. In the same way, by
making the appropriate substitutions in (14), it follows that

ξ2 =

∫ Q/W

0

∫ ∞

Q/W

(
1− e−γth λW

SD

) N∏
n=1

(
1− e−γth(λW

SRn
+yλQ

RnD)
)

×M(1− e−xλSP )(M−1)λSP e−xλSP M (1− e−y λRnP )(M−1)

× λRnP e
−yλRnP dxdy, (19)

where yλQ
RnD

� 1/E
[
(Q/y)(|hRnD|

2/N0)
]
. To proceed

further, we rely on the following identity

K∏
k=1

(1− xk) =
K∑

k=0

(−1)k

k!

K∑
...

K∑
n1=...=nk

n1<...<nk

k∏
t=1

xnt
. (20)

Since the SU relays are assumed to be clustered relatively close
to each other [9], this allows us to say that all links from S to
Rn have the same average SNR, (i.e., λSRn

= λSR, ∀n). The
same can be assumed for the links from Rn to D. Thus, by
plugging (20) into (19), ξ2 can be derived as (21), given at the
top of the next page. Finally, in order to avoid repetition of the
analytical derivation steps, (15) and (16) can also be obtained
in closed-form as (22) and (23), respectively, where λQ

SRn
�

1/E
[
Q |hSRn

|2/N0

]
and λQ

SD � 1/E
[
Q |hSD|

2/N0

]
.

Finally, by substituting (17), (21), (22), and (23) into Pout,
a closed-form expression for the outage probability is derived.
To the best of the authors’ knowledge, this expression has not
been reported in the literature yet.

In order to gain further insights from the derived ex-
pressions, an asymptotic analysis (high-SNR regime) will be
presented, from which the diversity gain of the considered
system will be obtained. It will be shown, for example, that
the diversity gain is not affected neither by the number of PU
receivers nor by the interference threshold.
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ξ2 = M2
M−1∑
m=0

M−1∑
t=0

N∑
n=0

(−1)(m+t+n)

(
M − 1

m

)(
M − 1

t

)(
N

n

)
λRnP

(
1− e−γth λW

SD

) (
1− e(−

Q

W
λSP (m+1))

)
λSP (m+ 1)

×
exp

(
−γth n

(
λW
SRn

+ Q
W λQ

RnD

)
− Q

W λRnP (t+ 1)
)

γth nλQ
RnD

+ λRnP (t+ 1)
. (21)

ξ3 =

1∑
l=0

M−1∑
m=0

M−1∑
t=0

N∑
n=0

M2(−1)(m+t+n+l)

(
M − 1

m

)(
M − 1

t

)(
N

n

)
λRnP

(
1− e(−

Q

W
λRnP (t+1))

)
λRnP (t+ 1)

exp

(
−l

Q

W
γth λQ

SD

)

× λSP

exp (−n γth(
Q
W λQ

SRn
+ λW

RnD
)− Q

W λSP (m+ 1))

l γth λQ
SD + n γthλ

Q
SRn

+ λSP (m+ 1)
. (22)

ξ4 =

1∑
l=0

M−1∑
m=0

M−1∑
t=0

N∑
n=0

M2(−1)(m+t+n+l)

(
M − 1

m

)(
M − 1

t

)(
N

n

)
λRnP exp

(
−l

Q

W
γth λQ

SD

)
exp

(
−

Q

W
λRnP (t+ 1)

)

×
1

n γthλ
Q
RnD

+ λRnP (t+ 1)

exp (−n γth
Q
W (λQ

SRn
+ λQ

RnD
)− Q

W λSP (m+ 1))

l γth λQ
SD + n γthλ

Q
SRn

+ λSP (m+ 1)
. (23)

A. Asymptotic Analysis

Let γ � 1/N0 be the system SNR and assume that Q/W =
μ, where μ is a positive constant. By using the MacLaurin
series of exponential functions and noting that, when γ →∞,
λSP � γth

γ and λRnP � γth

γ , an asymptotic expression for
each term ξi can be derived as

P ξ1
out �

(
γthλ

W
SD

)
M2

M−1∑
m=0

M−1∑
t=0

(−1)m+t

(
M − 1

m

)(
M − 1

t

)

×

(
1− e(−μλSP (m+1))

)
λSP (m+ 1)

(
1− e(−μλRnP (t+1))

)
λRnP (t+ 1)

×
N∏

n=1

[
γth

(
λW
SRn

+ λW
RnD

)]
∝

(
1

γ

)N+1

, (24)

P ξ2
out �

(
γthλ

W
SD

)
M2

M−1∑
m=0

M−1∑
t=0

(−1)m+t

(
M − 1

m

)(
M − 1

t

)

×

(
1− e(−μλSP (m+1))

)
λSP (m+ 1)

e(−μλRnP (t+1))

λRnP (t+ 1)

×

N∏
n=1

[
γth

(
λW
SRn

+ μλQ
RnD

)]
∝

(
1

γ

)N+1

, (25)

P ξ3
out �

(
μ γthλ

Q
SD

)
M2

M−1∑
m=0

M−1∑
t=0

(−1)m+t

(
M − 1

m

)(
M − 1

t

)

×

(
1− e(−μλRnP (t+1))

)
λRnP (t+ 1)

e(−μλSP (m+1))

λSP (m+ 1)

×

N∏
n=1

[
γth

(
μλQ

SRn
+ λW

RnDl

)]
∝

(
1

γ

)N+1

, (26)

P ξ4
out �

(
μ γthλ

Q
SD

)
M2

M−1∑
m=0

M−1∑
t=0

(−1)m+t

(
M − 1

m

)(
M − 1

t

)

×

(
e(−μλRnP (t+1))

)
λRnP (t+ 1)

e(−μλSP (m+1))

λSP (m+ 1)

×

N∏
n=1

[
μ γth

(
λQ
SRn

+ λQ
RnDl

)]
∝

(
1

γ

)N+1

. (27)

From the analytical expressions above, it is easy to see that the
system achieves full diversity order, which is N+1. It is worth
noting that the interference constraints have no influence on
the diversity gain.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this Section, some representative numerical examples
are shown in order to validate the proposed analysis. As in
previous works, we consider a two-dimensional plane for the
location of all nodes pertaining to the primary and secondary
networks, in which without any loss of generality the SU
source is placed at (0, 0), the N SU relays are clustered
together and collocated at (0.5, 0), the SU destination is
located at (1, 0), and the M PU receivers are also clustered
together and placed at (0, 1). The statistical average of the
channel gains between any two nodes is determined by d−ρ,
with d denoting the distance between the respective nodes and
ρ being the path loss coefficient, which is set to ρ = 4. Also,
the outage threshold, γth, is set to 3 dB. As will be observed, all
the investigated cases reveal an excellent agreement between
analytical and simulation results.

Fig. 2 shows the exact and asymptotic outage behaviors of
the CSSS under study assuming N = 3 relays and different
numbers of PU receivers. As expected, when the number
of PU receivers increases, the outage performance decreases.
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Fig. 2. Outage probability and asymptotic behavior for different number of
PU receivers for N = 3 relays (Q = W = 0.5).
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Fig. 3. Outage probability and asymptotic behavior for different number of
SU relays for M = 3 PU receivers (Q = W = 0.5).

However, it can be seen that the number of PU receivers has
no influence on the diversity order of the system, which is
equal to N + 1.

Differently from Fig. 2, in Fig. 3 we fix the number of
PU receivers, M = 3, and vary the number of SU relays. As
expected, by increasing N , the outage performance as well as
the diversity order are improved, showing that the cooperative
diversity has a great benefit for the system performance. In
these two figures, note that the asymptotic curves are very tight
with the exact curves at high-SNR regions, which confirms the
correctness of our analysis.

Fig. 4 shows how the temperature constraint, Q, influences
the outage performance. By assuming M = N = 3, we see
that the system becomes saturated after a certain value of
W/N0. This happens because the system reaches the max-
imum allowed transmission power. Also, as the temperature
constraint gets higher, the system behavior approaches the
“non-interference” case.
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Fig. 4. Impact of interference constraints on the OP (M = N = 3).

V. CONCLUSIONS

The outage performance of CSSSs in the presence of
direct link was investigated. Employing a best relay selection
strategy, a closed-form expression for the OP was derived,
from which an asymptotic analysis was carried out and re-
vealed that the considered system achieves full diversity order.
It was observed that: (i) neither the number of PU receivers
nor the temperature interference have influence on the diversity
order of the system, and (ii) the interference constraint im-
posed by the PU receivers causes a saturation phenomenon at
the outage probability. To the best of the authors’ knowledge,
this kind of analysis has not been performed in the literature
yet, which renders it very important for the system design of
future cognitive relay networks subject to multiple primary
constraints.
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