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Abstract In this paper, we propose and evaluate the behav-
ior of a new cognitive amplify-and-forward relaying scenario
where themultiple primary users utilize orthogonal spectrum
bands. Using orthogonal bands aims to reduce the interfer-
encebetweenusers as in thedownlink transmission in cellular
networks where a base station transmits the data of differ-
ent users using orthogonal frequency bands. In the proposed
scenario, the spectrum of the primary user whose channel en-
hances the secondary system performance is shared with the
secondary users. In this paper, the low-complexity switch-
and-examine diversity combining relaying scheme is used to
select among the secondary relays. In this scheme, the relay
whose end-to-end signal-to-noise ratio (SNR) satisfies a pre-
determined switching threshold is selected instead of the best
relay to forward the source message to destination. Approx-
imate expressions are derived for the outage probability and
average symbol error probability of the studied system as-
suming Rayleigh fading channels. Also, the ergodic channel
capacity is numerically calculated in this paper. Furthermore,
to simplify the achieved expressions and to get more insights
about the system behavior, the system is studied at the high
SNR values where approximate expression is derived for the
outage probability in addition to the derivation of the di-
versity order and coding gain of the system. The achieved
results are validated by Monte Carlo simulations. Main find-
ings illustrate that the diversity order of the studied system
is the same as its non-cognitive counterpart and it is inde-
pendent of the primary network. In contrast to the existing
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systems where the same spectrum band is utilized by differ-
ent primary users, increasing the number of primary users
in the proposed scenario enhances the overall behavior via
improving the coding gain.
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1 Introduction

Spectrum-sharing techniques have been proposed to improve
the spectrum resource utilization efficiency in wireless net-
works [1]. Various cognitive radio paradigms have been pro-
posed in the literature, among which is the underlay para-
digm. This scenario allows secondary or cognitive users to
share the frequency bands of primary users only if the inter-
ference between them is below a certain threshold. Besides
the cognitive networks, the relay networks have been pre-
sented to solve the problem of multipath fading in wireless
systems [2]. Currently, the area of cognitive relay networks
(CRNs) is under study by a large number of researchers.

In the area of decode-and-forward (DF) CRNs, Hong et al.
studied in [3] the exact outage performance of opportunistic
DF CRNs assuming Rayleigh fading channels. In [4], three
relay selection scenarios were proposed, namely the relay
with the best secondhop, the relaywithworst secondhop, and
the relay which satisfies the minimum level of interference
with the primary user. Most recently, the outage performance
of full-duplex opportunistic DF CRN was studied in [5] as-
suming Nakagami-m fading channels. A lot of papers can be
found in the literature on the performance of amplify-and-
forward (AF) CRNs. The outage and error rate performances
of an underlay fixed-gain AF CRN with reactive relay selec-
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tion were evaluated in [6]. 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. In [7], the error rate performance of an AF CRN
was studied using partial-relay selection scheme where the
relay which has the strongest first hop channel is selected
as the best relay. Recently, in addition to the ergodic chan-
nel capacity, Bao et al. evaluated in [8] the outage and error
rate performances of AF CRNs assuming Rayleigh fading
channels. The outage performance of opportunistic AF and
DF CRNs with multiple secondary destinations and in the
presence of direct link was studied in [9]. Most recently, the
performance of selection DF and AF CRNs with collabo-
rative distributive beamforming was studied in [10]. In the
area of CRNs with single secondary relay and multiple pri-
mary users, Tran et al. derived in [11] the outage probability
and the channel capacity assumingNakagami-m fading envi-
ronment. The outage probability performance of CRNs with
multiple secondary relays and multiple primary users was
studied in [12–14].

From our reading to the papers on CRNs with multiple
primary users, we noticed that the only studied scenario in
such systems is the scenario where the primary users are as-
signed the same frequency band. Another important scenario
which could be widely seen in practice is the one where the
primary receivers utilize orthogonal spectrum bands as in
frequency division multiple access (FDMA)-based wireless
networks. This scenario has been most recently proposed by
us in [15] for cognitive DF relay networks with interference
fromprimary user. Using orthogonal spectrumbands inwire-
less networks aims to reduce the interference between users.
The proposed scenario could be seen in long-term evolu-
tion (LTE) networkswhere the orthogonal FDMA (OFDMA)
technique is used in the downlink transmission, and differ-
ent sub-channels and bands are assigned for different users.
Another application could be in IEEE 802.22 wireless re-
gional area networks (WRANs) where the OFDMA is a
candidate access method for these networks. To get rid of
the heavy load of channel estimation which is required in the
opportunistic and partial-relay selection schemes, the low-
complexity switch-and-examine diversity combining (SEC)
relaying scheme is used in this paper. In this scheme, once a
checked relay satisfies a certain threshold, it is used to help
the source node in sending its massage to destination. Once
a relay is selected, no further channel estimations need to
be conducted by the relay nodes. This reduces the channel
estimation load, saves the relays power, and reduces the com-
plexity of the system [16]. The SEC selection criterion was
used in several applications before. It was firstly used to se-
lect among antennas in space diversity systems in [17]. Also,
it was presented in [18] as a scheduling or user selection
scheme in cellular wireless systems.

According to authors knowledge, the scenario of cogni-
tive AF relay networks with the SEC-based relaying scheme
and multiple primary users using orthogonal spectrum bands
has not been presented and studied yet. In this paper: (i) We
propose and study the behavior of a new cognitive AF SEC
relaying scenario where the primary users utilize orthogo-
nal spectrum bands. In the existing works where the primary
users are assumed to utilize the same frequency band, the pri-
mary userwhich has the strongest channelwith the secondary
users is used in determining the interference constraint. In the
proposed scenario, the spectrum of the primary user whose
channel results in the best performance for the secondary
system is shared with the secondary users; (ii) unlike the
partial-relay selection scheme and opportunistic relaying, in
the SEC relaying, the first checked relay whose composite
signal-to-noise ratio (SNR) exceeds a predetermined thresh-
old is asked to cooperatewith the source node. In this scheme,
the e2e SNR of a relay is first checked against a switch-
ing threshold. If it is larger, this relay is asked to cooperate
with the source node, if not, other relay is examined. This
process continues till a suitable relay is found or the last re-
lay is reached. In case the last relay is reached, the selection
scheme sticks to it for simplicity; and (iii) we provide a full
evaluation of the system performance through the deriva-
tion of approximate expressions for the outage probability
and average symbol error probability (ASEP) for the inde-
pendent non-identically distributed (i.n.i.d.) generic case of
relay channels and a numerical calculation of the channel
capacity for the independent identically distributed (i.i.d.)
case of relay channels. The switching threshold is numeri-
cally calculated to optimize the e2e outage probability. Also,
a simple method for calculating approximate values for the
optimum threshold is provided in this paper.

2 System and Channel Models

The considered system consists of one secondary source
S, K AF secondary relays Rk (k = 1, . . . , K ), one sec-
ondary destination D, and M primary receivers Pm (m =
1, . . . , M) using orthogonal frequency bands, as shown in
Fig. 1. Each node is assumed to possess single antenna,
and the communication is assumed to work in a half-duplex
mode. Furthermore, the direct link is assumed to be in a
deep fade, and hence, it is neglected in through the analy-
sis. The secondary users need to share the spectrum with
the primary receiver whose channel results in a best per-
formance for the secondary system1. The communications
take place in two phases. In the first phase, the secondary

1 Achieving the best performance of the secondary system in the sense
of selecting the primary receiver allows the secondary users to transmit
at their maximum power.
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Fig. 1 Spectrum-sharing dual-hop AF network with SEC relaying and
multiple primary users

source sends its message x to relays under a power con-
straint which ensures that the interference with the selected
primary receiver PSel does not exceed an interference tem-
perature of Ip. To satisfy the primary interference constraint
and result in a best performance for the secondary system,
the secondary source S must transmit at a power given by
Ps = Ip/min

m
|gs,m |2, where gs,m is the channel coefficient

of the S → Pm link. In the second phase, Rk amplifies
the received message from S with a scaling factor Gk and
forwards the amplified version to the secondary destination.
In order to satisfy the primary interference constraint and
result in a best performance for the secondary system, the
transmit power at Rk must be PRk = Ip/min

m
|gk,m |2, where

gk,m is the channel coefficient of the Rk → Pm link. Hence,
the received message at D from the kth relay Rk can be
given by yk,d = √

PsGkhk,dhs,k x + Gkhk,dns,k + nk,d,
where hs,k and hk,d are the channel coefficients of the S →
Rk and Rk → D links, respectively, ns,k and nk,d repre-
sent the additive white Gaussian noise (AWGN) terms at
Rk and D, respectively, with a power of N0. It is assumed
in this study that the interference from the primary user
is neglected2. As we are using a channel-state-information
(CSI)-assistedAF relaying, the scaling factorGk can bewrit-

ten as G2
k = 1

/
min
m

|gk,m |2
(

|hs,k |2
min
m

|gs,m |2 + N0Ip

)
. Thus, the

instantaneous SNR of the S → Rk → D path can be ex-
pressed as

γk =
γ̄ |hs,k |2

min
m

|gs,m |2
γ̄ |hk,d|2

min
m

|gk,m |2
γ̄ |hs,k |2

min
m

|gs,m |2 + γ̄ |hk,d|2
min
m

|gk,m |2 + 1
=

Xk1
Y Xk2

Xk1
Y + Xk2 + 1

, (1)

2 This assumption is feasible when the primary transmitter is far from
the secondary receiver or the interference is represented in terms of
noise [19].

where Xk1 = γ̄ |hs,k |2, Y = min
m

|gs,m |2, Xk2 = γ̄ |hk,d|2
min
m

|gk,m |2 ,

and γ̄ = Ip/N0. With the SEC relaying, the first examined
relay whose γk satisfies a predetermined switching threshold
is asked to help the source node in sending its message to
destination. To simplify the mathematical manipulations, an
upper bound on γk in (1) is introduced as follows [8]

γk ≤ γ
up
k = min

⎛
⎜⎜⎜⎜⎜⎝

Xk1

min
m

|gs,m |2
︸ ︷︷ ︸

γk1

,
γ̄ |hk,d|2

min
m

|gk,m |2
︸ ︷︷ ︸

γk2

⎞
⎟⎟⎟⎟⎟⎠

. (2)

By assuming the links follow slow fadingRayleighmodel,
the channel gains |hs,k |2, |gs,m |2, |hk,d|2, and |gk,m |2 will
be exponentially distributed random variables with mean
powers �s,k , μs,m , �k,d, and μk,m , respectively. Assum-
ing perfect channel information3, the SEC relaying scheme
works as follows: (1) At the beginning of each transmis-
sion time, the SNR γk of the current active relay is checked
against the switching threshold. If it is still above the thresh-
old, this relay sends an acknowledgment to the destination
and keeps forwarding the source massage to it. (2) If the
SNR of the checked relay is below the switching threshold,
the relay sends a negative acknowledgment to the destination,
which in turn switches to other relay. (3) Through the channel
estimation techniques as the ones in [20], the second relay
estimates its channels and goes to step 1. The SEC scheme
keeps examining the relays till a suitable relay is found. If
all relays are examined and found unacceptable, the scheme
sticks to the last one for simplicity.

3 Performance Analysis

In this section, we evaluate approximate expressions for the
outage probability and ASEP of the studied system. Also,
the ergodic channel capacity is numerically calculated in this
section.

3.1 Outage Probability

In this section, we derive the outage probability of the stud-
ied system for i.n.i.d. and i.i.d. cases of relay channels. The
outage probability is defined as the probability that the SNR
at D goes below a predetermined outage threshold γout, i.e.,
Pout = Pr

[
γD ≤ γout

]
, where Pr[.] denotes the probability

operation. The results of the outage probability are summa-
rized in the following theorem and corollary.

3 Secondary users can know the channel information of the primary
user by exchange of channel information through a band manager [20].
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Theorem 1 The outage probability of cognitiveCSI-assisted
AF SEC relaying network with primary users using orthog-
onal spectrum bands and Rayleigh fading is given for i.n.i.d.
relay hops as

Pout �
K−1∑
i=0

πi

(
M∑

m=1

ζs,m

)⎧⎨
⎩

(
1 − exp

(
−∑M

m=1 ζs,mγT

))

∑M
m=1 ζs,m

+
K−1∑
k=0

(−1)k+1
K−1∑

n0<···<nk
n(.) �=i

k∏
t=0

(
1 + λnt2γT

)−1

�1

− (1 + λi2γout)
−1

×
⎡
⎣
(
1 − exp

(
−
(
λi1γout +∑M

m=1 ζs,m

)
γT

))

λi1γout +∑M
m=1 ζs,m

+
K−1∑
k=0

(−1)k+1
K−1∑

n0<···<nk
n(.) �=i

k∏
t=0

(1 − exp (−�1γT))(
1 + λnt2γT

)
�1

⎤
⎦
⎫⎬
⎭

+
K−1∑
l=0

πl

(
M∑

m=1

ζs,m

)

×
⎛
⎝

K∑
q=0

(−1)q

q!
K∑

m1,...,mq

q∏
z=1

(1 − exp (−�2γT))(
1 + λmz2γT

)
�2

+
K−1∑
w=0

π((l−w))K

⎡
⎣(1 + λl2γT)−1

×
⎧⎨
⎩
exp

(
−
(
λl1γT +∑M

m=1 ζs,m

)
γT

)

λl1γT +∑M
m=1 ζs,m

+
w−1∑
p=0

(−1)p+1
w−1∑

v0<···<vp

p∏
g=0

exp (−�3γT)

�4�3

⎫⎬
⎭

− (1 + λl2γout)
−1

×
⎧⎨
⎩
exp

(
−
(
λl1γout +∑M

m=1 ζs,m

)
γT

)

λl1γout +∑M
m=1 ζs,m

+
w−1∑
p=0

(−1)p+1
w−1∑

v0<···<vp

p∏
g=0

exp (−�5γT)

�4�5

⎫⎬
⎭

⎤
⎦
⎞
⎠, (3)

where �1 = ∑k
s=0 λns1γT +∑M

m=1 ζs,m, �2 = ∑q
r=1 λmr1

γT + ∑M
m=1 ζs,m, �3 = ∑p

u=0 λ((l−w+vu))K 2 + λl1γT +∑M
m=1 ζs,m, �4 = 1 + λ((l−w+vg))K 2γT, and �5 =∑p
u=0 λ((l−w+vu))K 2 + λl1γout +∑M

m=1 ζs,m.

Proof Please see the “Appendix.” ��

Corollary 1 Theoutageprobability of cognitiveCSI-assisted
AF SEC relaying network with primary users using orthog-
onal spectrum bands and Rayleigh fading is given for i.i.d.
relay hops (�s,1 = · · · = �s,K = �s,r), (�1,d = · · · =
�K ,d = �r,d), {μk,1 = · · · = μk,M = μk,p}Kk=1, and{μ1,p = · · · = μK ,p = μr,p} as

Pout �
⎧
⎨
⎩

K−1∑
g=0

(K−1
g

)
(−1)g

(1 + λ2γT)g

⎡
⎣
(
1 − exp

(− (gλ1γT + Mζs,p
)
γT
))

(
gλ1γT + Mζs,p

)

−
(
1 − exp

(− ((γout + gγT) λ1 + Mζs,p
)
γT
))

(1 + λ2γout)
(
(γout + gγT) λ1 + Mζs,p

)
⎤
⎦

+
K−1∑
j=0

j∑
w=0

( j
w

)
(−1)w

(1 + λ2γT)w

⎡
⎣ exp

(− (( j + 1)λ1γT + Mζs,p
)
γT
)

(1 + λ2γT)
(
( j + 1)λ1γT + Mζs,p

)

− exp
(− ((γout + jγT) λ1 + Mζs,p

)
γT
)

(1 + λ2γout)
(
(γout + jγT) λ1 + Mζs,p

)
⎤
⎦

+
K∑

q=0

(K
q

)
(−1)q

(1 + λ2γT)q
exp

(− (qλ1γT + Mζs,p
)
γT
)

(
qλ1γT + Mζs,p

)
⎫⎬
⎭
(
Mζs,p

)
.

(4)

Proof In evaluating the outage probability in (4), the condi-
tional CDF of γD is required to be obtained first. It is given
for i.i.d. relay hops as [21]

FγD(γ |Y )=

⎧
⎪⎪⎨
⎪⎪⎩

[
Fγ up(γT|Y )

]K−1
Fγ up(γ |Y ), γ <γT;∑K−1

j=0

[
Fγ up(γ |Y )−Fγ up(γT|Y )

]

× [Fγ up(γT|Y )
] j +[Fγ up(γT|Y )

]K
, γ ≥γT,

(5)

where Fγ up(γ |Y ) is the CDF of γ
up
k conditioned on Y and

it can be expressed for i.i.d. first and second hop channels
using (17) as

F
γ

up
k

(γ |Y ) = 1 − exp (−λ1Yγ )

(1 + λ2γ )
, (6)

where λ1 = 1/
(
�s,rγ̄

)
and λ2 = 1/

(
Mζr,p�r,dγ̄

)
. Upon

substituting (6) in (5) and with the same analysis method in
the Appendix, we get (4). ��

3.2 Average Symbol Error Probability

In this section, we derive the ASEP of the studied system for
i.n.i.d. and i.i.d. cases of relay channels. The ASEP can be
expressed in terms of the CDF of γD, FγD(γ ) = Pout(γout =
γ ) as [22]
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ASEP � a
√
b

2
√

π

∫ ∞

0

exp (−bγ )√
γ

FγD(γ )dγ, (7)

where a and b are two constant parameters and their values
depend on the modulation type. The results of the ASEP are
summarized in the following theorem and corollary.

Theorem 2 The ASEP of cognitive CSI-assisted AF SEC
relaying network with primary users using orthogonal spec-
trum bands and Rayleigh fading is given for i.n.i.d. relay
hops as

ASEP � a
√
b

2
√

π

(
M∑

m=1

ζs,m

)⎧⎨
⎩

K−1∑
i=0

πi

⎛
⎝

√
π√

b
∑M

m=1 ζs,m

+
K−1∑
k=0

(−1)k+1
K−1∑

n0<···<nk
n(.)�=i

k∏
t=0

(
1 + λnt2γT

)−1

ϑ1

−
⎡
⎣ 	(1/2)(λi2)−1/2
(
− λi1

λi2
+∑M

m=1 ζs,m

)
{
exp

(
b

λi2

)
(	 (1/2, b/λi2)

−
exp

(
−
(∑M

m=1 ζs,m − λi1
λi2

)
γT

)

(	 (1/2, (λi1γT + b)/λi2))−1

⎞
⎠+

exp

(
b
∑M

m=1 ζs,m
λi1

)

(
λi2

∑M
m=1 ζs,m
λi1

)1/2

×
(

	

(
1/2, (λi1γT + b)

M∑
m=1

ζs,m/λi1

)

− 	

(
1/2, b

M∑
m=1

ζs,m/λi1

))}
+

K−1∑
k=0

(−1)k+1

×
K−1∑

n0<···<nk
n(.)�=i

k∏
t=0

(1 − exp (−ϑ1γT))(
1 + λnt2γT

)
ϑ1

⎤
⎦
⎞
⎠

+
K−1∑
l=0

πl

⎛
⎝

K∑
q=0

(−1)q

q!
K∑

m1,...,mq

q∏
z=1

exp (−ϑ2γT)(
1 + λmz2γT

)
ϑ2

+
K−1∑
w=0

π((l−w))K

×
⎡
⎣ (1 + λl2γT)−1

⎧⎨
⎩
exp

(
−
(
λl1γT +∑M

m=1 ζs,m

))
(
λl1γT +∑M

m=1 ζs,m

)

+
w−1∑
p=0

(−1)p+1
w−1∑

v0,...,vp

p∏
g=0

exp (−ϑ3γT)(
1 + λ((l−w+vg))K 2γT

)
ϑ3

⎫⎬
⎭

−
⎧
⎨
⎩

	(1/2)(λl2)−1/2
(
− λl1

λl2
+∑M

m=1 ζs,m

) exp

(
−

M∑
m=1

ζs,mγT

)

×
(
exp

(
λl1γT + b

λl2

)
	 (1/2, (λl1γT + b) /λl2)

−
(

λl2
∑M

m=1 ζs,m

λl1

)−1/2

exp

(
(λl1γT + b)

∑M
m=1 ζs,m

λl1

)
	

×
(
1/2, (λl1γT + b)

M∑
m=1

ζs,m/λl1

))}
+

w−1∑
p=0

(−1)p+1

×
p∏

g=0

exp
(
−
(∑p

u=0 λ((l−w+vu))K 1γT +∑M
m=1 ζs,m

)
γT

)

1 + λ((l−w+vg))K 2γT

×
⎧
⎨
⎩

(
−λl1

λl2
+

M∑
m=1

ζs,m

)−1

	(1/2)

× (λl2)
−1/2

⎛
⎝ exp

(
λl1γT+b

λl2

)

	 (1/2, (λl1γT + b) /λl2)

−
(

λl2
∑M

m=1 ζs,m

λl1

)−1/2

exp

(
(λl1γT + b)

∑M
m=1 ζs,m

λl1

)

×	

(
1/2, (λl1γT + b)

M∑
m=1

ζs,m/λl1

))⎫⎬
⎭

⎤
⎦
⎞
⎠
⎫
⎬
⎭, (8)

where 	(., .) is the incomplete Gamma function defined in
[23, Eq. (8.350.2)], ϑ1 = ∑k

s=0 λns1γT +∑M
m=1 ζs,m, ϑ2 =∑q

r=0 λmr1γT+∑M
m=1 ζs,m, andϑ3 = (∑p

u=0 λ((l−w+vu))K 1

+ λl1
)
γT +∑M

m=1 ζs,m.

By replacing γout with γ in (3) and using the partial fraction
expansion and the integration in (7) and using
[23, Eq. (3.361.2)] and [23, Eq. (3.383.10)], we get (8).

Corollary 2 The ASEP of cognitive CSI-assisted AF SEC
relaying network with primary users using orthogonal spec-
trum bands and Rayleigh fading is given for i.i.d. relay hops
as

ASEP � a
√
b

2
√

π
Mζs,p

⎧
⎨
⎩

K−1∑
g=0

(K−1
g

)
(−1)g

(1 + λ2γT)g

×
⎡
⎣

√
π
(
1 − exp

(− (gλ1γT + Mζs,p
)
γT
))

√
b
(
gλ1γT + Mζs,p

)

− 	(1/2)(λ2)
−1/2

×
((

− 1

λ2
+ gγT

)
λ1 + Mζs,p

)−1

×
⎧
⎨
⎩

⎛
⎝	 (1/2, b/λ2)−

exp
(
−
((

g − 1
λ2

)
λ1γT + Mζs,p

)
γT

)

	 (1/2, (λ1γT + b)/λ2)−1

⎞
⎠

× exp (b/λ2) − (
	
(
1/2, b

(
gλ1γT + Mζs,p

)
/λ1
)

123



Arab J Sci Eng

−	
(
1/2, (λ1γT + b)

(
gλ1γT + Mζs,p

)
/λ1
))
⎫
⎬
⎭

⎤
⎦

×
exp

(
b(gλ1γT+Mζs,p)

λ1

)

(
λ2

(
gλ1 + Mζs,p

λ1

))1/2 +
K−1∑
j=0

j∑
w=0

( j
w

)
(−1)w

(1 + λ2γT)w

×
⎡
⎣

√
π exp

(− (( j + 1)λ1γT + Mζs,p
)
γT
)

√
b (1 + λ2γT)

(
( j + 1)λ1γT + Mζs,p

)

− 	(1/2) × exp
(− ( jλ1γT + Mζs,p

)
γT
)

(λ2)1/2
((

− 1
λ2

+ jγT

)
λ1 + Mζs,p

)

×
⎧⎨
⎩ exp

(
λ1γT + b

λ2

)
	 (1/2, (λ1γT + b) /λ2)

− exp

⎛
⎝
(
jγT + Mζs,p

λ1

)

(λ1γT + b)−1

⎞
⎠×

(
λ2

(
jλ1 + Mζs,p

λ1

))−1/2

× 	

⎛
⎝1/2,

(
jγT + Mζs,p

λ1

)

(λ1γT + b)−1

⎞
⎠
⎫
⎬
⎭

⎤
⎦

+
K∑

q=0

(K
q

)
(−1)q

(1 + λ2γT)q
exp

(− (qλ1γT + Mζs,p
)
γT
)

(
√

π)−1
√
b
(
qλ1γT + Mζs,p

)
⎫
⎬
⎭. (9)

By replacing γout with γ in (4) and using the partial fraction
expansion and the integration in (7) and using
[23, Eq. (3.361.2)] and [23, Eq. (3.383.10)], we get (9).

3.3 Ergodic Channel Capacity

In this section, we derive the channel capacity of the studied
system for i.i.d. relay channels. The capacity can be ex-
pressed in terms of the probability density function (PDF)
of γD as

C = 1

2ln(2)

∫ ∞

0
ln(1 + γ ) fγD(γ )dγ. (10)

Our result on the ergodic capacity is provided in the fol-
lowing theorem.

Theorem 3 The ergodic capacity of cognitive CSI-assisted
AF SEC relaying network with primary users using orthog-
onal spectrum bands and Rayleigh fading is given for i.i.d.
relay hops as

C � 1

2ln(2)

K−1∑
g=0

(
K − 1

g

)
(−1)g (1 + λ2γT)−g

×
⎡
⎣αln(λ2)(λ2−1)−1+α exp

(− (gλ1γT+Mζs,p
)
γT
)

×
{

− (λ1γT + λ2)

∫ ∞

0

ln(1 + γ ) exp (−λ1γTγ )

(1+λ2γ )2
dγ

− λ1λ2γT

∫ ∞

0

ln(1 + γ )γ exp (−λ1γTγ )

(1 + λ2γ )2
dγ

}
+ λ1β

×
∫ ∞

0

ln(1 + γ )

(λ1γ + gλ1γT + Mζs,p)
dγ

+ β exp
(− (gλ1γT + Mζs,p

)
γT
)

×
{∫ ∞

0

ln(1 + γ )γ exp (−λ1γTγ )

(λ1γ + gλ1γT + Mζs,p)2
dγ

× (−(λ1)
2γT) − (g(λ1)

2(γT)2 + λ1Mζs,pγT + λ1)

}⎤
⎦

+
K−1∑
j=0

j∑
w=0

( j
w

)
(−1)w

(1+λ2γT)w

⎡
⎣− exp

(− ( jλ1γT+Mζs,p
)
γT
)

×
(

α
′
{

− (λ1γT + λ2)

∫ ∞

0

ln(1+γ ) exp (−λ1γTγ )

(1+λ2γ )2
dγ

− λ1λ2γT

∫ ∞

0

ln(1 + γ )γ exp (−λ1γTγ )

(1 + λ2γ )2
dγ

}

+ β
′
{

− (λ1)
2γT

∫ ∞

0

ln(1 + γ )γ exp (−λ1γTγ )

(λ1γ + jλ1γT + Mζs,p)2
dγ

− ( j (λ1)
2(γT)2 + λ1Mζs,pγT + λ1)

∫ ∞

0
ln(1 + γ )

× exp (−λ1γTγ )

(λ1γ + jλ1γT + Mζs,p)2
dγ

})⎤
⎦, (11)

where α, β, α
′
, and β

′
are as given in the proof below. Ac-

cording to authors knowledge, the integrations in (11) have
no closed-form solution.Hence, the ergodic channel capacity
of the system is numerically evaluated.

Proof We need first to derive the PDF of γD. By replacing
γout with γ in (4) and using the partial fraction, the CDF
FγD(γ ) can be written as

FγD(γ ) � Mζs,p

⎧⎨
⎩

K−1∑
g=0

(K−1
g

)
(−1)g

(1 + λ2γT)g

×
⎡
⎣(1−exp

(−(gλ1γT+Mζs,p
)
γT
)) (

gλ1γT+Mζs,p
)−1

− α

(
1 − exp

(− ((γ + gγT) λ1 + Mζs,p
)
γT
))

(1 + λ2γ )

− β

(
1 − exp

(− ((γ + gγT) λ1 + Mζs,p
)
γT
))

(
λ1γ + gλ1γT + Mζs,p

)
⎤
⎦
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+
K−1∑
j=0

j∑
w=0

(
j

w

)

× (−1)w

(1 + λ2γT)w

⎡
⎣ exp

(− (( j + 1)λ1γT + Mζs,p
)
γT
)

(1 + λ2γT)
(
( j + 1)λ1γT + Mζs,p

)

− exp
(− (( jλ1γT) + Mζs,p

)
γT
) (

exp (−λ1γTγ )

×
{

α
′

(1 + λ2γ )
+ β

′
(
(γ + jγT) λ1 + Mζs,p

)
})⎤

⎦

+
K∑

q=0

(K
q

)
(−1)q

(1 + λ2γT)q
exp

(− (qλ1γT + Mζs,p
)
γT
)

(
qλ1γT + Mζs,p

)
⎫
⎬
⎭.

(12)

Solving for α, α
′
, β, and β

′
, we get α =

(
−λ1

λ2
+ gλ1γT+

Mζs,p
)−1, β =

(
1 − (gλ1γT+Mζs,p)λ2

λ1

)−1
, and α

′ = α, β
′ =

β with replacing g by j . By taking the derivative of (12) with
respect to γ , the PDF fγD(γ ) can be obtained as

fγD(γ ) � Mζs,p

⎧⎨
⎩

K−1∑
g=0

(K−1
g

)
(−1)g

(1 + λ2γT)g

⎡
⎣α

(
λ2

(1 + λ2γ )2

− exp
(− (gλ1γT + Mζs,p

)
γT
) {λ1γT exp (−λ1γTγ )

(1 + λ2γ )

+ λ2 exp (−λ1γTγ )

(1 + λ2γ )2

})
+ β

(
λ1(

λ1γ + gλ1γT + Mζs,p
)2

− exp
(− (gλ1γT + Mζs,p

)
γT
){ λ1γT exp (−λ1γTγ )(

λ1γ +gλ1γT+Mζs,p
)

+ λ1 exp (−λ1γTγ )(
λ1γ +gλ1γT+Mζs,p

)2
})⎤
⎦+

K−1∑
j=0

j∑
w=0

( j
w

)
(−1)w

(1 + λ2γT)w

×
⎡
⎣− exp

(− (( jλ1γT) + Mζs,p
)
γT
)

×
(

α
′
{

− λ1γT exp (−λ1γTγ )

(1 + λ2γ )
− λ2 exp (−λ1γTγ )

(1 + λ2γ )2

}

+ β
′
{

− λ1γT exp (−λ1γTγ )(
λ1γ + jλ1γT + Mζs,p

)

− λ1 exp (−λ1γTγ )(
λ1γ + jλ1γT + Mζs,p

)2
})⎤
⎦
⎫⎬
⎭. (13)

Upon substituting (13) in (10) and after some mathematical
arrangements and using [23, Eq. (4.291.15)], we get (11).

��

4 Asymptotic Performance Analysis

Due to complexity of the derived expressions, we see it is
important to derive an approximate but simple expression
for the outage probability which helps in achieving more in-
sights about the system behavior. This can be achieved by
studying the system performance at the high SNR regime
where the outage probability can be expressed as Pout ≈
(GcSNR)−Gd , where Gc and Gd are the coding gain and
diversity order of the system, respectively. Obviously, Gc

represents the horizontal shift in the outage probability per-
formance relative to the benchmark curve (SNR)−Gd , and
Gd refers to the increase in the slope of the outage probabil-
ity versus SNR curve [21, Ch.14]. The parameters on which
the diversity order depends will affect the slope of the outage
probability curves, and the parameters on which the coding
gain depends will affect the position of the curves. In the
upcoming analysis, the relays are assumed to have identical
first hop channels (λs,1 = · · · = λs,K = λs,r) and identical
S → Pm links (ζs,1 = · · · = ζs,M = ζs,p). Furthermore,
the relays are assumed to have identical second hop chan-
nels (λ1,d = · · · = λK ,d = λr,d) and identical R → Pm

links (ζ1,1 = · · · = ζ1,M = ζ1,p), (ζ1,p = · · · = ζK ,p =
ζr,p).

As γ̄ → ∞, the CDF in (21) simplifies to F
γ

up
k

(γ |Y ) ≈
λ1Yγ . Upon substituting this CDF in (5) and following the
same procedure as in the Appendix, the asymptotic outage
probability can be obtained using [23, Eq. (3.351.1)] and
[23, Eq. (3.351.2)] as

P∞
out = (γT)K−1

(
λ1

Mζs,p

)K

γout γ
(
K + 1, Mζs,pγT

)

+
K−1∑
j=0

(γT) j
(

λ1

Mζs,p

) j+1

	
(
j + 2, Mζs,pγT

)

× (γout − γT)

+ (γT)K
(

λ1

Mζs,p

)K

	
(
K + 1, Mζs,pγT

)
. (14)

One can notice that (14) is dominated by the second term
which is still dominant when j = 0. Hence, the outage prob-
ability can be evaluated at the high SNR values as

P∞
out =

(
λ1

λs,p

)
	
(
2, Mζs,pγT

)
(γout − γT) . (15)

Recalling that for the case of identical first hops λ1 = 1/�s,r

γ̄ , (15) can be further simplified as

P∞
out =

{
�s,rMζs,p

	
(
2, Mζs,pγT

)
(γout − γT)

γ̄

}−1

. (16)
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As can be seen from (16), the coding gain of the sys-
tem is affected by several parameters including �s,r, M ,
ζs,p, γout, and γT, while the diversity order is constant at
1. This is clear in the numerical examples where all curves
of different K asymptotically converge to the same behavior
and result in a diversity order of 1. Also, as the asymptotic
analysis is done at the high SNR values, it is expected to
have most of the relays being acceptable the whole time,
and thus, the first examined relay is being selected by the
relaying scheme. Furthermore, it can be noticed from (16)
that the diversity order of the proposed cognitive system
with SEC relaying is similar to that of the non-cognitive
one, see, e.g., [16] for the case of no direct link. Specif-
ically, it is equal to 1 and is independent of the primary
network. Again, it is worthwhile to mention here that the
importance of the SEC relaying scheme is in the low num-
ber of channel estimations and it requires each transmission
time compared to the opportunistic and partial-relay selec-
tion schemes. Furthermore, from the asymptotic results, we
conclude that the SEC relaying is inefficient at the range of
high SNR values where the diversity order becomes 1. Due to
its features and performance, the switching threshold-based
relaying scheme is actually an attractive option for practical
implementation in emerging mobile broadband communica-
tion systems [24].

As we have mentioned before, the optimum switching
threshold can be numerically calculated to minimize the e2e
outage probability.Due to complexity of the achieved expres-
sions, any further manipulations with them to find the opti-
mum switching threshold will increase the system complex-
ity. Alternatively, we present here a simple method that can
be used to get approximate values for the optimum switch-
ing threshold. In the region of low SNR values, the optimum

switching threshold can be calculated using min
(

γ̄ �s,k

(Mζs,p)−1 ,

�k,d
(Mζr,p)−1

)
. In general, a good choice of the switching thresh-

old is to have it near the average value of the e2e SNR which
can be upper bounded by the average value ofminimum of its
two hops. Unfortunately, as we go further in increasing SNR,
the approximate values of the optimum switching threshold
get far from the actual optimum values which are numeri-
cally calculated by minimizing the e2e outage probability of
the system. To deal with this issue, we use the asymptotic
expressions that we derived at high SNR values to calcu-
late the approximate values of the optimum threshold. As
the asymptotic expression of the outage probability in (15)
is simple to deal with, it can be used to get approximate val-
ues of the optimum switching threshold in the region of high
SNR values.

5 Simulation and Numerical Results

In this section, we validate the achieved analytical and as-
ymptotic results via a comparison with Monte Carlo simula-
tions.Also,we provide somenumerical examples to illustrate
the effect of some system parameters such as the number of
relays, number of primary users, and switching threshold
on the system performance. In generating the simulation re-
sults, 40,000 samples/SNR value have been used. Also, the
BPSK modulation scheme was assumed in generating the
error probability curves.

It is clear from Fig. 2 that the asymptotic results perfectly
converge to the analytical results as well as the exact ones.
Also, it is obvious that the used bound on the e2e SNR is
indeed very tight, especially, at high SNR region. Further-
more, we can see from this figure that the SEC relaying
scheme has almost the same behavior as the opportunistic
relaying or best-relay selection scheme for very low SNR
region [5], whereas as we go further in increasing SNR,
the best-relay selection scheme is clearly outperforming the
SEC relaying, as expected. The figure also compares the SEC
scheme with the partial-relay selection scheme where the re-
lay with the best second or even first hop channel is selected
[7]. Clearly, the SEC scheme outperforms the partial-relay
selection scheme over the whole range of SNR. That is ex-
pected as in the partial-relay selection, only one hop of relay
channels is considered in selecting among relays, whereas
in the SEC scheme, the two hop links affect the selection
process. In addition, we can see from this figure that for the
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Fig. 2 Pout versus SNR for different values of K and M = 1, γout =
7.78 dB, γT = 5 dB, μs,p = 30, and �s,k = 0.8, �k,d = 0.7, μk,p =
0.1 for k = 1, . . . , 4
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μs,10 = 20, and �s,k = 0.8, �k,d = 0.9, μk,1 = · · · = μk,10 = 0.01
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SEC relaying as K increases, the system performance be-
comes more enhanced, especially, at the SNR values that are
comparable to γT. More importantly, for K = 2, 3, and 4, it
is obvious that the system behavior does not achieve any gain
when more relays are used at the two regions where the aver-
age SNR is much smaller or larger than γT. This makes sense
as when γT is much smaller or larger than the average SNR,
the system asymptotically converges to the case of two relays
and having more relays adds no gain to the system behavior.
Finally, it is worthwhile to mention here that the reduction in
number of channel estimations offered by the SEC relaying
scheme compared to opportunistic and partial-relay selec-
tion schemes happens with a reasonable loss in the system
behavior. This makes the SEC relaying schememore suitable
and desirable for systems where the complexity issue is of
a highest priority. Examples on these systems are the sensor
and ad hoc networks where once the minimum requirements
of the system performance are achieved, no more operations
that increase the system complexity need to be done.

Again, we can see from Fig. 3 that the asymptotic results
perfectly converge to the analytical results aswell as the exact
ones. Also, it is obvious that the used bound on the e2e SNR
is indeed very tight, especially, at high SNR region. More
importantly, we can see from this figure that as M increases,
the achieved performance becomes better. This is because
increasing M increases the probability to find primary users
of weaker channels and hence the higher the transmit power
of secondary transmitters. Clearly, the parameter M affects
the coding gain of the system and not the diversity order. This
fact was also proved by the asymptotic results. It is worth-
while to mention here that in systems where the multiple
primary receivers utilize the same spectrum band as in [25],
increasing the number of primary receivers degrades the sys-
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Fig. 4 Pout versus γout for different values of M and μs,1 = · · · =
μs,10 = 20, and �s,k = 0.8, �k,d = 0.9, μk,1 = · · · = μk,10 = 0.01
for k = 1, 2
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Fig. 5 Pout versus SNR for different values of γT and μs,p = 7, and
�s,k = 0.91, �k,d = 0.82, μk,p = 0.73 for k = 1, 2

tem performance and the coding gain of the system. This is
because in those systems, the transmit power of secondary
users is determined by the best link between the secondary
users and the primary receivers. Therefore, having more pri-
mary receivers increases the probability of having better links
and hence the less the transmit power of secondary users.

Figure 4 shows the outage performance versus outage
threshold for different values of M . Obviously, as γout in-
creases, the achieved performance worsens. Moreover, the
best behavior is obtained at the largest value of M .

We can see from Fig. 5 that the value of the switching
threshold γT which gives the best behavior is the optimum
one γT−Opt., as expected. To get rid of the complexity of find-
ing the optimum switching threshold using a numerical way,
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it is calculated using the simple method explained at the end
of Sect. 4. One more thing to mention here is that in order
to not lose much in the system diversity, it is preferred to
run the SEC relaying scheme using the optimum switching
threshold or its approximate values. This guarantees that a
maximum gain is achieved by the system when more relays
are added.

The gain achieved in system behavior due to adding more
relays is shown in Fig. 6. This gain is obvious in the range
of γT values that are close to the average value of γ

up
k . As

mentioned before, as γT becomes much smaller or larger
than the average value of γ

up
k , the improvement in the per-

formance decreases, as all curves asymptotically converge to
the case of two relays. Therefore, in order to get benefit of
the simplicity of the SEC relaying scheme and at the same
time not losing much in the system behavior compared to
the opportunistic relaying, the optimum values of switching
threshold need to be used when the SEC relaying scheme is
implemented.

It can be seen from Fig. 7 that the studied system still
achieves behavior gain and the error performance enhances
as the number of primary users M increases, but the slope of
the curves depends on the SNR values. Also, this figure val-
idates the derived analytical expression of the symbol error
probability where a perfect matching can be seen between
the analytical result in (9) and its numerical solution that is
achieved using (7).

The effect of number of primary users M on the sys-
tem ergodic capacity is illustrated in Fig. 8. Due to com-
plexity of the derived expression of the channel capacity,
it is numerically calculated and plotted in this figure. As
expected, the ergodic channel capacity enhances as M in-
creases.
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Fig. 7 ASEP versus M for different values of SNR = Ip/N0 and
μs,1 = · · · = μs,15 = 20, and �s,k = 0.1, �k,d = 0.2, μk,1 = · · · =
μk,15 = 0.3 for k = 1, 2
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μs,1 = · · · = μs,7 = 20, and �s,k = 0.8, �k,d = 0.9, μk,1 = · · · =
μk,7 = 0.3 for k = 1, 2

Figure 9 portrays the ergodic capacity versusM for several
values of SNR Ip/N0. Clearly, as M increases, the channel
capacity becomes higher. Also, we can see that the best per-
formance can be achieved at the highest value of SNR, as
expected. Again, it can be noticed from the last three figures
that increasing the number of primary receivers enhances the
systemperformance. This is because themore the primary re-
ceivers, the higher the transmit power of secondary users and
hence better the achieved performance. This enhancement in
the behavior happens in the coding gain of the system and
not the diversity order.

Figure 10 compares the SEC relaying schemewith the op-
portunistic and partial-relay selection schemes from a
complexity-wise. The figure portrays the average number of
channel estimations that are required in the three schemes
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Fig. 10 Average number of channel estimations of the SEC relaying
scheme in comparison with the opportunistic and partial-relay selection
schemes with K = 4 and an average power/relay path = 10dB

versus switching threshold γT for the case of four relays. In
this comparison, we assume that the links between the source
and primary users and those between the relays and primary
users are all known to the relays and that the relays are se-
lected according to their first and second hop channels. Also,
it is assumed that in the partial-relay selection scheme, the
relay is selected according to its second hop channel. We
can see from this figure that as all channels are needed to
be estimated for its operation, the opportunistic or best-
relay selection scheme is always of need for eight channel
estimations [15]. On the other hand, the partial-relay selec-
tion scheme requires only four channel estimations as in this
scheme only the second hop channels of relays are used to

select among them. Also, we can notice from this figure that
as γT increases, the average number of channel estimations in
the SEC relaying scheme increases since it ismore difficult to
find a relay with an acceptable quality. Again, the reduction
in channel estimation load and system complexity offered
by the SEC relaying scheme compared to the best-relay or
partial-relay selection schemes is achieved on the expense
of a reasonable loss in the system complexity. Therefore, in
order not to lose much in the diversity gain of the system,
it is preferable to have the switching threshold close to the
average SNR of relay paths. It is worthwhile to mention here
that an attractive research issue which could be investigated
in future is the delay effect on the performance of systems
such as the studied one.

6 Conclusion

In this paper, we proposed and evaluated the performance of
a new cognitiveAFSEC relaying networkwith primary users
using orthogonal spectrum bands where the outage and error
probabilities were obtained assuming Rayleigh fading envi-
ronment. Also, the channel ergodic capacity was numerically
calculated in this paper. Moreover, the behavior was evalu-
ated at the high SNR values where the diversity order and
coding gain were derived. Monte Carlo simulations proved
the accuracy of the achieved analytical and asymptotic re-
sults. Main results illustrated that the diversity order of the
studied system is the same as its non-cognitive counterpart,
and it is independent of the number of primary users. Also,
findings showed that only the coding gain is affected by the
number of primary users. Finally, results illustrated that in
contrast to the existing papers where the same spectrum band
is assumed to be used by the primary users, increasing the
number of primary users in the considered scenario enhances
the system performance.
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FT131009.

Appendix: Proof of Theorem 1

In this “Appendix,” we derive the outage probability for
i.n.i.d. relay hops. In order to evaluate the outage proba-
bility, the cumulative distribution function (CDF) of γD is
required to be obtained first. The CDF of γ up

k conditioned on
Y = min

m
|gs,m |2 can be written as

F
γ

up
k

(γ |Y ) = 1 − (
1 − Fγk1 (γ |Y )

) (
1 − Fγk2 (γ |Y )

)
.

(17)
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It is easy to see that

Fγk1 (γ |Y ) = 1 − exp (−λk1Yγ ) , (18)

Fγk2 (γ |Y ) =
∫ ∞

0
F|hk,d|2

(
γ

γ̄
x

)
fmin

m
|gk,m |2 (x) dx

= 1 − (1 + λk2γ )−1 , (19)

where λk1 = 1/
(
�s,k γ̄

)
, λk2 = 1

/(∑M
m=1 ζk,m�k,dγ̄

)
,

and

fmin
m

|gk,m |2(w) =
M∑

m=1

ζk,m exp

(
−

M∑
m=1

ζk,mw

)
, (20)

where ζk,m = 1/μk,m .
Upon substituting (18) and (19) in (17), we get

F
γ

up
k

(γ |Y ) = 1 − exp (−λk1Yγ )

(1 + λk2γ )
. (21)

The conditional CDF at the output of the SEC relay selection
scheme is given by [21]

FγD (γ |Y )

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑K−1
i=0 πi Fγ

up
i

(γ |Y )
∏K−1

k=0
k �=i

F
γ

up
k

(γT|Y ), γ < γT;
∑K−1

l=0 πl

(∏K
q=1 Fγ

up
q

(γT|Y )

+∑K−1
w=0 π((l−w))K

[
F

γ
up
l

(γ |Y )−F
γ

up
l

(γT|Y )

]

×∏w−1
p=0 F

γ
up
((l−w+p))K

(γT|Y )

)
, γ ≥ γT,

(22)

where K is the number of relays and γT is a predetermined
switching threshold, πi , i = 0, . . . , K − 1 are the stationary
distributionof a K -stateMarkov chain and it is the probability
that the i th relay is chosen, and ((l − w))K denotes l − w

modulo K . It is given by

πi =
⎡
⎢⎣

K−1∑
j=0

⎛
⎜⎝
F

γ
up
K−1

(γT|Y )
(
1 − F

γ
up
j

(γT|Y )
)

F
γ

up
j

(γT|Y )
(
1 − F

γ
up
K−1

(γT|Y )
)

⎞
⎟⎠

⎤
⎥⎦

−1

×
F

γ
up
K−1

(γT|Y )
(
1 − F

γ
up
i

(γT|Y )
)

F
γ

up
i

(γT|Y )
(
1 − F

γ
up
K−1

(γT|Y )
) . (23)

Upon substituting (21) in (22), we get

FγD (γ |Y )

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑K−1
i=0 πi

(
1 − exp(−λi1Yγ )

(1+λi2γ )

)

K−1∏
k=0
k �=i

(
1 − exp (−λk1YγT)

(1 + λk2γT)

)

︸ ︷︷ ︸
P1

, γ < γT;

∑K−1
l=0 πl

( K∏
q=1

(
1 − exp

(−λq1YγT
)

(
1 + λq2γT

)
)

︸ ︷︷ ︸
P2

+∑K−1
w=0 π((l−w))K

[ (
1 − exp(−λl1Yγ )

(1+λl2γ )

)

−
(
1 − exp(−λl1YγT)

(1+λl2γT)

) ]

×
w−1∏
p=0

(
1 − exp

(−λ((l−w+p))K 1YγT
)

(
1 + λ((l−w+p))K 2γT

)
)

︸ ︷︷ ︸
P3

)
, γ ≥ γT.

(24)

Using the product identities [26, Eq. (A2)] and [8, Eq. (6)],
the terms P1, P2, and P3 can be simplified as follows

P1 = 1 +
K−1∑
k=0

(−1)k+1
K−1∑

n0<···<nk
n(.) �=i

k∏
t=0

(
1 + λnt2γT

)−1

× exp

(
−

k∑
s=0

λns1YγT

)
, (25)

where
∑K−1

n0<···<nk
n(.) �=i

is a short-hand notation for
∑K−k−1

n0=0
n0 �=i∑K−k

n1=n0+1
n1 �=i

. . .
∑K−1

nk=nk−1+1
nk �=i

.

P2 =
K∑

q=0

(−1)q

q!
K∑

m1,...,mq

q∏
z=1

(
1 + λmz2γT

)−1

× exp

(
−

q∑
r=1

λmr1YγT

)
, (26)

where
∑K

m1,...,mq
is a short-hand notation for

∑K−q−1
m1=···=mq=1
m1 �=... �=mq

.

P3 = 1+
w−1∑
p=0

(−1)p+1
w−1∑

v0<···<vp

p∏
g=0

(
1+λ((l−w+vg))K 2γT

)−1

× exp

(
−

p∑
u=0

λ((l−w+vu))K 1YγT

)
, (27)
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where
∑w−1

v0<···<vp
is a short-hand notation for

∑w−p−1
v0=0∑w−p

v1=v0+1 . . .
∑w−1

vp=vp−1+1.
Up to now, the outage probability can be expressed as

Pout �
∫ ∞

0
FγD (γ |Y ) fY (y)dy, (28)

where fY (y) is given by

fY (y) =
M∑

m=1

ζs,m exp

(
−

M∑
m=1

ζs,mw

)
, (29)

where ζs,m = 1/μs,m .
Upon substituting (25), (26), and (27) in (24) and using

(28), the outage probability can be evaluated as in (3).
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