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Abstract—Previous works on cognitive relay networks (CRNs)
considered only symmetric fading channels. However, in practical
wireless propagation scenarios, it is likely that the channels of
the secondary user (SU) and primary user (PU) may undergo
different fading characteristics. In this paper, we assume that the
channels of the secondary network (SU-source→SU-relay→SU-
destination) are subject to Rician fading, whereas the channels
of the link from the SU to the PU experience Rayleigh fading.
Based on this framework, the end-to-end outage probability (OP)
of CRNs is investigated for two different relaying schemes: i)
in the absence of the direct link with decode-and-forward (DF)
protocol and ii) in the presence of the direct link with incremental
DF protocol. In particular, we derive both exact and asymptotic
OP expressions for the considered CRNs. Our analysis reveals
important insights into the impact of fading parameters on the
CRN performance under distinct fading distributions.

I. INTRODUCTION

By allowing the secondary user (SU) to concurrently occupy

the radio frequency spectrum, which is licensed to the primary

user (PU), cognitive radio networks with spectrum-sharing is

an emerging technology to overcome the inefÞcient utilization

of scarce radio frequency spectrum [1]–[7]. Recently, the use

of amplify-and-forward (AF) and decode-and-forward (DF)

relaying protocols has been incorporated into the cognitive

radio paradigm to improve the secondary system performance.

Several works have investigated the performance of cognitive

cooperative networks (CCNs) over various fading channels

[8]–[10]. SpeciÞcally, in [8] the outage performance of CCNs

with AF relaying has been studied for Rayleigh fading chan-

nels. More recently, the works in [9] and [10] have analyzed

the CCN performance in Nakagami-m fading channels with

DF and AF relaying, respectively. Although these previously

published works offered important understandings of CCNs,

all of them assumed symmetric fading conditions for the

secondary and primary links.

In addition to the non line-of-sight (non-LoS) fading model,

i.e., Rayleigh and Nakagami-m, the Rician distribution is

widely employed to characterize the wireless channels with

line-of-sight (LoS) or specular component [11]. On top of this,

in practical wireless propagation scenarios, the links of relay-

ing networks may experience different fading characteristics

[12]. Motivated by this fact, the performance of non-cognitive

relay networks under asymmetric fading channels has been

considered in [13], [14]. In particular, the performance of

asymmetric fading channels with Rayleigh and Rician fading

has been analyzed for semi-blind and channel state information

(CSI)-assisted AF relaying in [13] and [14], respectively.

For CCNs, the links of the SU and PU are highly likely

to experience different fading characteristics. As such, in

this paper, we assume that the secondary relay terminal can

be strategically located by the operator [12], which makes

the links from the secondary source to secondary relay and

to secondary destination experience LoS propagation. As a

result, the channels for these links SU-source→SU-relay and

SU-relay→SU-destination can be modeled via the Rician

distribution, while the links between SU and PU experience

Rayleigh fading. We point out that the channel for the link

SU-source→SU-destination is also modeled via the Rayleigh

distribution. This assumption is sufÞciently realistic in urban

environments, where the source and destination are normally

in non-LoS, such that multiple wavefronts impinge on the

latter. For the sake of generality and to pursue a comparative

study, we consider two different CCN conÞgurations, with and

without direct communication pertaining to the link from the

secondary source to the secondary destination. SpeciÞcally, for

the case without SU’s direct link, namely PR1, conventional

relaying with DF operation is assumed, whereas for the case

with direct link, namely PR2, the incremental DF relaying is

utilized to enhance the secondary system performance. In the

following, we derive new, analytical expressions for the exact

and asymptotic outage probability (OP) of both considered

schemes. One of the paper’s signiÞcant contributions is the

asymptotic analysis which reveals the diversity and coding

gains of the two considered systems.

The rest of the paper is organized as follows. In Section II,

we Þrst present the system and channel model for the two

considered protocols in a spectrum-sharing environment. The

OP performance is obtained in Section III. Numerical and

simulation results are provided in Section IV. Conclusions are

drawn in Section V.

II. SYSTEM AND CHANNEL MODELS

The considered cognitive network consists of a secondary

source (S), a secondary destination (D), a secondary relay

(R) and a primary receiver (PU), as shown in Fig. 1. Let

d0, d1, d2, d3, and d4 be the distances S → D, S → R,

R→ D, S → PU, and R → PU, respectively. We also denote
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Fig. 1. System model for a cognitive DF relaying network.

h0, h1, h2, h3, and h4 the corresponding channel coefÞcients

for the links S→ D, S→ R, R→ D, S → PU, and R → PU,

respectively. Here, it is assumed that the channels h1 and h2

follow the Rician distribution while h0, h3, and h4 are subject

to Rayleigh fading. Hence, γj = |hj |
2, j ∈ {0, 3, 4} is an

exponential random variable (RV) with parameter λj . On the

other hand, γi = |hi|
2, i ∈ {1, 2}, is a non-central chi-square

distributed RV, whose cumulative distribution function (CDF)

and probability density function (PDF) are respectively given

by

Fγi (x) = 1−Q1

(√

2Ki,
√

2ψix
)

(1)

fγi (x) = (1 +Ki)λie
−Ki−ψixI0

(

2
√

Kiψix
)

(2)

where ψi , (1 +Ki)λi, Q1(·), and I0(·) are the Marcum-

Q function [15, Eq. (4.10)] and modiÞed Bessel function of

the Þrst kind [16, Eq. (8.445)], respectively. In addition, Ki is

the Rician K-factor and λi = 1/γ̄i, where γ̄i is the expected

value of γi. To take path-loss into account, we model λk, k ∈
{1, 2, 3, 4, 5} as λk = dβk , where β is the path-loss exponent.

A. CCN without Direct Link

In a cognitive network, S and R must adapt their transmit

power, PS and PR, respectively, so that the interference

caused at PU is lower than a predeÞned interference level

Ith. SpeciÞcally, their transmit powers must be lower than a

maximum threshold Pth [10]

Pmax
S = min

(

Pth,
Ith
γ3

)

, Pmax
R = min

(

Pth,
Ith
γ4

)

. (3)

For the PR1 protocol, the data transmission is divided into two

time slots. In the Þrst time slot, S broadcasts its data x to R
as

ySR =
√

Pmax
S h1x+ nSR, (4)

where nSR is the zero-mean Gaussian noise at R. From (4),

the instantaneous signal-to-noise ratio (SNR) received at R is

given as

ΨSR = Pmax
S |h1|

2/N0 = min

(

γP ,
γI
γ3

)

γ1, (5)

where N0 is the variance of the Gaussian noise, which is

assumed to be the same at all receivers, i.e., R and D, while

γP = Pth/N0, and γI = Ith/N0. Without loss of generality,

we assume that γI = µγP , where µ is a positive constant.

If R can successfully decode the signal, it will forward the

decoded signal to D at the second time slot. As such, the signal

received at D, due to the transmission of R, is expressed as

yRD =
√

Pmax
R h2x+ nRD, (6)

where nRD is the Gaussian noise at D. Therefore, the SNR

for the second-hop is given by

ΨRD = Pmax
R |h2|

2/N0 = min

(

γP ,
γI
γ4

)

γ2. (7)

The end-to-end SNR at D is therefore written as [9]

ΨPR1
e2e = min (ΨSR,ΨRD) . (8)

B. CCN with Direct Link: Incremental Relaying

For the cognitive relaying protocol with incremental relay-

ing, named PR2, if D can successfully decode the S’s signal,
it feeds back an ACK to S and R to inform the decoding

status. In this case, if the transmission is successful, R does

nothing. Otherwise, D sends a NACK message to request

a retransmission from R. If R can successfully decode the

signal, it will forward the decoded signal to D at the second

time slot. In the case that R cannot receive the signal correctly,

it will keep silent and the signal will be dropped. Therefore,

the end-to-end SNR at D can be written as [17]

ΨPR2
e2e =

{
ΨSD if ΨSD ≥ ϕth

min (ΨSR,ΨRD) if ΨSD < ϕth,
(9)

where ϕth is a predeÞned threshold at the relay and ΨSD is

the instantaneous SNR for the direct link S→ D, given as

ΨSD = min

(

γP ,
γI
γ3

)

γ0. (10)

III. OUTAGE PROBABILITY: EXACT AND ASYMPTOTIC

ANALYSIS

In this paper, we assume that the data transmission is in

outage if the instantaneous end-to-end SNRs are lower than a

predeÞned threshold level ϕth.

A. CCN without Direct Link

The OP of the PR1 protocol can be expressed as follows:

PPR1
out = 1− [1− Pr (ΨSR < ϕth)] [1− Pr (ΨRD < ϕth)] .

(11)
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Considering the probability Pr [ΨRD < ϕth] in (11), it can be

formulated as

Pr (ΨRD < ϕth) = Pr (min (1, µ/γ4) γP γ2 < ϕth)

= Pr
(

γ4 < µ, γ2 <
ϕth
γP

)

︸ ︷︷ ︸

Pout1

+Pr
(

γ4 ≥ µ, γ2 <
ϕth
µγP

γ4

)

︸ ︷︷ ︸

Pout2

. (12)

Due to the independence of γ2 and γ4, by using the CDF of

γ2 in (1), we can calculate the probability P out1 in (12) as

P out1 =
(
1− e−λ4µ

)

[

1−Q1

(
√

2K2,

√

2ψ2ϕth
γP

)]

. (13)

Now, considering P out2 in (12), we have

P out2 =

∞∫

µ

fγ4 (x)Fγ2

(
ϕth
µγP

x

)

dx = e−λ4µ

−

∞∫

µ

λ4e
−λ4xQ1

(
√

2K2,

√

2ψ2ϕth
µγP

x

)

dx. (14)

Next, the Marcum-Q function of the Þrst order can be ex-

pressed by an inÞnite series with the help of [15, Eq. (4.35)]

and [16, Eq. (8.445)]; applying this expression in (14), we

obtain

P out2 = e−λ4µ − λ4µe
−K2−λ4µ

∞∑

m=0

∞∑

n=0

n∑

t=0

[
ψ2

n

(m+ n)!t!

×
ϕnth
γt−1
P

Km+n
2 e

−
ψ2ϕth
γP

(λ4µγP + ψ2ϕth)
n+1−t

]

. (15)

From (12), (13) and (15), we obtain an exact expression for

Pr (ΨRD < ϕth) which is shown in (16) at the top of next

page.1 Note that by replacing λ2, λ4 and K2 in (16) with λ1,

λ3 and K1, respectively, we can obtain an exact expression for

Pr (ΨSR < ϕth); then, substituting the obtained results into

(11), we have an exact expression for PPR1
out .

Proposition 1: Without maximum transmit power con-

straint γP , the outage probability of the PR1 protocol can be

expressed by an exact closed-form expression as follows:

PPR1
out

γP→∞
= 1−

[

1−
ψ1ϕthe

−
K1λ3γI

ψ1ϕth+λ3γI

ψ1ϕth + λ3γI

]

×

[

1−
ψ2ϕthe

−
K2λ4γI

ψ2ϕth+λ4γI

ψ2ϕth + λ4γI

]

. (17)

Proof: Without maximum transmit power constraint, Pth,
the OP Pr (ΨRD < ϕth) in this case is obtained by taking the

limit of (16) as γP goes to inÞnity. Indeed, after taking the

1Although the Þnal expression is given in inÞnite series, our numerical
results show that its convergence is very fast, requiring only few terms to
approach the exact results.

limit and some manipulations, we can rewrite (16) as follows:

lim
γP→∞

Pr (ΨRD < ϕth) = 1−
λ4γIe

−K2

ψ2ϕth + λ4γI

×

∞∑

m=0

∞∑

n=0

Km+n
2

(m+ n)!

(ψ2ϕth)
n

(ψ2ϕth + λ4γI)
n . (18)

Considering the inÞnite series sum in (18), we get

∞∑

m=0

∞∑

n=0

Km+n
2

(m+ n)!

(ψ2ϕth)
n

(ψ2ϕth + λ4γI)
n =

∞∑

n=0

(ψ2ϕth)
n

(ψ2ϕth + λ4γI)
n

×

∞∑

m=0

Km
2

m!
−

∞∑

n=1

(ψ2ϕth)
n

(ψ2ϕth + λ4γI)
n

n−1∑

m=0

Km
2

m!
. (19)

In addition, we have

∞∑

n=0

(ψ2ϕth)
n

(ψ2ϕth + λ4γI)
n

∞∑

m=0

Km
2

m!
=

(ψ2ϕth + λ4γI) e
K2

λ4γI

(20)

∞∑

n=1

(ψ2ϕth)
n

(ψ2ϕth + λ4γI)
n

n−1∑

m=0

Km
2

m!
=
ψ2ϕth
λ4γI

e
K2ψ2ϕth

ψ2ϕth+λ4γI . (21)

Substituting (19), (20), and (21) into (18), we obtain

lim
γP→∞

Pr (ΨRD < ϕth) =
ψ2ϕthe

−
K2λ4γI

ψ2ϕth+λ4γI

ψ2ϕth + λ4γI
. (22)

Now, let us replace λ2, λ4 and K2 in (22) by λ1, λ3 and

K1, respectively, to obtain an expression for Pr (ΨSR < ϕth).
Finally, substituting the obtained results for Pr (ΨSR < ϕth)
and Pr (ΨRD < ϕth) into (11), we get (17).

Proposition 2: At very large γP and γI values, i.e.,

γP , γI →∞, we can express PPR1
out as

PPR1
out

γP→∞
γI→∞

=

[

ψ1e
−K1

(

1 +
e−λ3µ

λ3µ

)

+ ψ2e
−K2

(

1 +
e−λ4µ

λ4µ

)]
ϕth
γP

+O

(
1

γ2
P

)

. (23)

Proof: From (16), by using a Taylor expansion, we can

obtain an approximating expression for Pr (ΨRD < ϕth) at

very large γP and γI value (or 1/γP → 0, 1/γI → 0) as

Pr (ΨRD < ϕth)= s0 +
s1
γP

+O

(
1

γ2
P

)

. (24)

In (24), s0 is calculated by

s0 = lim
1/γP→0

Pr (ΨRD < ϕth)= 0. (25)

In addition, s1 in (24) can be formulated as

s1 = lim
1
γP
→0

∂ Pr (ΨRD < ϕth)

∂
(

1
γP

)

=
(
1− e−λ4µ

)
ψ2e

−K2ϕth + λ4µe
−K2−λ4µ

[ ∞∑

m=0

Km
2 ψ2

m!

×
(1 + λ4µ)

λ2
4µ

2
−

∞∑

m=0

Km+1
2 ψ2

(m+ 1)!

(
1

λ2
4µ

2
+

1

λ4µ

)]

ϕth. (26)
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Pr (ΨRD < ϕth) =
(
1− e−λ4µ

)

[

1−Q1

(
√

2K2,

√

2ψ2ϕth
γP

)]

+ e−λ4µ

− λ4µe
−K2−λ4µ

∞∑

m=0

∞∑

n=0

n∑

t=0

Km+n
2 ψ2

n

(m+ n)!t!

ϕnth
γt−1
P

e−ψ2ϕth/γP

(λ4µγP + ψ2ϕth)
n+1−t . (16)

Using the fact that

∞∑

m=0

Km
2

m!
= eK2 ,

∞∑

m=0

Km+1
2

(m+ 1)!
= eK2 − 1, (27)

we obtain

s1 = ψ2e
−K2

(

1 +
e−λ4µ

λ4µ

)

ϕth. (28)

Combining (24), (25) with (28), we get

Pr (ΨRD < ϕth) = ψ2e
−K2

(

1 +
e−λ4µ

λ4µ

)
ϕth
γP

+O

(
1

γ2
P

)

,

Pr (ΨSR < ϕth) = ψ1e
−K1

(

1 +
e−λ3µ

λ3µ

)
ϕth
γP

+O

(
1

γ2
P

)

.

(29)

Finally, substituting (29) into (11), we get (23), which com-

pletes the proof.

Corollary 1: Without transmit power constraint, the asymp-

totic OP of the PR1 protocol can be given as

PPR1
out

γP→∞
=

[
ψ1e

−K1

λ3
+
ψ2e

−K2

λ4

]
ϕth
γI

+O

(
1

γ2
I

)

. (30)

B. CCN with Direct Link: Incremental Relaying

In the second cognitive relaying protocol, named PR2, we

assume that the incremental relaying scheme is used to relay

the source’s data to D [17]. With this transmission scheme,

the OP of the PR2 protocol is calculated as follows:

PPR2
out = Pr

(
ΨPR2

e2e < ϕth
)

= Pr (ΨSD < ϕth,ΨSR < ϕth)

+ Pr (ΨSD < ϕth,ΨRD < ϕth,ΨSR ≥ ϕth) . (31)

Considering the Þrst term Pr [ΨSD < ϕth,ΨSR < ϕth] in (31),
it can be formulated as

Pr (ΨSD < ϕth,ΨSR < ϕth)

= Pr

(

γ3 < µ, γ0 <
ϕth
γP

, γ1 <
ϕth
γP

)

︸ ︷︷ ︸

Pout3

+ Pr

(

γ3 ≥ µ, γ0 <
ϕth
µγP

γ3, γ1 <
ϕth
µγP

γ3

)

︸ ︷︷ ︸

Pout4

. (32)

By using the CDF of γ0, γ1 and γ3, P
out
3 in (32) is calculated

as

P out3 =
(
1− e−λ3µ

) (

1− e
−λ0

ϕth
γP

)

×

[

1−Q1

(
√

2K1,

√

2ψ1
ϕth
γP

)]

. (33)

For P out4 in (32), it is easy to see that

P out4 =

∫
∞

µ

fγ3 (x)Fγ1

(
ϕth
µγP

x

)

Fγ0

(
ϕth
µγP

x

)

dx. (34)

Substituting the CDFs of γ1 in (1) into (34) together with

the fact that the CDF and PDF of exponential RVs X , for

X ∈ {γ0, γ3}, are given as FX (x) = 1− e−λx and fX (x) =
λe−λx, respectively, we obtain

P out4 =

∫
∞

µ

λ3e
−λ3x

(

1− e
−
λ0ϕth
µγP

x

)

×

[

1−Q1

(
√

2K1,

√

2ψ1
ϕth
µγP

x

)]

dx. (35)

By using the inÞnite series expansion of Q1 (., .) [15,

Eq. (4.35)] into (35), we can obtain an expression for P out4 as

P out4 = e−λ3µ −
λ3µγP e

−(λ0ϕth/γP+λ3µ)

λ0ϕth + λ3µγP
− λ3µe

−K1−λ3µ

×
∞∑

m=0

∞∑

n=0

n∑

t=0

Km+n
1 ψ1

n

(m+ n)!t!

ϕnth
γt−1
P

[
e−ψ1ϕth/γP

(ψ1ϕth + λ3µγP )
n+1−t

−
e−(λ0+ψ1)ϕth/γP

(λ0ϕth + ψ1ϕth + λ3µγP )
n+1−t

]

. (36)

From (32), (33) and (36), we have

Pr (ΨSD < ϕth,ΨSR < ϕth) =
(
1− e−λ3µ

) (

1− e
−λ0

ϕth
γP

)

× e−λ3µ

[

1−Q1

(
√

2K1,

√

2ψ1
ϕth
γP

)]

− e−(λ0ϕth/γP+λ3µ)

×
λ3µγP

λ0ϕth + λ3µγP
− λ3µe

−K1−λ3µ
∞∑

m=0

∞∑

n=0

n∑

t=0

ϕnth
γt−1
P

×
Km+n

1 ψ1
n

(m+ n)!t!

[
e−ψ1ϕth/γP

(ψ1ϕth + λ3µγP )n+1−t

−
e−(λ0+ψ1)ϕth/γP

(λ0ϕth + ψ1ϕth + λ3µγP )
n+1−t

]

. (37)

Next, the second term in (31) can be written as

Pr (ΨSD < ϕth,ΨRD < ϕth,ΨSR ≥ ϕth)

= Pr (ΨSD < ϕth,ΨSR ≥ ϕth) Pr (ΨRD < ϕth) . (38)

Similarly, we can calculate the joint probability

Pr (ΨSD < ϕth,ΨSR ≥ ϕth) in (38) as
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Pr (ΨSD < ϕth,ΨSR ≥ ϕth)

= Pr

(

γ3 < µ, γ0 <
ϕth
γP

, γ1 ≥
ϕth
γP

)

+ Pr

(

γ3 ≥ µ, γ0 <
ϕth
µγP

γ3, γ1 ≥
ϕth
µγP

γ3

)

,

=
(
1− e−λ3µ

) (

1− e
−λ0

ϕth
γP

)

Q1

(
√

2K1,

√

2ψ1
ϕth
γP

)

+ λ3µe
−K1−λ3µ

+∞∑

m=0

+∞∑

n=0

n∑

t=0

Km+n
1 ψ1

n

(m+ n)!t!

ϕnth
γt−1
P

×

[
e
−
ψ1ϕth
γP

(ψ1ϕth + λ3µγP )
n+1−t

−
e
−

(λ0+ψ1)ϕth
γP

(λ0ϕth + ψ1ϕth + λ3µγP )
n+1−t

]

. (39)

Finally, by plugging everything together, i.e., (16), (37), (38),

and (39) into (31), the OP of the scheme PR2 over asymmetric

fading channels can be obtained in closed-form expression,

which is not shown here due to space-limit.

Proposition 3: Without transmit power constraint γP , the
OP of the PR2 protocol can be expressed by an exact closed-

form expression in (40) shown at the top of next page.

Proof: Similar to the proof of Proposition 1, by taking the

limit of (37) and (39) as γI is Þxed and γP goes to inÞnity,

we respectively obtain

lim
γP→∞

Pr (ΨSD<ϕth,ΨSR<ϕth) =
ψ1ϕthe

−
K1λ3γI

ψ1ϕth+λ3γI

(1 +K1) λ1ϕth + λ3γI

−
λ3γIψ1ϕthe

−

K1(λ0ϕth+λ3γI)
λ0ϕth+ψ1ϕth+λ3γI

(λ0ϕth + λ3γI) (λ0ϕth + ψ1ϕth + λ3γI)
. (41)

lim
γP→∞

Pr (ΨSD < ϕth,ΨSR ≥ ϕth)

=
λ0ϕth

λ0ϕth + λ3γI
−

ψ1ϕth
ψ1ϕth + λ3γI

e
−

K1λ3γI
ψ1ϕth+λ3γI (42)

+
λ3γIψ1ϕthe

−

K1(λ0ϕth+λ3γI )
λ0ϕth+ψ1ϕth+λ3γI

(λ3γI + λ0ϕth) (λ0ϕth + ψ1ϕth + λ3γI)
. (43)

Finally, substituting (22), (41) and (42) into (31), we obtain

(40).

Proposition 4: At very large γP and γI values, i.e.,

γP , γI → ∞, we can express PPR2
out as in (44) at the top of

next page.

Proof: First, by using the Taylor expansion for

(37) for very large γP and γI values, we can express

Pr (ΨSD < ϕth,ΨSR < ϕth) as follows:

Pr (ΨSD < ϕth,ΨSR < ϕth) = t0 +
t1
γP

+
t2
2!

1

γ2
P

+ O

(
1

γ3
P

)

.

(45)

Similarly, t0, t1 and t2 can be respectively given as

t0 = lim
1/γP→0

Pr (ΨSD < ϕth,ΨSR < ϕth) = 0. (46)

t1 = lim
1/γP→0

∂ Pr (ΨSD < ϕth,ΨSR < ϕth)

∂ (1/γP )
=
λ0 (1 + λ3µ)

λ3µ

× e−λ3µ − e−K1−λ3µ
∞∑

m=0

Km
1

m!

λ0 (1 + λ3µ)

λ3µ
= 0. (47)

t2 = lim
1/γP→0

∂2 Pr [ΨSD < ϕth,ΨSR < ϕth]

∂2 (1/γP )
= 2 (1 +K1)

× λ0λ1e
−K1

(

1 +
2 + 2λ3µ

λ2
3µ

2
e−λ3µ

)

ϕ2
th. (48)

From (45) to (48), we have

Pr (ΨSD < ϕth,ΨSR < ϕth) = (1 +K1)λ0λ1e
−K1

×

(

1 +
2 + 2λ3µ

λ2
3µ

2
e−λ3µ

)
ϕ2
th

γ2
P

+O

(
1

γ3
P

)

. (49)

Similarly, we also obtain

Pr [ΨSD < ϕth,ΨSR ≥ ϕth] =

(

λ0 +
λ0e

−λ3µ

λ3µ

)
ϕth
γP

.

(50)

Now, substituting (29), (49) and (50) into (31), we obtain (44).

Corollary 2: Without transmit power constraint γP , the

asymptotic outage probability of the PR2 protocol can be given

as

PPR2
out

γP→∞
=

(
2λ0ψ1e

−K1

λ2
3

+
λ0ψ2e

−K2

λ3λ4

)
ϕ2
th

γ2
I

+O

(
1

γ3
I

)

.

(51)

Proof: By utilizing the similar approach when γI is Þxed

and γP tends to inÞnity, we can obtain (51), which completes

the proof.

From Proposition 2 (Corollary 1) and Proposition 4 (Corol-

lary 2), it is apparent that the diversity order of the PR1 and

PR2 protocols equals 1 and 2, respectively.

IV. NUMERICAL RESULTS

In this section, we present various numerical results to

verify the theoretical derivation by comparing the analysis

with Monte Carlo simulations. Without loss of generality, we

assume that the co-ordinates of S, D, R, and PU are (0, 0),
(1, 0), (xR, 0), and (xPR, yPR), respectively. Hence, the cor-

responding distances are calculated as d0 = 1, d1 = xR, d2 =

1−xR, d3 =
√

x2
PR + y2

PR, and d4 =

√

(x2
R − xPR)

2
+ y2

PR.

In all simulations, the path-loss exponent is set as β = 3 and

the threshold level is Þxed by ϕth = 1. When inÞnite series

are being used, we truncate them at 50 terms.

In Fig. 2, we plot the OP as a function of γP in dB when

µ = 1, xR = xPR = yPR = 0.5 and K1 = K2 = 1 dB. It can

be seen that the PR2 protocol outperforms the PR1 protocol as

it utilizes the direct and relaying links to provide cooperative

diversity gain.

In Fig. 3, we investigate the impact of PU’s positions on the

system performance when the parameters are Þxed at µ = 1,
xR = 0.4, K1 = K2 = 1.5 dB. As can clearly seen from this
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PPR2
out

γP→∞
=

ψ1ϕth
ψ1ϕth + λ3γI

e
−

K1λ3γI
ψ1ϕth+λ3γI −

λ3γI
λ0ϕth + λ3γI

ψ1ϕthe
−

K1(λ0ϕth+λ3γI)
λ0ϕth+ψ1ϕth+λ3γI

λ0ϕth + ψ1ϕth + λ3γI

+

[
λ0ϕth

λ0ϕth + λ3γI
−
ψ1ϕthe

−
K1λ3γI

ψ1ϕth+λ3γI

ψ1ϕth + λ3γI
+

λ3γI
λ0ϕth + λ3γI

ψ1ϕth
λ0ϕth + ψ1ϕth + λ3γI

× e
−

K1(λ0ϕth+λ3γI)
λ0ϕth+ψ1ϕth+λ3γI

]
ψ2ϕth

ψ2ϕth + λ4γI
e
−

K2λ4γI
ψ2ϕth+λ4γI . (40)

PPR2
out

γP→∞
γI→∞

=

[

λ0ψ1e
−K1

(

1 +
2 + 2λ3µ

λ2
3µ

2
e−λ3µ

)

+

(

λ0 +
λ0

λ3µ
e−λ3µ

)

ψ2e
−K2

(

1 +
e−λ4µ

λ4µ

)]
ϕ2
th

γ2
P

+O

(
1

γ3
P

)

. (44)

Fig. 2. The OP as a function of γP in dB when xR = xPR = yPR

= 0.5 and K1 = K2 = 1 dB.

Þgure, the outage performance of PR1 and PR2 protocols is

enhanced when PU moves further from the secondary source

as the power constraint can be more relaxed.

In Fig. 4, we examine the impact of R’s positions on the

system performance when the parameters are Þxed as xPR =
yPR = 0.5, K1 = K2 = 2 dB, and γP = 10 dB. It can be seen

that for each position of PU, we can Þnd an optimal position

of the relay at which the OP yields its lowest value.

In Figs. 5- 6, we use the Golden Section Search method

[18] to Þnd the optimal position of R over the interval [0,1]

to minimize the outage performance at each Þxed position

of PU. The purpose of this method is to Þnd an interval[

xLowR , xUpR

]

which includes the optimal point x∗R and satisÞes

an uncertainty condition, i.e., xUpR − xLowR ≤ ε. In these

simulations, we set ε as ε = 10−4 and the optimal point x∗R
is obtained as x∗R =

(

xUpR + xLowR

)

/2. In Figs. 5, we Þx

yPR = 0.5 while changing xPR from 0 to 1. We can see that

Fig. 3. The OP as a function of γP in dB when µ = 1, xR = 0.4, and
K1 = K2 = 1.5 dB.

at small xPR, i.e., PU is near to S, the optimal value x∗R is also

small. This is due to the fact that R has to be near to S to help

it relay the signal to D. In Fig. 6, we place PU at different

positions, i.e., xPR = yPR = 0.05 i, i ∈ {1, 2, ..., 19} and

use the Golden Section Search method to Þnd x∗R of both

protocols in the case that only interference constraint Ith is

required.

V. CONCLUSIONS

Two important CCN schemes, with and without direct

link, have been investigated when the secondary network

experiences Rician fading and the SUs→PU links are subject

to Rayleigh fading. Both exact and asymptotic OP expressions

have been obtained for the considered CCNs. The CCN with

incremental DF relaying has been shown to outperform both

conventional dual-hop DF relaying, which reveals the signif-

icance of relay deployment in enhancing the performance of

secondary networks, operating under strict power conditions.
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Fig. 4. The OP as a function of xR without Pth constraint and xPR =

yPR = 0.5, K1 = K2 = 2 dB, and γP = 10 dB.

Fig. 5. The optimal value x∗
R

as a function of xPR when yPR = 0.5,
K1 = K2 = 1 dB, µ = 1, and γP = 10 dB.
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