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Abstract—A primary and cognitive relay spectrum sharing
network is considered. The channels are assumed to be κ − µ

shadowed fading with arbitrary fading parameters. We obtained
expression for outage probability to analyze the performance
under the power constraints on maximum transmit power at
secondary user (SU) transmitter and relay, and peak interference
power at primary user (PU) receiver. The performance of the
cognitive relay network is analyzed for various fading parameters
and power constraints, which are validated by Monte-Carlo
simulations. It is shown that an outage floor is reached when peak
interference power at PU receiver is independent of transmitting
power at SU transmitter and relay, which gives insight to design
a cognitive relay network in the presence of PU network.

Index Terms—Cognitive radio, κ − µ shadowed channel, Hy-
pergeometric function, Outage probability.

I. INTRODUCTION

Spectrum sharing (SS) network in the context of cognitive

radio (CR), where the secondary users (SU) share same

spectrum allocated to the primary users (PU), is capable to

solve spectrum scarcity issues, thereby to increase the available

spectrum utilization [1]. The performance of SU is limited by

maximum transmit power constraint at SU transmitter (SU-Tx)

to satisfy the peak interference power at the PU receiver (PU-

Rx). Further intermediate relays in CR network are exploited

to overcome deeply faded channel between SU-Tx and SU

receiver (SU-Rx) and also to expand the coverage of SU nodes

[2]. Most of the works in the literature have been analyzed

under Rayleigh or Nakagami faded channels [3]–[8]. In order

to improve the performance and the quality of service of the

CR networks, it needs to be analyzed under realistic channel

models. Recently, κ − µ shadowed channel fading has been

proposed [9] which is the generalization of κ− µ fading [10]

and Rician shadowed fading [11]. The proposed channel model

is more realistic to describe the cognitive relay networks than

Rayleigh or Nakagami faded channel models [12]. To the best

of our knowledge, no work has been reported in open literature

which analyzes the SS network in the context of CR with

power constraints under κ− µ shadowed channel.

In this paper, a primary and cognitive relay spectrum sharing

network is considered. The cognitive relay network comprises

a SU-Tx, a decode-and-forward (DF) relay (SU-R), and a

S U � T x S U � R xS U � R
P U � R x

g 1 g 2h 1 h 2
Fig. 1. A two hop cognitive decode-and-forward relay network in coexistence
with a primary user receiver.

SU-Rx. Single PU-Rx node is considered at primary side

which exists within the coverage area of SU nodes. The

transmitting power at the SU-Tx and SU-R are constrained by

peak interference power at PU-Rx. All channels are assumed

to be κ−µ shadowed fading with arbitrary fading parameters.

The approximate and asymptotic outage probabilities (OP) are

obtained to analyze the performance of the cognitive relay

network. The outage analysis for various fading parameters

under power constraints at SU-Tx and SU-R gives insight

to design a cognitive relay network in the presence of PU

network.

The remaining paper is organized as follows: system and

channel models are described in Section II. Expressions for

approximate and asymptotic OP are obtained in Section III.

Simulation results are discussed in Section IV, and finally

conclusions are deduced in Section V.

II. SYSTEM AND CHANNEL MODELS

A. System Model

A two hop cognitive relay network consists of a SU-Tx,

a DF SU-R, and a SU-Rx which shares the same spectrum

allotted to the PU network. A single PU-Rx is considered

which exists within the coverage area of SU nodes. Each

node consists of a single antenna. This simplified scenario

is considered for the ease of analysis which is shown in

Fig. 1. The communication at a two hop CR relay network
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is completed in two distinct time slots. In first time slot, the

SU-Tx transmits the signal to SU-R, and in second time slot,

the SU-R node decodes the received signal and forwards it

to the SU-Rx. The maximum allowable transmitted power at

SU-Tx and SU-R are denoted by P , which is constrained by

the peak interference power at PU-Rx denoted by I . Thus, the

transmitted power at SU-Tx and SU-R are denoted by PS and

PR, respectively, and are constrained as

PS = min

(

P,
I

|h1|
2

)

, PR = min

(

P,
I

|h2|
2

)

(1)

where h1 and h2 are the channel fading coefficients of links

between SU-Tx to PU-Rx and SU-R to PU-Rx, respectively.

The instantaneous signal-to-noise ratio (SNR) at SU-R and

SU-Rx are denoted by γR and γD, respectively, and are given

by

γR =
PS |g1|

2

N0
, γD =

PR |g2|
2

N0
(2)

where g1 and g2 are the channel fading coefficients of links

between SU-Tx to SU-R and SU-R to SR-Rx, respectively. N0

is the noise power of additive white Gaussian noise (AWGN).

From (1) and (2), we get

γR = min

(

γP |g1|
2
,
γI |g1|

2

|h1|
2

)

(3)

γD = min

(

γP |g2|
2
,
γI |g2|

2

|h2|
2

)

(4)

where γP = P
N0

and γI = I
N0

. The end-to-end instantaneous

SNR at SU-Rx is γ = min (γR, γD) .

B. Channel Model

The power of instantaneous channel coefficients are as-

sumed to be κ − µ shadowed fading with arbitrary fad-

ing parameters, i.e.,
{

|gi|
2
, |hi|

2
}

∼ Sκµ (κi, µi,mi; γ̄i)

where (κ1, µ1,m1; γ̄1), (κ2, µ2,m2; γ̄2), (κ3, µ3,m3; γ̄3), and

(κ4, µ4,m4; γ̄4) are fading parameters of SU-Tx → SU-R,

SU-R → SU-Rx, SU-Tx → PU-Rx, and SU-R → PU-Rx,

respectively. γ̄i is the average power of channel fading of

respective links. The probability density function (PDF) of

κ− µ shadowed fading is given by [9]

fZ (z) =
φ
m−µ
1 zµ−1

φm
2 Γ (µ)

e
− z

φ1 1F1

(

m;µ;
(φ2 − φ1) z

φ1φ2

)

(5)

where φ1 = γ̄
µ(1+κ) , φ2 = (µκ+m)γ̄

µ(1+κ)m , and 1F1 is the Kummer

confluent hypergeometric function. We approximate the κ−µ

shadowed random variable (RV) by gamma RV denoted by

G (αi, βi) as in [13], where

αi =
miµi (1 + κi)

2

mi + µiκ
2
i + 2miκi

, βi =
γ̄i

αi

. (6)

Here, {αi, βi} , i ∈ {1, 2, 3, 4} are the gamma variates of links

between SU-Tx → SU-R, SU-R → SU-Rx, SU-Tx → PU-Rx,

and SU-R → PU-Rx, respectively. The cumulative distribution

function (CDF) of power of instantaneous channel coefficients

are given by [13]

FZ (z) =
zαi

β
αi

i Γ (αi + 1)
1F1

(

αi;αi + 1;
−z

βi

)

. (7)

III. OUTAGE PROBABILITY

In this section, we derive approximate and asymptotic OP

for two hop CR DF relay network, which is mathematically

defined as [3]

Pout = Pr {min (γR, γD) 6 γth}

= FγR
(γth) + FγD

(γth)− FγR
(γth)FγD

(γth) (8)

where FγR
(·) and FγD

(·) are the CDFs of instantaneous

SNRs at SU-R and SU-Rx, respectively, that we derive in

the next subsection using (3) and (4). γth denotes the outage

threshold.

A. Approximate Analysis

The CDF of instantaneous SNR at SU-R can be derived as

FγR
(γth) = Pr (γR 6 γth)

= Pr

(

|g1|
2
6

γth

γP
, |h1|

2
6

γI

γP

)

+ Pr

(

|g1|
2

|h1|
2 6

γth

γI
, |h1|

2
>

γI

γP

)

= ℑ1 + ℑ2. (9)

Using (7), first part ℑ1 in (9) is obtained as

ℑ1 = F|g1|
2

(

γth

γP

)

F|h1|
2

(

γI

γP

)

=
γα1

th γα3

I

γα1+α3

P βα1

1 βα3

3 Γ (α1 + 1) Γ (α3 + 1)

1F1

(

α1;α1 + 1;
−γth

γPβ1

)

1F1

(

α3;α3 + 1;
−γI

γPβ3

)

.

(10)

The second part ℑ2 in (9) can be obtained as

ℑ2 =

∞
∫

γI
γP

F|g1|
2

(

γthy

γI

)

f|h1|
2 (y) dy (11)

where f|h1|
2 (y) is the PDF of |h1|

2
which is given by

f|h1|
2 (y) =

yα3−1e
−y
β3

βα3

3 Γ (α3)
. (12)

Using (7) and (12), (11) can be written as

ℑ2 =
γα1

th

γα1

I βα1

1 βα3

3 Γ (α1 + 1)Γ (α3)
∞
∫

γI
γP

yα1+α3−1e
−y
β3 1F1

(

α1;α1 + 1;
−γthy

γIβ1

)

dy. (13)
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Using the transformation 1F1 (a; b;−z) = e−z
1F1 (b − a; b; z)

given in [14], (13) can be written as

ℑ2 = C1

∞
∫

γI
γP

yα1+α3−1e
−y

(

1
β3

+
γth
γIβ1

)

1F1

(

1;α1 + 1;
γthy

γIβ1

)

dy (14)

where C1 =
γ
α1
th

γ
α1
I β

α1
1

β
α3
3

Γ(α1+1)Γ(α3)
. The integration involved

in (14) is mathematically intractable. We use series represen-

tation of 1F1 [15, eq. (9.14.1)], thus (14) can be written as

ℑ2 = C1

∞
∫

γI
γP

∞
∑

n=0

Γ (α1 + 1) γn
th

Γ (α1 + n+ 1) γn
I β

n
1

yα1+α3+n−1e
−y

(

1
β3

+
γth
γIβ1

)

dy. (15)

The sequence involved in (15) is unsigned and non-negative.

Hence, using Tonelli’s theorem [16, Corollary 1.4.46], the

integration and summation can be interchanged in (15), and is

written as

ℑ2 = C1

∞
∑

n=0

Γ (α1 + 1) γn
th

Γ (α1 + n+ 1) γn
I β

n
1

∞
∫

γI
γP

yα1+α3+n−1e
−y

(

1
β3

+
γth
γIβ1

)

dy. (16)

The integration involved in (16) is solved using [15, eq.

(3.351.2)] to obtain

ℑ2 = C3

∞
∑

n=0

Cn
2 β

n
3 Γ
(

α1 + α3 + n, γI

γP β3
(1 + C2β3)

)

(1 + C2β3)
n
Γ (α1 + n+ 1)

(17)

where C2 = γth

γIβ1
and C3 = (C2β3)

α1

(1+C2β3)
α1+α3Γ(α3)

. Hence, the

CDF of instantaneous SNR at SU-R FγR
(γth) is obtained

by adding (10) and (17) as in (9), and finally given in (24).

Similarly, the CDF of instantaneous SNR at SU-Rx FγD
(γth)

is obtained by replacing α1 → α2, β1 → β2, α3 → α4, β3 →
β4 in (24). Using CDFs of γR and γD, the OP can be obtained

easily according to (8).

The series involved in CDF expressions as in (24) can be

truncated to N finite terms such that εN < 10−3, with

εN = FγR,N − FγR,N−1

=
C3Γ

(

α1 + α3 +N, γI

γP β3
(1 + C2β3)

)

(

1 + 1
C2β3

)N

Γ (α1 +N + 1)

(18)

where FγR,N and FγR,N−1 denote the CDFs truncated to N

and N − 1 finite terms, respectively. Denominator in (18)

consists of power and factorial in N whereas numerator

consists of incomplete gamma function involving N . Hence,

as N increases the denominator increases faster than the

numerator, and εN → 0.

B. Asymptotic Analysis

In this section, we consider that the peak interference power

at PU-Rx from SU-Tx and SU-R are fixed to I . However, the

transmitting power at SU-Tx and SU-R nodes are increasing

in high SNR region. The maximum transmitting power at SU-

Tx and SU-R are constrained by I as modeled in (1), and the

asymptotic OP can be obtained as

P∞
out ≈ F∞

γR
(γth) + F∞

γD
(γth)− F∞

γR
(γth)F

∞
γD

(γth) . (19)

The asymptotic CDF of instantaneous SNR at SU-R is

calculated as

F∞
γR

≈ ℑ∞
1 + ℑ∞

2 . (20)

ℑ∞
1 can be obtained after simplifying ℑ1 in (10), using the

power series expansion of 1F1 as z → 0, which is given by

[17]

1F1 (a; b; z) = 1 +
az

b
+

a (1 + a) z2

2b (1 + b)
+O

(

z3
)

. (21)

To solve for ℑ∞
2 from (11), we apply transformation of

variable y = γI

γP
x and can be written as

ℑ2 =

∞
∫

1

γI

γP
F|g1|

2

(

γthx

γP

)

f|h1|
2

(

γI

γP
x

)

dx. (22)

The expression obtained for ℑ∞
2 is same as given in (17).

To alleviate the computational complexity, only first term is

considered which corresponds to n = 0 in (17). Thus, ℑ∞
2 is

obtained as

ℑ∞
2 ≈

C3Γ
(

α1 + α3,
γI(1+C2β3)

γP β3

)

Γ (α1 + 1)
. (23)

Hence, F∞
γR

in (20) can be calculated from (10), (21) and

(23), and finally given in (25). Similarly, the asymptotic CDF

of instantaneous SNR at SU-Rx F∞
γD

can be determined by

replacing α1 → α2, β1 → β2, α3 → α4, β3 → β4 in (25).

Finally, the asymptotic OP can be obtained easily using F∞
γR

and F∞
γD

as described in (19).

IV. SIMULATION RESULTS

In this section, the considered two hop cognitive DF relay

network with peak interference power at PU-Rx is simulated

for various values of parameters. Single SU-Tx, DF relay, SU-

Rx and PU-Rx are considered with single antenna at each

node. The effect of relative distances between nodes can be

incorporated by the values of fading parameters defined in (6).

The average power of channel fading γ̄i is normalized to unity

for each link between nodes. The noise power at SU-R and SU-

Rx nodes are also normalized to unity. The outage threshold

γth is set to 0 dB. To compute series involved in CDF and OP

expressions, we take N = 21 so that εN < 10−3 as calculated

from (18). Each simulation is averaged over 106 independent

realizations.
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FγR
(γth) =

γα1

th γ
α3

I

γα1+α3

P βα1

1 βα3

3 Γ (α3)

[

1

α3Γ (α1 + 1)
1F1

(

α1;α1 + 1;
−γth

γPβ1

)

1F1

(

α3;α3 + 1;
−γI

γPβ3

)

+

(

γPβ1β3

γIβ1 + γthβ3

)α1+α3 ∞
∑

n=0

1

Γ (α1 + n+ 1)

(

1 +
γIβ1

γthβ3

)−n

Γ

(

α1 + α3 + n,
γIβ1 + γthβ3

γPβ1β3

)

]

. (24)

F∞
γR

(γth) ≈
γα1

th γα3

I

γα1+α3

P βα1

1 βα3

3 Γ (α1 + 1)Γ (α3)

[

1

α3

(

1−
α1

(α1 + 1)

γth

γPβ1
+

α1

2 (α1 + 2)

(

γth

γPβ1

)2
)

×

(

1−
α3

(α3 + 1)

γI

γPβ3
+

α3

2 (α3 + 2)

(

γI

γPβ3

)2
)

+

(

γPβ1β3

γIβ1 + γthβ3

)α1+α3

Γ

(

α1 + α3,
γIβ1 + γthβ3

γPβ1β3

)

]

. (25)
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Fig. 2. OP versus transmit power at SU nodes for different val-

ues of {κi, µi, mi}
4

i=1
= {{κ, 3.5, 2} , {κ, 5.0, 1.7} , {κ, 2.5, 0.7} ,

{κ, 3.0, 2.2}} and I = 2P .
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Fig. 3. OP versus transmit power at SU nodes for different values of
m when {κi, µi, mi}

4

i=1
= {{0.5, 3.5, m} , {0.8, 3.0,m} , {0.4, 4.5,m} ,

{0.7, 5.7, m}} and I = 2P .
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Fig. 4. OP versus transmit power at SU nodes for different values of

µ when {κi, µi,mi}
4

i=1
= {{0.5, µ, 0.5} , {1.7, µ, 1.0} , {2.4, µ, 1.1} ,

{0.7, µ, 0.7}} and I = 2P .

Figures 2-4 show the OP for different values of fading

parameters κ, m, and µ, respectively, for the fixed values of

{µi,mi}, {κi, µi}, and {κi,mi}, respectively, for particular

links. The OPs are shown for different values of transmitted

power P at SU nodes when peak interference power I at PU-

Rx is assumed to be twice of P . It is seen that the OP improves

continuously without outage floor as P improves. It is also

observed that the OP degrades as the value of κ increases

(shown in Fig. 2), however it improves as the values of m

and/or µ increase (shown in Fig. 3 and Fig. 4, respectively)

simultaneously between links at all four nodes. This analysis

can easily be extended by varying the fading parameters of a

single link while keeping them fixed for rest of the links.

In Fig. 5, the system performance is shown for various

values of P when I is fixed and predefined to 9 dBW, 15 dBW,

and 18 dBW. In this scenario, as P increases the transmitted

power at SU nodes PS and PR restricted by I . Initially, when

the value of P increases the OP decreases up to a point,

determined by the value of I . Beyond this point, on increasing

the value of P , the OP approaches an outage floor. Hence, it
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Fig. 5. OP versus transmit power at SU nodes with differ-
ent values of peak interference power I when {κi, µi,mi}

4

i=1
=

{{0.5, 4.5, 3} , {0.8, 3.0, 1.7} , {0.4, 4.7, 2.2} , {0.7, 1.7, 1.0}}.

gives insight that in a primary and secondary shared network,

the SU nodes can transmit with transmit power within a limit

such that the interference limit at the PU-Rx is maintained.

Extensive simulations are performed for various fading

parameters and power constraints. For brevity, a subset of them

are presented here. Simulation results are shown to be closely

matched with analytical results which validate our derivations.

V. CONCLUSIONS

A two hop cognitive DF relay network is considered which

share spectrum allotted to the primary network under con-

strained transmit power at SU nodes. The approximate and

asymptotic outage probabilities are calculated in κ− µ shad-

owed channels with arbitrary fading parameters. It is shown

that the outage probability improves continuously when peak

interference power at PU-Rx is proportional to the transmit

power at SU nodes. However, an outage floor is approached

when peak interference power at PU-Rx is predefined to a

fixed value which is independent of the transmit power of SU

nodes. The observations reported in this paper provided useful

insight to the cognitive network designer about the system

performance in realistic channel environment.
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