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Abstract—We consider an underlay cognitive relay network
coexisting with a primary multicast network (e.g. digital television
(TV) broadcasting network), in which secondary user (SU)
transmissions are power constrained to limit the interference on
any primary receiver in the network. The primary receivers and
SU relays are randomly located due to irregular deployments
and/or mobility and thus, their spatial distributions are modeled
by two independent Poisson point processes (PPPs). In this paper,
we analyze an opportunistic relaying scenario and develop a
relay-selection scheme by considering the interference constraints
on all the primary receivers in the network. We then analytically
evaluate the relaying performance in terms of outage probability
by using tools from stochastic geometry and point process theory,
and finally compare the performance against that of direct
communication. Closed-form expressions are derived for the
outage probabilities of both the relay and direct links, along
with their high-signal-to-noise ratio (SNR) asymptotics.

I. INTRODUCTION

Cognitive radio (CR) is an emerging technology for efficient

spectrum utilization [1], [2]. It allows unlicensed (secondary)

users to access licensed (primary) users’ spectrum with min-

imal or no impact on primary user (PU) communications

by using interweave, overlay and underlay approaches [2].

While the interweave method permits the secondary user (SU)

transmissions only over the currently unused primary spec-

trum, the other two support PU-SU concurrent transmissions.

In overlay systems, the SUs must mitigate the interference

imposed on the primary receivers by applying sophisticated

signal processing [2]. The underlay method, on the other

hand, constrains the transmit powers of SUs to ensure that the

resultant interference on PUs is below a predefined threshold

[2]. Unlike the overlay system, where the SUs require the

knowledge of PUs’ codebooks and their messages as well, the

underlay SUs only require the knowledge of the interference

channel gains to PUs. Thus, underlay method is appealing for

its low implementation complexity. However, the underlay SUs

operating under stringent interference constraints have limited

coverage range. Cooperative relaying, in this case, is a natural

choice to achieve the adequate radio reception quality at distant

SUs. In this paper, we evaluate the gain in outage probability

(the commonly used measure for quality of reception in wire-

less communications) due to cooperative relaying in underlay

CR networks with interference constraints.
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In particular, we consider opportunistic relaying by idle SUs

in underlay networks. Generally, in practical networks, the

users are expected to be highly mobile and their locations vary

with time. The SU relays are thus assumed to be randomly and

independently located in the network area, and are spatially

modeled by a Poisson point process (PPP). The PPP is a

widely used spatial model for networks with possibly infinite

number of nodes randomly and independently distributed in

a finite or infinite area [3]. The PPP based modeling of the

locations of PUs and SUs is adopted in [4] to evaluate the

aggregate interference caused by SUs on PUs in underlay CR

networks, and in [5] to analyze the performance of different

CR medium access control (MAC) protocols.

The performance of underlay CR relay network is signifi-

cantly affected by the transmit power constraints imposed by

the coexisting primary network on the SUs. In this paper, we

consider the coexisting primary system to be a multicast net-

work such as digital television (TV) broadcasting network. The

VHF/UHF TV spectrum is the most promising candidate for

cognitive secondary access due to its lower propagation loss

and the availability of large amount of spectrum [6]. Different

standards have been developed for digital TV broadcasting

such as European Digital Video Broadcasting (DVB-T for

terrestrial and DVB-H for handhelds), the North American Ad-

vanced Television Systems Committee (ATSC) and Integrated

Services Digital Broadcasting-Terrestrial (ISDB-T), most of

which are based on orthogonal frequency division multiplexing

(OFDM) for robustness against multipath distortion [7]. Due to

the multicast nature, an underlay secondary transmission must

satisfy the interference constraints on all the primary receivers

in the network. We assume that the primary receivers (e.g.

TV receivers), either fixed or mobile take unplanned/unknown

positions and their spatial distribution is modeled by a PPP.

Previous Work and contributions of the paper: Substantial

research work on underlay CR relay networks have been

reported in the literature [8]–[11]. The outage probability of

CR single-relay network, in which the transmit power is con-

strained according to the interference threshold at the primary

receiver is analyzed in [8] under Nakagami-m fading. Optimal

power allocation schemes which maximize the overall rate of

CR single-relay network are investigated in [9], while adhering

to the interference power constraint on the primary receiver.

The conventional relay selection schemes are redefined in [10]

and [11] for CR multiple-relay network to incorporate the



interference constraint in terms of the required outage prob-

ability of primary transmission and the maximum tolerable

interference power at the primary receiver, respectively. Joint

relay selection and power allocation to maximize the system

throughput under interference constraint is investigated in [12].

However, these results consider a fixed number of relay nodes,

and either ignore the effect of path loss and thus the spatial

configuration of the relays or assume the relay locations to be

deterministic (known a priori), which are thus not applicable

to CR networks with inherent mobility of the SUs. Further, in

these work, no two primary receivers have the same transmitter

and thus, any secondary transmission needs to satisfy the

interference constraint at only one primary receiver. In contrast

to these work, we focus on the following aspects in this paper.

1) Considering the multicasting primary network, we take

into account the spatial distribution of primary receivers

and derive the outage probability of the direct link

between an underlay secondary source node and its

destination, while satisfying the interference constraints

on all the primary receivers.

2) We next consider the opportunistic relaying between the

source-destination pair and derive the outage probability

of the relay link, while taking into account the spatial

distribution of the relays.

3) The relay-selection scheme is designed by not just

considering the source-relay and relay-destination links

but also the stringent interference constraints on all the

primary receivers.

4) We finally compare the outage probability of the relay

link with that of the direct link.

The rest of the paper is organized as follows. The system

model and the relaying scheme are presented in Section II. In

Section III, the outage probabilities of the direct link and the

relay link are derived in closed forms along with their high-

signal-to-noise ratio (SNR) asymptotics. The analytical results

are verified through Monte Carlo simulations in Section IV.

Finally, some concluding remarks are presented in Section V.

Notations: Throughout the paper, the two-dimensional (2-

D) Euclidean space is denoted by R
2 and a positive real line

by R
+. The Euclidean distance between two points x, y ∈ R

2

is denoted by ||x − y||. We use P(·) and E(·) to denote the

probability measure and the expectation operator, respectively,

and Exp[1] to denote exponential distribution with unit mean.

II. SYSTEM MODEL

A. System Structure

We consider a CR system consisting of primary and sec-

ondary networks. The multicasting primary network consists

of a primary transmitter and a number of primary receivers,

which are spatially distributed according to a homogeneous

PPP Φp = {y1, y2, y3 . . .} on R
2 with density λp, where yi is

the location of the ith receiver. The wireless communication

between a secondary source node S (located at the origin o
without loss of generality) and a secondary destination node D
(located at ld ∈ R

2) is considered, where the distance between

S and D, ||o− ld|| is fixed at L. The S −D communication

occurs either directly or through opportunistic relaying by a

set of idle SUs. The spatial distribution of idle SUs on R
2 is

denoted by Φs = {x1, x2, x3, . . .}, where xi is the location

of the ith idle SU. Φs is assumed to be a homogeneous

PPP with density λs. A realization of the primary receivers

and SU relays spatially distributed according to independent

PPPs is shown in Fig. 1. From the definition of PPP [13],

[14], the number of primary receivers Np and the number

of SU relays Ns in a given area A are independent Poisson

random variables (RVs) with mean Aλp and Aλs, respectively.

Also, the numbers of primary-receivers in disjoint areas are

independent, and so are the numbers of SU relays.

The primary multicast network is assumed to be based on

OFDM and each primary receiver thus, occupies a number

of frequency channels called subcarriers. A secondary trans-

mission uses a frequency channel from the primary spectra.

Each frequency channel undergoes independent flat fading. We

assume all the primary and secondary nodes to have single-

antenna for transmission and reception. The single antenna

model leads to simple analytical results with sufficient insights

on important system parameters. Extension to various multiple

antenna techniques to analyze their impact on the performance

will be considered in future work.

B. Channel Model and Transmission Schemes

Independent Rayleigh multipath fading is assumed between

any pair of nodes and across frequency channels. A general

power-law path loss model with loss exponent α is also

considered in which the signal power decays at the rate of

r−α with distance r from the transmitter. Consequently, the

channel power gain of the jth frequency channel between a

pair of nodes at x and y is given by hj
xy||x−y||−α, where hj

xy

is the fading power gain, which is exponentially distributed

with unit mean. The value of α is typically in the range of

1.6 to 6 [15], where α = 2 is for free space propagation.

1) Direct mode: Let the direct S−D communication occurs

over frequency channel n. The source S, while transmitting,

must ensure that the interference imposed on each primary

receiver is below a predefined threshold Ī . If this constraint

is satisfied for the primary receiver to which it generates

the largest interference power, then the constraint is satisfied

for all other receivers. Let HSn = max
y∈Φp

hn
oy ||o − y||−α is

the largest interference channel gain associated with S on

the nth frequency channel. Then, the transmit power of S
on this frequency channel is constrained as PSn ≤ Ī/HSn .

The information about the largest interference channel can be

acquired through primary receiver detection algorithms [16]

or through beacons [17]. If S transmits with the maximum

allowable power, the received SNR at the destination D is

SNRSD(o, ld) =
Ī

N0HSn

hn
old L

−α, (1)

where N0 is the noise variance. The interference signal from

the primary transmitter is treated as Gaussian noise [2].



2) Relaying mode: In the relaying mode, the S − D pair

communicate through an intermediate node selected from the

set of available idle SUs. The relaying protocol used is decode-

and-forward, with the assumption that there is no decoding

error if the received SNR is greater than the threshold γth.

Although, all the idle SUs distributed over R2 are considered

as the candidate relays for the selection of the best relay in our

analysis, this is equivalent to considering only the idle nodes

within a circle of radius R >> L as the candidate relays.

As the path loss becomes more pronounced than fading when

the relays move away from S − D link, the nodes beyond

R are less likely to be chosen. The relays operate in half-

duplex mode and hence the information transmission from S
to D requires two time-slots. We assume that each candidate

relay uses a different frequency channel among the primary

spectra [11]. Relay selection thus, involves the selection of

primary spectrum as well, and the system also gains from

multispectrum diversity [18]. If the source S transmits with

the maximum allowable power PSj max = Ī/HSj on the jth

frequency channel used by the candidate relay Rj at x ∈ Φs,

the received SNR at Rj in the first time-slot is given by

SNRSRj (o, x) =
Ī

N0HSj

hj
ox ||o− x||−α. (2)

The source S can successfully transmit information to any

candidate relay at which the received SNR is greater than the

threshold γth. These nodes are the potential relays (represented

by triangles in Fig. 1) to retransmit the successfully decoded

message to the destination D in the second time-slot. Let Φ̂s

denotes the set of potential relays, i.e.,

Φ̂s = {x ∈ Φs, SNRSRj (o, x) ≥ γth}. (3)

The transmit power of a potential relay Rj at x ∈ Φ̂s is con-

strained as PRj ≤ Ī/HRj , where HRj = max
y∈Φp

hj
xy ||x−y||−α

is the largest interference channel gain associated with Rj .

Under the proposed relaying scheme, the best node from the

set Φ̂s is selected. While in a conventional relay network,

the relay that has the best channel to the destination would

be selected, our selection criterion considers the interference

constraint as well. We denote the location of the selected relay

by ζ, i.e.,

ζ = arg max
x∈Φ̂s

hj
xld

||x− ld||−α

HRj

. (4)

The corresponding received SNR at the destination D from

the relay link when the selected relay transmitted with the

maximum allowable power is

SNRRJD(ζ, ld) =
Ī

N0HRJ

hJ
ζld

||ζ − ld||−α, (5)

where J is the index of the selected relay.

III. PERFORMANCE ANALYSIS

The outage probability is chosen as the performance metric

for the given system. To derive the outage probabilities of both

the relay and the direct link, we first derive the distribution
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Fig. 1. Spatial distribution of the primary receivers and the SU relays
according to independent PPPs. The asterisks are the primary receivers
(λp = 0.15/π); the dots are the idle SUs which serve as candidate relays
(λs = 0.5/π); the triangles are the potential relays, i.e., the relays at which
the received SNRs are greater than γth = 5 dB; and the square is the selected
relay as per the proposed scheme. The S −D distance L = 4, the path-loss
exponent α = 4 and the noise normalized interference threshold Ī = 10 dB.

of Z = max
y∈Φ

hcy ||c − y||−α, where c ∈ R
2, {y ∈ Φ} are the

points of a homogeneous PPP Φ on R
2 with density λ, and

{hcy; y ∈ Φ} are independent exponentially distributed RVs

with unit mean. We can observe that Z does not depend on

the exact coordinates of the points y ∈ Φ, but rather on their

distances from c. Lets define Φl , {l = ||c − y||; y ∈ Φ} as

the transformed points of Φ by mapping the 2-D space into a

positive real line with a function f such that f(b(c, l)) = [0, l]
(i.e., each point of a closed disc b(c, l) on R

2 of radius l and

center c is mapped into the closed interval [0, l] on R
+). From

the mapping theorem [13], Φl is also a PPP of density λ(l)
given by

∫

[0,l]
λ(l) dl =

∫

b(c,l)
λdx. Thus, λ(l) = 2πλl.

Distribution of Z:

FZ(z) = P

(

max
y∈Φ

hcy ||c− y||−α < z

)

= EΦ

[

∏

y∈Φ

P
(

hcy ||c− y||−α < z|y
)

]

= EΦl

[

∏

l∈Φl

(1− exp(−zlα))

]

, (6)

where the second equality follows from the independence of

RVs {hcy; y ∈ Φ} and (6) from the fact that hcy ∼ Exp[1] and

the transformation of Φ to Φl. Now, by using the probability

generating functional (PGF) of PPP [14], we have

FZ(z) = exp

(

− 2πλ

∫

∞

0

exp(−zlα)l dl

)

= exp

(

− πλ

z2/α
Γ

(

2

α
+ 1

))

, (7)



where (7) results from the definition of the Gamma function

[19, 8.310]. We can see that the distribution of Z is indepen-

dent of c. In the following section, we use the notation Z(λ, α)
to denote the distribution of max

y∈Φ
hcy ||c− y||−α, c ∈ R

2.

The transmit power of any secondary node k given by

Pk = Ī/Hk, where Hk ∼ Z(λp, α) is thus, independent of

the location of the node. The average transmit power of a

secondary node can be obtained as

P̄ =

∫

∞

0

Ī

z
dFHk

(z) = Ī
Γ(α/2 + 1)

(πλpΓ(2/α+ 1))
α/2

. (8)

A. Outage probability of the direct mode

The outage probability of the direct S − D link, Pd =
P(SNRSD(o, ld) < γth) can be obtained by using the SNR

expression (1) as follows:

Pd = P

(

Īhn
old

L−α

N0HSn

< γth

)

= Ehn
old

[

P

(

HSn >
Īhn

old

N0γthLα

∣

∣

∣

∣

hn
old

)]

, (9)

where HSn = max
y∈Φp

hn
oy ||o − y||−α ∼ Z(λp, α). By applying

the cumulative distribution function (CDF) derived in (7),

followed by the expectation over hn
old

∼ Exp[1], Pd can be

simplified as

Pd = 1−
∫

∞

0

exp
(

−β L2u−2/α
)

e−u du

= 1− Γ

(

1, 0, β L2,
2

α

)

, (10)

where Γ(·, ·, ·, ·) is the extended incomplete Gamma function

[20, Eq. 6.2], β = (Γ(α/2 + 1)γth/ρ)
2/α

and ρ = P̄ /N0

is the average transmit SNR. The asymptotic performance as

SNR → ∞ thus, can be analyzed with the asymptotic β → 0.

By using exp(−x) = 1 − x as x → 0, the asymptotic outage

probability of the direct link is given by

Pd ∼ b L2 (γth/ρ)
2/α

+O(ρ−4/α) as ρ → ∞, (11)

where b = Γ (−2/α+ 1) (Γ (α/2 + 1))2/α.

B. Outage probability of the relaying mode

The analysis of the outage probability of the relay link

given by Pr = P(SNRRJD < γth) involves Euclidean

distances from the randomly located relays to the source and

the destination. As such, it is mathematically convenient to

use a polar coordinate system, where x ∈ R
2 is represented

as x = (r, θ). We take the coordinate axes to be oriented

such that ld = (L, 0). The corresponding distances from the

relay located at x to the source and the destination are then

given by dS(x) = ||o − x|| = r and dD(x) = ||x − ld|| =√
r2 + L2 − 2rL cos θ, respectively. According to (4) and (5),

the relay link outage probability can be expressed as

Pr = P

(

max
x∈Φ̂s

hj
xld

d−α
D (x)

HRj

<
γthN0

Ī

)

. (12)

By utilizing the independence of RVs {HRj ;x ∈ Φ̂s}, we

have

Pr = EΦ̂s

[

∏

x∈Φ̂s

Ehj
xld

(

P

(

HRj >
Īhj

xld

N0γth dαD(x)

∣

∣

∣

∣

hj
xld

, x

))]

= EΦ̂s

[

∏

x∈Φ̂s

(

1−
∫

∞

0

exp
(

−βd2D(x)v−2/α
)

e−v dv

)]

,

(13)

where (13) follows from the fact that HRj ∼ Z(λp, α) and

hj
xld

∼ Exp[1]. In order to compute Pr, we need to first

identify the properties of the set of potential relays Φ̂s. Since

the SNRs at candidate relays (2) are independent, the set

Φ̂s in (3) is formed by independent thinning of the original

process Φs, i.e., by selecting a point x of the process Φs with

probability p = P(SNRSRj (o, x) ≥ γth) independently of the

other points in the process. Since Φs is a PPP, the thinned

process Φ̂s is also a PPP [14] with density λ̂s(x) given by

λ̂s(x) = λsP(SNRSRj (o, x) ≥ γth)

= λs

∫

∞

0

exp
(

−β r2u−2/α
)

e−u du

= λsΓ

(

1, 0, β r2,
2

α

)

, (14)

where (14) is derived by using the fact that P(SNRSRj (o, x) ≥
γth) = 1− Pd with the receiver location ld = x. The average

number of potential relays can be obtained as

Λ̂s =

∫ 2π

0

∫

∞

0

λ̂s rdr dθ

= λs

∫

∞

0

e−v

∫ 2π

0

∫

∞

0

exp
(

−βr2u−2/α
)

rdr dθ du

=
πλs

β
Γ

(

2

α
+ 1

)

, (15)

where the second equality is obtained by substituting the

integral expression for λ̂s(x), followed by the change in the

order of integration. Since Φ̂s is a PPP of intensity λs(x), by

using the PGF of a PPP, the Pr in (13) can be simplified as

Pr = exp

(

−
∫

R2

λ̂s(x)

∫

∞

0

exp
(

−βd2D(x)v−
2

α

)

e−v dv dx

)

= exp (−λsΥ(β)) , (16)

where

Υ(β) =

∫

∞

u=0

e−u

∫

∞

v=0

e−v exp
(

−βL2v−
2

α

)

×
∫

∞

r=0

r exp
(

−β(v−
2

α + u−
2

α )r2
)

×
∫ 2π

θ=0

exp
(

2 β Lv−
2

α r cos θ
)

dθ dr dv du. (17)

Eq. (16) is obtained by substituting the integral expression

for λs(x), followed by the conversion of Cartesian to polar

coordinates and change in the order of integration. The integral



with respect to θ in (17) can be solved by using [19, Eq.

8.431.3] as follows:

Υ(β) = π

∫

∞

u=0

e−u

∫

∞

v=0

e−v exp
(

−βL2v−
2

α

)

×
∫

∞

r=0

2 r exp
(

−β(v−
2

α + u−
2

α )r2
)

× I0

(

2βLv−
2

α r
)

dr dv du, (18)

where I0(·) is the zeroth order modified Bessel function of the

first kind. The integral with respect to r can be reduced to the

form I =
∫

∞

0
2r
2σ2 exp

(

− r2+s2

2σ2

)

I0
(

s
σ2 r
)

dr by substituting

2βLv−2/α = s/σ2 and β(v−2/α + u−2/α) = 1/(2σ2) so that

I integrates to unity. Υ(β) can then be simplfied as

Υ(β) =
π

β

∫

∞

u=0

e−u

∫

∞

v=0

e−v

(v−2/α + u−2/α)

× exp

(

− βL2

v2/α + u2/α

)

dv du, (19)

which can be accurately approximated by using the Gauss-

Laguerre quadrature rule [21, Eq. 25.4.45]. The outage prob-

ability of the relay link can finally be expressed as

Pr ≈ exp









−λsπ

β

n
∑

i=1

n
∑

j=1

wiwj

exp

(

− βL2

ϑ
2/α
j +ϑ

2/α
i

)

(ϑ
−2/α
j + ϑ

−2/α
i )









,

(20)

where ϑi(i = 1, 2, . . . , n) are the nodes of Gauss-Laguerre

quadrature and wi(i = 1, 2, . . . , n) are the corresponding

weights. The exponential decrease in the outage probability of

the relay link with the increasing density λs of the relay nodes

can be observed. The asymptotic outage probability of the re-

lay link can be obtained as follows by using exp(−x) = 1−x
as x → 0 for the last exponential in (19):

Pr ∼A exp
(

−λsπI1 (Γ(α/2 + 1))−2/α (ρ/γth)
2/α
)

×
(

1 +O(ρ−2/α)
)

as ρ → ∞, (21)

where A = exp
(

λsπL
2I2
)

and I1, I2 are given by

I1 =

∫

∞

u=0

e−u

∫

∞

v=0

e−v

v−2/α + u−2/α
dv du,

I2 =

∫

∞

u=0

e−u

∫

∞

v=0

e−v

(v−2/α + u−2/α)(v2/α + u2/α)
dv du,

which can be readily computed for the given value of α.

IV. NUMERICAL AND SIMULATION RESULTS

In this section, we validate our analytical results through

Monte Carlo simulations and assess the impact of various

parameters on the performance of the proposed system. The

path loss exponent α is assumed to be 4. The interference

threshold Ī is normalized by the noise power N0. We define

Λp and Λs as the average number of primary receivers and

idle SUs (candidate relays), respectively within a circle of unit

radius, i.e., Λp = πλp,Λs = πλs. Unless stated otherwise, Λp

is set to 0.15. To compute the analytical outage probability of

the relay link by using (20), we chose n = 30.
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Fig. 2. The outage probability versus threshold γth for different levels of
interference threshold Ī when Λs = 0.5 and L = 2.

The outage probability versus the threshold γth is plotted in

Fig. 2 for both the direct and relaying modes. The figure shows

an excellent agreement between the analytical and simulation

results. Significant outage performance improvement by using

relaying mode over direct transmission, is clearly visible.

If the primary receivers can tolerate more interference, the

secondary nodes can transmit with higher power and the

outage performance naturally improves.
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Fig. 3. The outage probability versus average transmit SNR ρ when γth = 10

dB and L = 2.

The outage probability as a function of the average transmit

SNR ρ is presented in Fig. 3. The high-SNR asymptotes

derived in (11) and (21) for the direct link and the relay link,

respectively, are plotted in the figure along with the analytical

and simulation curves. At ρ = 40 dB, the gain in using relaying

mode over the direct mode, G = Pd/Pr is about 10.6 dB for

Λs = 0.5 and 14 dB for Λs = 0.6.

Fig. 4 assesses the impact of S−D distance L on the outage

performance. As expected, the outage performance of both the

direct and relaying modes improves when the S−D distance

shrinks. When the density of idle SUs is small and the average



transmit SNR is low as well, the source may not have any

potential relay node available for retransmission. In this case,

outage performance of direct mode is better than the relaying

mode. However, if the density of idle SUs is sufficient, the

relaying mode outperforms the direct transmission.
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Fig. 4. The outage probability as a function of the S − D distance L for
different levels of average transmit SNR ρ and average density of relay nodes
Λs when γth=10 dB.
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Fig. 5. The required average density of relay nodes Λs as a function
of average density of primary receivers Λp for different levels of outage
probability when γth = 10 dB and L = 1.

Fig. 5 shows the required average density of relay nodes Λs

as the function of the average density of primary receivers Λp

to maintain a given outage probability of the relaying mode.

From (8), we can see that the average transmit power of the

secondary node is inversely proportional to Λp. As the transmit

power of the secondary node decreases with the increasing

Λp, the outage probability tends to increase. However, one

can maintain the desired outage probability by increasing Λs.

V. CONCLUSION

In this paper, we analyzed the outage in dual-hop underlay

secondary network coexisting with the primary multicast net-

work. The spatial distributions of the SU relays and primary

receivers are modeled by independent PPPs. An opportunistic

relaying scenario with a relay selection scheme that satis-

fies the interference constraint on any primary receiver is

investigated. The impact of various parameters on outage

performance is analyzed. We found that the gain in using

the relay transmission over direct mode increases with the

density of relay nodes. The required density of relay nodes

for the desired outage probability increases with the density

of primary receivers. The required density however, decreases

if the primary receivers can tolerate more interference.

REFERENCES

[1] S. Haykin, “Cognitive radio: Brain-empowered wireless communica-
tions,” IEEE J. Sel. Areas Commun., vol. 23, no. 2, pp. 201–220, Feb.
2005.

[2] A. Goldsmith, S. A. Jafar, I. Maric, and S. Srinivasa, “Breaking spectrum
gridlock with cognitive radios: An information theoretic perspective,”
Proceedings of the IEEE, vol. 97, no. 5, pp. 894–914, May 2009.

[3] H. ElSawy, E. Hossain, and M. Haenggi, “Stochastic geometry for
modeling, analysis, and design of multi-tier and cognitive cellular
wireless networks: A survey,” IEEE Commun. Surveys and Tutorials,
vol. 15, no. 3, pp. 996–1019, Jul. 2013.

[4] C. Lee and M. Haenggi, “Interference and outage in Poisson cognitive
networks,” IEEE Trans. Wireless Commun., vol. 11, no. 4, pp. 1392–
1401, Apr. 2012.

[5] T. V. Nguyen and F. Baccelli, “A stochastic geometry model for cognitive
radio networks,” The Computer Journal, vol. 55, no. 5, pp. 534–552,
May 2012.

[6] M. Nekovee, “A survey of cognitive radio access to TV white spaces,”
Int. J. Digital Multimedia Broadcasting, vol. 2010, pp. 1–11, Apr. 2010.

[7] M. El-Hajjar and L. Hanzo, “A survey of digital television broadcast
transmission techniques,” IEEE Commun. Surveys and Tutorials, vol. 15,
no. 4, pp. 1924–1941, Apr. 2013.

[8] C. Zhong, T. Ratnarajah, and K.-K. Wong, “Outage analysis of decode-
and-forward cognitive dual-hop systems with the interference constraint
in Nakagami-m fading channels,” IEEE Trans. Veh. Technol., vol. 60,
no. 6, pp. 2875–2879, Jul. 2011.

[9] L. Lu, G. Y. Li, and G. Wu, “Optimal power allocation for CR net-
works with direct and relay-aided transmissions,” IEEE Trans. Wireless

Commun., vol. 12, no. 4, pp. 1832–1842, Apr. 2013.
[10] Y. Zou, J. Zhu, B. Zheng, and Y.-D. Yao, “An adaptive cooperation

diversity scheme with best-relay selection in cognitive radio networks,”
IEEE Trans. Signal Process., vol. 58, no. 10, pp. 5438–5445, Oct. 2010.

[11] J. Lee, H. Wang, J. G. Andrews, and D. Hong, “Outage probability
of cognitive relay networks with interference constraints,” IEEE Trans.

Wireless Commun., vol. 10, no. 2, pp. 390–395, Feb. 2011.
[12] L. Li, X. Zhou, H. Xu, G. Y. Li, D. Wang, and A. Soong, “Simplified

relay selection and power allocation in cooperative cognitive radio
systems,” IEEE Trans. Wireless Commun., vol. 10, no. 1, pp. 33–36,
Jan. 2011.

[13] J. Kingman, Poisson Processes. Oxford University Press Inc., 1993.
[14] S. N. Chiu, D. Stoyan, W. S. Kendall, and J. Mecke, Stochastic Geometry

and its Applications, 3rd ed. John Wiley and Sons, 2013.
[15] T. S. Rappaport, Wireless Communications: Principles and Practice,

2nd ed. New Jersey: Prentice Hall, 2001.
[16] B. Wild and K. Ramchandran, “Detecting primary receivers for cognitive

radio applications,” in Proc. IEEE Int. Symp. New Frontiers in Dynamic

Spectrum Access Networks (DySPAN), Baltimore, USA, Nov. 2005, pp.
124–130.

[17] A. P. Hulbert, “Spectrum sharing through beacons,” in Proc. IEEE Int.

Symposium on Personal, Indoor and Mobile Radio Commun. (PIMRC),
Berlin, Sep. 2005, pp. 989–993.

[18] H. Wang, J. Lee, S. Kim, and D. Hong, “Capacity of secondary users
exploiting multispectrum and multiuser diversity in spectrum-sharing
environments,” IEEE Trans. Veh. Technol., vol. 59, no. 2, pp. 1030–
1036, Feb. 2010.

[19] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and

Products, 7th ed. Academic Press, Inc., 2007.
[20] M. A. Chaudhry and S. M. Zubair, On a Class of Incomplete Gamma

Functions with Applications. CRC Press, 2002.
[21] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions

with Formulas, Graphs, and Mathematical Tables. New York: Dover,
1972.


