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Abstract—Erroneous beacon detection by interweave sec-
ondary nodes generates interference on the primary system.
This paper analyzes how the aggregate interference behaves
when secondary nodes use transmit power control and receiver
association schemes. For this purpose, secondary transmitter
nodes and receiver nodes are assumed to be distributed over
a circular region and over the entire 2-D plane respectively. Two
independent Poisson point processes model these distributions.
We propose a receiver association scheme where each secondary
transmitter attempts to connect to the closest available receiver.
If it is not available, the transmitter attempts to connect with
the next closest. This process continues until the M -th closest
receivers are scanned. If no receiver is available, the transmitter
remains silent. Moreover, a per-user transmit power control
scheme is considered in which the transmit power is based
on the distance between the transmitter and the associated
receiver subject to a cut-off power level. All links are assumed
to undergo path-loss and Rayleigh fading. The exact moment
generating function (MGF) of the aggregate interference, the
outage probability of the primary system, and the average
probability of concurrent transmission are derived. Validated by
simulations, our results show how the aggregate interference is
affected by secondary power thresholds, receiver densities, and
availability of the secondary receiver.

I. INTRODUCTION

In interweave cognitive radio (CR) networks, the secondary

transmitting nodes sense the frequency spectrum and access

unoccupied slots opportunistically [1] by detecting an out-

of band beacon signal [2], [3]. However, when the beacon

is misdetected due to fading and path-loss [4], resulting

secondary transmissions will cause interference to the primary

receiver. This interference hinders the CR deployment, and

must be kept below a manageable level.

Secondary receiver association schemes (receiver selection

by the transmitter) and power control schemes are important

in communication networks to conserve energy and to pro-

vide enhanced availability to the secondary network. Receiver

association schemes can be based on the transmitter-receiver

distance or the signal to noise ratio (SNR) of the transmitter-

receiver channel [5]. Transmit power control schemes are

classified as fixed power, distance based, and measurement

based methods [6]. Such schemes are widely used in mod-

ern mobile communication networks [7]. To characterize the

primary network interference accurately, such power control

and receiver association techniques need to be considered for

secondary nodes.

Characterizing the interference from secondary nodes is

important in assessing the primary network performance.

Moreover this interference characterization helps to identify

optimum system parameters which provide the best availability

to the secondary nodes while contributing the least interference

to the primary system under different channel conditions. To

this end, this paper proposes a secondary node power control

and a receiver association scheme for interweave networks,

and analyzes the aggregate interference and primary receiver

performance under those schemes while considering spatial

distributions of secondary nodes and channel factors.

A. Prior Research

The effect of power control and receiver association meth-

ods for CR networks has been widely studied. Reference [8]

proposes a new approach for smart cognitive medium access

control in order to adaptively control transmission parameters.

An iterative power control algorithm which is robust against

channel uncertainty is proposed in [9], while an adaptive power

control scheme and an analytical model for the distribution

of interference to the primary user is developed in [10].

Furthermore, [11] develops interference statistics of a Poisson

field of interferers with random puncturing and approximates

the cumulants of the interference.

Spectrum sensing with the aid of a beacon and the impli-

cations of beacon misdetection have also received attention.

Reference [12] develops a statistical model for the aggregate

interference under different sensing protocols. The capacity-

outage probability due to beacon misdetection is analyzed

in [13] under a deterministic number of secondary nodes.

Moreover, [4] analyzes the effects of beacon misdetection in

hybrid underlay-interweave networks while [14] investigates

the primary system interference under different secondary co-

operation schemes.

B. Motivation and contribution

Although previous research [4], [11], [13], [15] consider

spectrum sensing, transmit power control schemes and receiver

association schemes have not been analyzed. However, due

to the practical importance of these schemes for mobile, ad-

hoc, and sensor networks, the aggregate interference from a

finite random field of interweave secondary nodes employing

power and contention control will be analyzed in this paper.

The following assumptions are made regarding the system: 1)

Secondary nodes detect a beacon signal (pilot channel) emitted

from the primary receiver for spectrum sensing. Misdetection

of the beacon is caused by path-loss and Rayleigh fading.

2) The secondary transmitter and receiver nodes are spatially

distributed as two independent homogeneous Poisson point
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Fig. 1: Sytem model. The secondary transmitter nodes (black

dots) are located within the shaded area while the secondary

receiver nodes (white dots) are located in the entire 2-

dimensional plane. R represents the radius of the circular area

encompassing the transmitter nodes while Rpr denotes the

primary transmitter (black square) to primary receiver (white

square) distance.

processes (PPPs) [16] as explained in the next section. 3)

We propose a receiver association scheme as follows: Each

transmitter attempts to connect with the nearest available

receiver. If it is not available, the transmitter attempts to

connect with the next closest. This process continues until

the M -th closest receiver nodes are scanned. If no receiver

node is available, the transmitter node remains silent. Each

secondary receiver node is characterized by a probability βr of

being available. We assume that the receiver nodes will be of a

similar type, and thus βr is constant for all secondary receiver

nodes. 4) The secondary transmit power control scheme will be

based on the secondary transmitter node-receiver node distance

subject to a cut-off power level. The cut-off power level is

highly critical for smaller battery powered devices.

Utilizing these assumptions, we will derive the exact mo-

ment generating function (MGF) of the aggregate interference,

the outage probability of the primary receiver, and the average

probability of concurrent primary-secondary transmission. The

MGF completely defines the probability distribution while

enabling moments to be found. Thus, further statistics of

the aggregate interference can be found as necessary. The

primary outage and the probability of concurrent transmission

are important performance measures in assessing the viability

of an interweave CR design.

Notations: Γ(x, a) =
∫∞

a tx−1e−tdt and Γ(x) = Γ(x, 0)
[17]. Pr[A] is the probability of event A, fX(·) is the

probability density function (PDF), FX(·) is the cumulative

distribution function (CDF), MX(·) is the MGF, and EX [·]
denotes the expectation over random variable X . The PPP is

defined in [16, p. 11]

II. SYSTEM MODEL

This section describes the spatial and signal models.

A. Spatial model

We want to characterize the interference from secondary

transmitter nodes located within a distance of R from the

primary receiver (Fig. 1) as the interference from nodes further

away is negligible due to path loss. However, there is no loss of

generality because an infinite field of transmitter nodes which

can be obtained when R → ∞. The secondary receiver nodes

do not directly cause interference to the primary receiver. As

we will see in the next subsection, the power control and

receiver association schemes are based on the distance between

the secondary transmitter-receiver nodes. Therefore, we will

model the secondary receiver nodes to be distributed in the

entire 2-dimensional plane. Moreover, the primary transmitter

is located a distance Rpr from the primary receiver.

The locations and numbers of secondary transmitter and

receiver nodes are random. Therefore, stochastic geometry is

more appropriate to model the spatial distributions of these

nodes. We model the locations of secondary transmitter and

receiver nodes via two independent homogeneous PPPs with

intensities (densities) λt and λr . The PPP has been highly

adapted in modeling the spatial distribution of wireless nodes

in general, and CR networks in particular [12], [18].

Under the homogeneous PPP model, the probability of

having n nodes (P (n)) within an area of A is given by [16],

P (n) =
(λjA)

n

n!
e−λjA, n = 0, 1, 2 . . . , (1)

where j = {r, t}. Without the loss of generality, we assume

that all the secondary transmitters attempt to transmit all the

time. If a transmitter node has a probability of transmitting

βt, by using the Coloring theorem [16] the potential interfers

can be represented by a PPP with intensity βtλt.

B. Channel model

All signals namely primary, secondary, and beacon undergo

Rayleigh fading and path-loss. Rayleigh fading yields a chan-

nel power gain |h|2 that has an exponential distribution. The

PDF of |h|2 becomes f|h|2(x) = e−x, 0 < x < ∞. We will

use the simplified path-loss model of [19] where the power

level drops exponentially. If P0 is the observed power at a

distance of r0 from the transmitter, the power at a distance r

from the transmitter (Pr) is given as Pr = Pr−α, where α is

the path-loss exponent and P = P0r
α
0 .

C. Spectrum sensing, receiver association and power control

model

Each secondary transmitter node independently senses an

out-of-band beacon signal transmitted by the primary receiver.

The beacon indicates when primary signals are occupying the

spectrum. If the beacon signal is not present or if it is detected

incorrectly (detecting that the beacon is not present when there

actually is one), a transmission attempt will be initiated.

Once this happens, it has to associate itself with a secondary

receiver node. However, each receiver is only available with

a probability of βr. This availability factor is independent

of other receiver nodes. The transmitter node would initially

attempt to connect to the nearest receiver node. If this fails,

it would attempt to connect to the next nearest receiver. This

process would continue until the M -th closest receiver node

is scanned. If no available receiver is found, the transmitter

node remains silent. The M nearest nodes can be found in

practical scenarios through pilot channel sensing (calculating



the distance based on the average received power of pilot

signals from the secondary receiver nodes) or through a central

controller.

If an association is made, the transmission should be made

while ensuring a constant received power (Pc) when averaged

over small scale fading. Pc will be the receiver sensitivity of

plus the required fade margin. In mobile systems employing

Code Division Multiple Access systems, this is especially used

to avoid the near-far problem [7]. Using the path loss model

explained in the previous section, the transmit power needed

would thus become Pcr
α. However, if this value exceeds the

maximum possible transmit power of a (Ps), the transmission

is aborted.

III. INTERFERENCE ANALYSIS

This section derives the MGF of the aggregate interference.

The aggregate interference (I) is written as I =
∑N

i=1 Ii,

where Ii is the interference from the i-th secondary transmitter

node, and N is the number of transmitter nodes within the

area defined according to (1). The MGF of the aggregate

interference I is defined as MI(s) = E[e−sI ]. MI(s) given

N transmitter nodes when different Ii are independent and

identically distributed is given by MI/N (s) = (MIi(s))
N

where MIi is the MGF of the interference from the i-th

transmitter node. After averaging with respect to (1), MI(s)
becomes

MI(s) = eλtπR
2(MIi

(s)−1). (2)

We now have to obtain MIi(s) in order to evaluate MI(s) in

(2). Using the channel, power control and association models

defined above, Ii can be written as

Ii = BiPi|hi|
2r−α

i , (3)

where Bi is the actual transmission factor of the i-th transmit-

ter node when primary transmissions occur, Pi is the transmit

power level of the i-th transmitter node, while ri and |hi|
2 are

the distance and channel power gain from the i-th transmitter

node to the primary receiver. Because a homogeneous PPP is

considered, the transmitter nodes are uniformly distributed in

space. Therefore, ri is distributed as

fR(ri) =

{

2 ri
R2 , 0 < ri < R

0 , otherwise
. (4)

A. Probability of concurrent transmission

Bi is a Bernoulli random variable with a success probability

(probability of concurrent transmission of a secondary trans-

mitter node with the primary system) of bi. This concurrent

transmission probability depends on the beacon misdetection

probability qi, receiver availability parameter βr, the number

of nearest receivers a transmitter node is allowed to conduct

transmission to (M ), and the probability that the required

transmit power level of a transmitter node associated with the

k-th nearest receiver is within the maximum possible transmit

power Ps (denoted as pk). In a nutshell, for a transmitter

node to conduct a transmission concurrently with the primary

system, the beacon has to be misdetected, at least one of the M

nearest receivers should be available, and the required transmit

power should be lower than Ps. The concurrent transmission

probability is thus written as

bi = qiβr

M
∑

k=1

(1− βr)
k−1pk. (5)

Let Pb be the beacon transmit power, |hb,i|
2 be the beacon

channel power gain from the primary receiver to the i-th

transmitter node, and PTb
be the required power threshold for

a transmitter node to correctly detect a beacon. The beacon

misdetection probability qi is thus written as

qi = Pr[Pb|hb,i|
2r−α

i < PTb
] = 1− e

−
PTb

rα
i

Pb . (6)

If a transmission is required to the k-th nearest receiver,

the required power of the transmitter node would be Pcr
α
k ,

where rk is the distance from a given transmitter node

to its k-th nearest receiver node. Therefore, pk becomes

pk = Pr[Pcr
α
k < Ps]. In order to evaluate this, we need

the distribution of rk. The secondary transmitter and receiver

nodes form independent PPPs and thus their locations are

independent of each other. Thus, rk is identical to the distance

from any given location in space to the k-th nearest node with

the distribution [16]

frk(x) =
2(πλr)

k

(k − 1)!
x2k−1e−πλrx

2

, 0 < x < ∞. (7)

Using (7), pk is found as

pk = 1−

Γ

(

k, πλr

(

Ps

Pc

)
2

α

)

(k − 1)!
. (8)

Thus, using the expansion of e−x for qi, the average proba-

bility that a secondary transmitter node would transmit con-

currently with the primary system E[bi] is

E[bi] =

(

−

∞
∑

w=1

2Rαw(−PTb
)w

Pw
b w!(2 + αw)

)(

M
∑

k=1

βr (1− βr)
k−1

pk

)

.

(9)

B. Finding MIi(s)

Coming back to our original objective of finding MIi(s) =

E[e−sBiPi|hi|
2r−α

i ], after averaging with respect to Bi and

|hi|
2 and substituting for Pi, we can write

MIi(s)=E

[

1−qiβr

M
∑

k=1

(1 − βr)
k−1pk +

M
∑

k=1

qiβr(1− βr)
k−1pk

1 + sPcr
α
k r

−α
i

]

.

(10)

Using the expansion for e−x in qi, MIi(s) becomes

MIi(s) = E

[

1 +
∞
∑

l=1

(−PTb
rαi )

l

P l
b l!

βr

M
∑

k=1

(1− βr)
k−1pk

]

+W ,

(11)



where W = E
[

∑M
k=1

qiβr(1−βr)
k−1pk

1+sPcrαk r−α
i

]

. W can be further

expanded and averaged with respect to the distributions of ri
(4) and rk (7) as

W = −
∞
∑

v=1

M
∑

k=1

∞
∑

t=0

(−PTb
)v

P v
b v!

βr(1 − βr)
k−1(−sPc)

t

×

(

2

R2

∫ R

0

rαv−αt+1
i dri

)





2(πλr)
k

(k − 1)!pk

∫ (Ps
Pc

)
1

α

0

pkr
αt+2k−1
k e−πλrr

2

kdrk



 .

(12)

Finally, after performing the averaging of W and (11), the

final expression for MIi(s) is obtained as (13). We will see

in Section V that the infinite summations of (13) converge in

a finite number of terms (under 10) for practical parameter

values.

IV. OUTAGE PERFORMANCE ANALYSIS

This section will derive the outage performance of the

primary receiver.

The received power (PR) at the primary receiver can be

written as PR = Pp|hp|
2R−α

pr , where Pp is the transmit power

level of the primary transmitter, and |hp|
2 is the exponential

channel power gain between the primary transmitter and

receiver pair. The signal to interference and noise ratio (SINR)

of the primary receiver (γ) is defined as

γ =
PR

I + σ2
n

, (14)

where σ2
n is the noise variance. The CDF of the SINR is writ-

ten as Fγ(x) = Pr[γ ≤ x]. After mathematical manipulation

and averaging, the final equation for the CDF is obtained as

[4]

Fγ(x) = 1− e

(

−
xσ2

n

PpR
−α
pr

)

MI

(

x

PpR
−α
pr

)

. (15)

The outage is obtained by substituting the required SINR

threshold of the primary receiver (γth) in place of x in (15).

V. NUMERICAL RESULTS

This section provides numerical results of the primary

receiver outage and the probability of concurrent transmission

(E[bi]). Unless otherwise stated, we will use the parameters

R = 100, Rpr = 30, γth = 1, α = 3, λt = 0.001, Pp = 0 dB,
PTb

Pb
= 2×10−6, and σ2

n = 0. The noise variance σ2
n has been

set to 0 in order to highlight the effects of system parameters

on the interference.

Fig. (2) plots the primary receiver outage with respect to

the cut-off transmit power level Ps. There is an exact match

between the simulation and the theoretical results. For the

infinite sums of (13), a tight convergence occurred before 15

iterations for the network considered. With increasing Ps, all

the curves show an initial increase in outage before flattening

out. The flattening occurs due to the required transmit power

being always lower than Ps. Therefore, any further increase

in Ps does not have a significant effect. When the number of

nearest receivers a transmitter node attempts to connect (M )

increases, the outage increases because transmitter nodes have

a higher probability of associating with an available receiver.

However, the amount of the increase decreases with respect

to M . For low Ps values, M does not affect the outage. This

is because transmissions to receiver nodes farther away being

impossible due to the low cut-off transmit power level.

The primary receiver outage is plotted vs the availability of

a receiver node (βr) in Fig. (3). When the average received

power of a receiver (Pc) is 10−8, the outage initially increases

with βr and subsequently drops. But, when Pc = 10−7, the

outage shows a gradual increase with βr. This is because

for a higher Pc, the cut-off power Ps prevents transmissions

to receivers farther away. Thus, most transmissions are only

possible to the nearest receivers, and the probability of these

increases with βr. For the same reason, there is no significant

deviation of the curves for M = 3 and M = 10. This is not

the case when Pc is lower. The cut-off power Ps would have a

lower effect, and transmission is possible to far away receivers

if required. As βr approaches unity, only transmissions to

close-by receiver nodes would be required. As such, the outage

increases initially, and subsequently drops. It’s interesting to

note that when M = 10, the outage under Pc = 10−8 is

greater than when Pc = 10−7 for low βr.

Fig. (4) plots the average concurrent transmission probabil-

ity (E[bi]) vs M . The possibility of a concurrent transmission

reduces with the receiver node density (λ) and the receiver

availability (βr). Under the parameters used, the concurrent

transmission probability does not change significantly with

M for λr = 10−4. When λr = 10−3, it still only shows a

diminishing increase.
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Fig. 2: The primary receiver outage probability vs the cut-off

power level Ps for different M . βr = 0.4, λr = 0.001, and

Pc = 10−7 mW.

VI. CONCLUSION

This paper investigated the aggregate interference arising

due to beacon misdetection in an interweave CR network

with secondary transmitter and receiver nodes distributed as



MIi(s) = 1 + βr









M
∑

k=1

(1− βr)
k−1









1−

Γ

(

k, πλr

(

Ps

Pc

)
2

α

)

(k − 1)!

















(

∞
∑

l=1

2(−PTb
)l

P l
b l!

Rαl

αl + 2

)

−

∞
∑

v=1

M
∑

k=1

∞
∑

t=0

(−PTb
)v

P v
b v!

βr(1− βr)
k−1

×(−sPc)
t 2

(k − 1)!(πλr)
αt
2

(

Rαv−αt

2 + αv − αt

)(

Γ

(

k +
αt

2

)

− Γ

(

k +
αt

2
, πλr(

Ps

Pc
)

2

α

))

(13)
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Fig. 3: The primary receiver outage probability vs the avail-

ability of a receiver βr for different M and Pc (mW).

λr = 0.001 and Ps = 10−3 mW.
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Fig. 4: The concurrent transmission probability vs M for

different λr and βr. Ps = 10−2 mW and Pc = 10−7 mW.

independent PPPs. Each transmitter node connects to the

nearest available receiver among the M closest receivers. The

secondary node transmit power was based on the transmitter-

receiver distance plus a cut-off power. The primary signals,

secondary signals and the beacons all experience path-loss

and Rayleigh fading. The MGF of the aggregate interference

was analyzed along with the outage probability of the primary

receiver. It was shown that the secondary receiver availability

had a significant effect on the outage probability, and that M

was only significant when the cut-off power level (Ps) and

the receiver node density are higher, or when the required

average received power (Pc) is lower. Moreover, changing M

has limited affect on the system performance under low cut-off

powers and receiver node densities.

REFERENCES

[1] I. F. Akyildiz, W.-Y. Lee, M. C. Vuran, and S. Mo-
hanty, “Next generation/dynamic spectrum access/cognitive
radio wireless networks: A survey,” Computer Networks,
vol. 50, no. 13, pp. 2127–2159, 2006. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1389128606001009

[2] A. Tajer and X. Wang, “Beacon-assisted spectrum access with cooper-
ative cognitive transmitter and receiver,” IEEE Trans. Mobile Comput.,
vol. 9, no. 1, pp. 112–126, Jan 2010.

[3] A. Ghasemi and E. S. Sousa, “Interference aggregation in spectrum-
sensing cognitive wireless networks,” IEEE J. Sel. Topics Signal Pro-

cess., vol. 2, no. 1, pp. 41–56, Feb. 2008.
[4] S. Kusaladharma and C. Tellambura, “Impact of beacon misdetection on

aggregate interference for hybrid underlay-interweave networks,” IEEE

Commun. Lett., vol. 17, no. 11, pp. 2052–2055, November 2013.
[5] Y. Qu, J. Fang, and S. Zhang, “Nearest neighbor nodes and connectivity

of three-dimensional wireless sensor networks with poisson point field,”
in Proc. IEEE ICCSIT, vol. 2, July 2010, pp. 269–272.

[6] P. Mach and Z. Becvar, “QoS-guaranteed power control mechanism
based on the frame utilization for femtocells,” EURASIP Journal on

Wireless Communications and Networking, vol. 2011, 2011.
[7] A. Molisch, Wireless Communications. Wiley-IEEE Press, 2011.
[8] S. Hu, Y.-D. Yao, and Z. Yang, “Mac protocol identification approach

for implement smart cognitive radio,” in Proc. IEEE ICC, 2012, pp.
5608–5612.

[9] S. Gong, P. Wang, Y. Liu, and W. Zhuang, “Robust power control with
distribution uncertainty in cognitive radio networks,” IEEE J. Sel. Areas

Commun., vol. 31, no. 11, pp. 2397–2408, 2013.
[10] C. Sun, Y. Alemseged, H.-N. Tran, and H. Harada, “Transmit power

control for cognitive radio over a Rayleigh fading channel,” IEEE Trans.

Veh. Technol., vol. 59, no. 4, pp. 1847–1857, 2010.
[11] A. Babaei, M. Haenggi, P. Agrawal, and B. Jabbari, “Interference

statistics of a poisson field of interferers with random puncturing,” in
Proc. IEEE MILCOM, Nov 2011, pp. 384–388.

[12] A. Rabbachin, T. Q. S. Quek, H. Shin, and M. Z. Win, “Cognitive
network interference,” IEEE J. Sel. Areas Commun., vol. 29, no. 2, pp.
480–493, Feb. 2011.

[13] M. Derakhshani and T. Le-Ngoc, “Aggregate interference and capacity-
outage analysis in a cognitive radio network,” IEEE Trans. Veh. Technol.,
vol. 61, no. 1, pp. 196–207, Jan. 2012.

[14] P. Madhusudhanan, T. Brown, and Y. Liu, “On the interference due
to cooperative cognitive radios in the presence of multiple low-power
primary users,” in Proc. IEEE ACCCC, Sept 2011, pp. 1657–1664.

[15] A. Rabbachin, T. Q. S. Quek, H. Shin, and M. Z. Win, “Cognitive
network interference,” IEEE J. Sel. Areas Commun., vol. 29, no. 2, pp.
480–493, Feb. 2011.

[16] J. F. Kingman, Poisson Processes. Oxford University Press, 1993.
[17] I. Gradshteyn and I. Ryzhik, Table of integrals, Series, and Products,

7th ed. Academic Press, 2007.
[18] E. Salbaroli and A. Zanella, “Interference analysis in a Poisson field

of nodes of finite area,” IEEE Trans. Veh. Technol., vol. 58, no. 4, pp.
1776–1783, May 2009.

[19] A. Goldsmith, Wireless Communications. Cambridge University Press,
2005.


