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Abstract—In this paper, we present an interference model
for cognitive radio (CR) networks employing power control or
contention control scheme. The probability density functions
(PDFs) of the interference received at a primary receiver from
a CR network are derived for two cases. For the first case, a
power control scheme is proposed to govern the transmission
power of a CR node. For the second one, a cognitive media
access control (MAC) employs carrier sense multiple access
with collision avoidance (CSMA/CA) based contention control
to coordinate the operation of CR nodes with transmission
requests. These two control schemes are compared in terms of
their resulting interference distributions. It is demonstrated that
both power and contention controls are effective approaches to
alleviate the interference caused by CR networks. Some in-depth
analysis for the impact of key parameters on the interference of
CR networks is given via numerical studies as well.

Index Terms — cognitive radio, interference modeling, power
control, contention control.

I. INTRODUCTION

With the desirable merit to improve spectrum utilization
significantly, the newly emerged CR technology [1]-[3] has
attracted more and more attention. A CR network is envisioned
to be capable of reusing the unused or underutilized spectra of
incumbent systems (also known as primary networks) by sens-
ing its surrounding environment and adapting its operational
parameters autonomously. One of the fundamental premises
of a CR network is that it must not impose detrimental
interference to the incumbent network. Therefore, modeling
and analyzing the interference caused by CR networks is
of great importance to reveal how the service of a primary
network is deteriorated and how to deploy CR networks.

In the literature, the existing research on interference model-
ing for CR networks mainly falls into two categories: spatial
and accumulated interference modeling. For spatial interfer-
ence modeling, the fraction of white spaces available for CR
networks was investigated in [4] and [5]. In [6], the region of
interference for CR receivers and region of communication for
CR transmitters were studied for the case where a CR network
coexists with a cellular network. The interference from CR
devices to wireless microphones operating in TV bands was
analyzed in [7], where the operational area loss, i.e., the loss
of reliable communication area, of a wireless microphone due
to the existence of CR devices was examined. Besides spatial

interference modeling, interference in the frequency domain
was also researched in the literature, e.g., the interference due
to out-of-band emission of a wireless regional area network
(WRAN) was analyzed in [8].

As for accumulated interference modeling, in [9] the ag-
gregate interference power from a sea of CR transmitters
surrounding a primary receiver was derived. Also, the accumu-
lated CR transmission power perceived at a primary receiver
was given by integrating over the “CR sea” with a certain
power density. The performance of a primary system was
evaluated in [10] in terms of outage probability caused by
the interference from CR networks. The outage probability
was derived for the cases of both underlay and overlay
spectrum sharing. In [11] the accumulated interference from
multiple CR transmitters following a Poisson point process
was approximated by a Gamma distribution and the probability
of a primary receiver to be interfered was also given. It is worth
noting that only path loss was assumed for the interfering
channel in [9]-[11]. Their work was extended by taking both
shadowing and fading into account in [12] and [13]. The PDF
for accumulated interference and outage probability due to
the aggregate interference from CR nodes were also derived
in [12] and [13], respectively.

However, in all the previous works [4]- [13], CR trans-
mitters were assumed to transmit at a fixed power level,
i.e., no power control for CR transmitters was considered.
Moreover, CR nodes were all assumed to communicate with
each other simultaneously, which means that the cognitive
MAC did not employ any contention control scheme. This
paper focuses on aggregate interference modeling and aims
at filling these research gaps by modeling interference from
a CR network to a primary network accounting for control
and contention control schemes. The PDFs of interference
perceived at a primary network from a CR network are derived
for either power or contention control. The impact of several
key parameters on the resulting interference is evaluated as
well for these two control schemes, which provides some
insights for the deployment of CR networks.

The remainder of this paper is organized as follows. The
system model is given in Section II. The detailed interference
modeling is presented in Section III. The impact of several
key parameters on the interference is analyzed via numerical
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studies in Section IV. Finally, we conclude the paper in
Section V.

II. SYSTEM MODEL

The system model is demonstrated in Figs. 1 and 2. Con-
sider a CR network coexisting with a primary transmitter-
receiver pair. The CR transmitters are distributed in a 2-
dimension plane outside the interference region (IR) of the
primary receiver as shown in Figs. 1 and 2. The IR is a disk
centers at the primary receiver with radius R. It forbids any CR
transmission within this circular region to protect the primary
receiver against co-channel interference from the surrounding
CR transmitters. Assume that all the CR transmitters reside
in the same frequency spectrum as the primary transmitter
and their transmissions are synchronized (the transmission for
each CR node begins or ends at the same time). We aim at
investigating the characteristics of interference perceived at the
primary receiver.

The underlying interference channels from CR transmitters
to the primary receiver experience pathloss, shadowing and
fading. We express the pathloss function g(r;) as

glry) =r;" (1)

where r; is the distance from the jth active CR transmitter
to the primary receiver (j = 1,2,---) and [ is the pathloss
exponent. The composite model for shadowing and fading can
be expressed as the product of the short term multipath fading
and the long term shadowing. Let h; denotes the channel gain
for the composite shadowing and fading of the interference
channel from the jth active CR transmitter to the primary
receiver. In this paper, the log-normal shadowing and the
Nakagami fading are considered. The PDF for the composite
channel gain h; can be approximated as the following log-

normal distribution [14]
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The mean 4 and variance o2 in (2) can be expressed as [14]
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where £ = (In10)/10, m is the Nakagami shape factor, ugq
and o} are the standard mean and variance of the log-normal
distribution.

Let p; denote the transmission power of the jth active
CR transmitter. The accumulated power of the instantaneous
interference received at the primary receiver can be formulated
as follows:

Y = pig(r;)h;. )
j=1

In this paper, we investigate the characteristics of the ac-
cumulated interference from all CR transmitters employing

the following two different schemes, i.e., power control or
contention control.

A. Power Control

In this scenario, as shown in Fig. 1 the distribution of active
CR transmitters follows a Poisson point process with density
parameter A, which stands for the density of CR transmitters
on the plane.

We assume that the transmission power of a CR transmitter
is governed by the following power control law

1
7('COtC7 0 < 7/.CC_]’ S Prgax

Pl’l’la,X

p(chJ ) = (6)
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where « is the power control exponent, P,,x is the max-
imum transmission power for CR transmitters, and 7, is
the distance from the jth CR transmitter to its nearest active
CR transmitter. When CR transmitters follow a Poisson point
distribution with density A, the PDF of {r..;} can be given
as [16]

fee(x) = 2mAzexp(—Arz?). (7

The above proposed power control scheme can guarantee
that for the jth CR transmitter the interference caused by its
nearest CR transmitter is p(rec;)g(7ec,), Which is not larger
than a constant when the power control exponent o in (6)
equals the pathloss exponent § in (1). In other words, at any
CR transmitter its interference from the nearest neighboring
CR transmitter is capped and independent of their distance.

B. Contention Control

Unlike the previous power control scheme, for the case
of contention control every active CR transmitter has fixed
transmission power p, but their transmission is governed
by contention control to determine which CR transmitters
can transmit at a given time. We assume that the multiple
access protocol CSMA/CA is employed, like in IEEE 802.11
networks. Every CR transmitter senses the medium before
transmission. If the medium is busy, namely, the CR trans-
mitter detects transmission from other CR transmitters within
its contention region, it defers its transmission. Otherwise, the
CR transmitter starts its transmission after a pre-determined
random time. As the result of the contention control as shown
in Fig. 2, all the active CR transmitters are separated from
each other by at least the contention distance, which is the
minimum distance d,;, between two concurrent transmitting
CR transmitters.

The distribution of the active CR transmitters under the
contention control can be modeled as a Matern-hardcore (MH)
point process [15], which can be considered as a thinned
process from a Poisson point process [16]. The thinning oper-
ation deletes some points from the original Poisson process
under certain criteria. The MH process ®,,, is the result
of dependent thinning from a Poisson point process @, i.e.,
whether deleting or retaining a point depends on previous
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deletion operations. The mathematical expression of the MH
process is given by [16]

D, p={z € D:m(xz)<m(y) for all y in PNC(z, dmin)}- (8)

Each point z in the Poisson point process ® is marked with a
random value m(x) uniformly distributed in (0,1). C(, dmin)
is a disk centering at point x with radius dy;,. The retaining
probability py,y, for the MH process, which is the probability of
a point from a Poisson point process with density A surviving
the thinning process, is given by [16]

1— e—)ﬁrdz

min
Ard?

min

9
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III. INTERFERENCE MODELING

We intent to model the accumulated interference at a
primary receiver from CR transmitters employing either power
or contention control introduced in Section II by finding their
corresponding PDFs. We adopt the same methodology as used
in [12] and [17] to derive the PDFs. First, the characteristic
functions of the interference under different system models
are derived. Then, the PDFs of the accumulated interference
are obtained by performing inverse Fourier transform on their
characteristic functions.

A. Power Control

When all the CR transmitters follow a Poisson point process
distribution and employ the power control scheme proposed
in (6), we can adopt similar methodology as in [12], [17],
[18] and [19] and obtain the following characteristic function
¢y (w) of the accumulated interference Y™ at a primary receiver
from all CR transmitters

by (w) = exp (Aw [ 50 [ s entyan dh) a0

where f,(-) is the PDF for the transmission power {p(rcc,)}
of a CR transmitter defined in (6) and

) 9(R) .
T(wph) = R2(1— 9Py Liph| 1g=1(t))e™Phdt. (11)
0

In (11), g~(-) denotes the inverse function of g(-) in (1). For
the derivation of (10), the following fact is used: the distances
from the jth CR transmitter to the primary receiver {r;} (j =
1,2,---) have independent and identical uniform distributions
[17]. Their PDFs have the following form [17]

o= { 21

when CR transmitters distribute within an annular ring with
inner radius R and outer radius [. Equation (10) can be
rewritten as

oy (w) = exp (/\W/Hfh(h) /TCC fcc(r)T(wp(rcc)h)drdh> .
(13)

R<x<lI

otherwise (12

This is due to the fact that p in (10) is a function of r.. as
shown in (6), so the expectation of T'(wph) over p equals
that of T(wp(r..)h) over r.., whose PDF is given in (7).
Substituting (6) and (7) into (13), we have (19) at the top of
page 4.

Finally, we obtain the PDF of the interference by performing
the inverse Fourier transform on ¢y (w) as

1o[ree ,
/ by (w)e 2™y,

:% .

fr(y) (14)

Equations (13) and (14) serve as general expressions of the
characteristic function and PDF, respectively, of the interfer-
ence under the power control scheme. As a special case, when
the pathloss exponent 5 = 4 and the radius of the interference
region R = 0, the PDF fy (y) can be further simplified as

7r3>\2K2)

1y 15)
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B. Contention Control

As mentioned in Section II-B, the distribution of CR trans-
mitters can be modeled as a MH point process when the
contention control is adopted. The MH process is a dependent
thinning process from an original Poisson point process, which
means that the position of each CR transmitter is correlated to
each other. Therefore, it is very challenging to find a closed-
form PDF as (12) to characterize the distance random variables
{r;} in this scenario. Instead, we treat the MH point process
as a thinned Poisson point process with retaining possibility
Pmh given in (9). Then, the accumulated interference power
perceived at the primary receiver can be express as

Y = punpig(rs)h;.
j=1

a7

This equation interprets the contention control scheme as
follows: all the CR transmitters still follow Poisson point
process with intensity A, but the jth CR transmitter has
possibility pyn to transmit at power level p;. Without loss
of generality, we assume p; = 1 W. Following the similar
steps as in [12], the characteristic function of the accumulated
interference can be written as

Py (w) = exp (/\’N/H fh(h)T(wpmhh)dh) (18)
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Similarily, its PDF can be obtained using (14). As a special
case, when no IR is implemented and the pathloss exponent
(8 = 4, the PDF can be simplified as

2 .
eiwtpmilit,

+ Z'mehh (20)
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So far, the PDFs of the interference received at a primary
receiver from a CR network employing power control or
contention control scheme have been derived, respectively.
A natural extension of this work is to jointly consider both
of these two control schemes, the detail of which is left for
future work.

IV. NUMERICAL STUDIES

The accumulated interference from CR transmitters employ-
ing power control or contention control is investigated via nu-
merical studies in this section. For the power control scheme,
Fig. 3 shows the PDFs of the accumulated interference with
different power control exponents o and IRs. The detailed
setup of this example scheme is as follows: the maximum
transmission power for each CR transmitter P.x = 1W, the
density of CR transmitter A = 1 user/10*m?, the pathloss
exponent 0 = 4, the Nakagami shape factor m = 1, and the
standard mean pq in (3) and variance UEZ in (4) are 0 dB
and 8 dB, respectivly. It can be seen from Fig. 3 that (i) both
the mean and variance of the accumulated interference are
significantly reduced when adopting the power control scheme;
(i1) introducing IR also reduces the interference experienced
at the primary receiver; (iii) increasing the power control
exponent « leads to the decrease of interference. This is
due to the fact that ¢, is a decresing function of o when
Prax < IW.

For the contention control scheme, we first confirm the
correctness of derivations for the PDF of interference in Sec-
tion III-B via a numerical simulation. In this experiment, we
simulate a CR network with contention control and measure
the PDF of the resulting interference. Then, this PDF is

compared with the derived one. Fig. 4 shows this comparison.
As we can see, there is a good agreement between the
simulated and derived PDFs. It can also be seen from Fig. 4
that the simulated interference has slightly small mean and
variance. This is due to the fact that in the derivation we
assume infinite number of CR transmitters, while the number
of CR transmitters is limited in the simulation, which means
that we have fewer interferers in the simulation than in the
derivation.

Fig. 5 depicts the PDFs of interference with different con-
tention ranges d,,;, and IRs. It can be seen from Fig. 5 that (i)
contention control greatly reduces both the mean and variance
of the interference; (ii) similar to Fig. 3, introducing IR also
reduces the interference received at the primary receiver.

The impact of CR transmitter density A and contention
range dyi, is investigated in Fig. 6. Not surprisingly, it
can been seen that the interference increases as A increases
and as d,;, decreases. Fig. 6 also reveals another fact that
the interference is more sensitive to the contention range
compared to the CR transmitter density, e.g., in Fig. 6 the
interference only increases slightly when doubling A from 1 to
2 user/10*m?2, while halving dy,i, from 160 to 80 m results in
dramatic increase of interference. It means that manipulating
the contention range is an effective approach to control the
interference emitted to the primary receiver.

Finally, we study the impact of fading on the resulting
interference with either power control or contention control
in Figs. 7 and 8. From the comparison between Figs. 7 and
8, it can be seen that (i) shadowing and fading increase the
variance of interference for both power control and contention
control cases; (ii) the contention control scheme is more
sensitive to shadowing and fading, since the variance of the
interference increases more when experiencing shadowing and
fading compared to the power control case.

V. CONCLUSIONS

In this paper, interference at a primary receiver caused
by CR transmitters with either power control or contention
control has been characterized. The PDFs of interference in
these two cases have been evaluated numerically. Numerical
studies have demonstrated that the proposed power control
and contention control schemes are two effective approaches
to alleviate interference caused by CR transmitters. Moreover,
introducing IR can further protect a primary receiver against
interfering CR transmitters. For the contention control scheme,
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the impact of CR transmitter density and contention range on
the interference has been analyzed. Finally, the influence of
shadowing and fading on the interference with power control
or contention control has been examined as well. Further work
can be done to model interference from CR transmitters to a
primary receiver when the knowledge of the primary receiver
is imperfect.
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Fig. 1. System model for CR networks adopting power control
(R = 250 m, and A=0.5 user/10*m?).
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Fig. 2. System model for CR networks adopting contention control
(R =250 m, A=0.5 user/10*m?, and dmin=150 m).
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aggregated interference for CR networks with contention control
(R =100 m, 3 =4, m =1, and ¢3 = 8 dB).

Fig. 3. Aggregated interference power PDFs with power control
(A =1 user/10*m?, Ppax =1 W, 3 =4,m =1, and 03 = 8 dB).
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Fig. 5. Aggregated interference PDFs for a CR network with contention networks with contention control (R =100 m, A =1 user/10*m?,
control (A = 1 user/10*m?, 8 =4, m =1, and ¢3 = 8 dB). dmin =100 m, and o2 =8 dB).
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