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Abstract—This paper characterizes the aggregate interference
at the primary user (PU) due to M secondary users (SUs) in
an underlay cognitive network, where appropriate SU activ-
ity protocols are employed in order to limit the interference
generated by the SUs. Different from prior works, we assume
that the PU can be located anywhere inside an arbitrarily-
shaped convex network region. Using the moment generating
function (MGF) of the interference from a random SU, we
derive general expressions for the n-th moment and the n-
th cumulant of the aggregate interference for guard zone and
multiple-threshold SU activity protocols. Using the cumulants,
we study the convergence of the distribution of the aggregate
interference to a Gaussian distribution. In addition, we compare
the well-known closed-form distributions in the literature to
approximate the complementary cumulative distribution function
(CCDF) of the aggregate interference. Our results show that care
must be undertaken in approximating the aggregate interference
as a Gaussian distribution, even for a large number of SUs, since
the convergence is not monotonic in general. In addition, the
shifted lognormal distribution provides the overall best CCDF
approximation, especially in the distribution tail region, for
arbitrarily-shaped network regions.

I. INTRODUCTION

Cognitive radio network is a promising technology for 5G
wireless communication networks [1]. In cognitive networks,
the unlicensed secondary users (SUs) are allowed dynamic and
opportunistic access to the licensed spectrum band allocated to
the primary users (PUs) [2]. Based on the access technology of
the licensed spectrum sharing, the cognitive networks can be
classified into underlay, overlay and interweave networks [3].
In this paper, we focus on underlay cognitive networks in
which the SUs coexist with the PU in the licensed band by
keeping the interference power at PU under a certain limit.
Hence, the characterization of the aggregate interference from
the SUs is a crucial problem in underlay cognitive networks.

Recently, the characterization of the aggregate interference
in underlay cognitive networks has received attention in the
literature [4-7]. Considering an infinite cognitive network
region, the closed-form bounds for the moment generating
function (MGF) of the aggregate interference were derived
in [4]. Considering the PU to be located at the center of an
annulus-shaped region, the MGF and mean of the aggregate
interference were derived in [5] and the cumulants of the
aggregate interference were derived in [6]. For a disk region
with arbitrary location of PU and Rayleigh fading channels,
the MGF and cumulants of the aggregate interference were

derived in [7]. However, in practice, the shape of the network
can be arbitrary.

Using the cumulants of the aggregate interference, the dis-
tribution of the aggregate interference can be approximated by
the well known distributions [8, Technique 3]. In this context,
for wireless ad-hoc networks, the aggregate interference from
a large number of interfering nodes was approximated as a
Gaussian variable in [9]. However, as shown in [9], when the
number of interfering node is moderate, the kurtosis is not
close to zero and the Gaussian distribution does not provide
a good approximation. As alternatives, the inverse Gaussian
distribution was proposed in [10] and the lognormal distribu-
tion was proposed in [11]. For interweave cognitive networks,
it was shown in [12] that the lognormal distribution increased
the approximation error in the distribution tail region. Hence
the shifted lognormal distribution was proposed in [12] and the
Gamma distribution was proposed in [13] for Nakagami fading
channels. For underlay cognitive networks, which are the focus
of this paper, the truncated stable distribution was proposed
in [6]. However, it does not have a closed-form representation
in general and is determined by its characteristic function.
To best of authors’ knowledge, a comparison of the different
distributions to approximate the aggregate interference distri-
bution in arbitrarily-shaped underlay cognitive networks has
not been addressed in the literature to date.

In this paper, we focus on characterizing the aggregate
interference in arbitrarily-shaped underlay cognitive network
regions with arbitrary location of the PU. We consider both
the guard zone protocol [4, 5] and the multi-threshold protocol
(which includes the single-threshold protocol as a special
case) [6], which are SU activity protocols commonly employed
in underlay cognitive networks in order to limit the interfer-
ence generated by SUs. Compared to prior works, the major
contributions of this paper are:

o We derive the analytical expressions for the n-th moment
and the n-th cumulant of the aggregate interference
from the SUs for the guard zone and multi-threshold
protocols. We show that existing n-th moment results
in the literature arise as special cases from our general
expressions.

« We study the convergence of the aggregate interference
distribution to a Gaussian distribution via the higher order
statistics (i.e., skewness and kurtosis). We show that cau-
tion must be taken in using the Gaussian approximation,
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even for a large number of SUs, as the rate of convergence
to a Gaussian depends on the path-loss exponent, the
fading and the parameters of SU activity protocols and
the convergence is in general non-monotonic.

o We compare the different closed-form distributions avail-
able in the literature to approximate the CCDF of the
aggregate interference in arbitrarily-shaped convex re-
gions. We show that the shifted lognormal distribution
provides the overall best approximation, especially in the
distribution tail region.

The rest of this paper is organized as follows. Section II
describes the system model, including the SU activity proto-
cols. The general n-th cumulant expressions to characterize the
aggregate interference are derived in Section III. The statistical
tools used to study the distribution of aggregate interference
are discussed in Section IV. The numerical and simulation
results are provided in Section V. Finally Section VI concludes
the paper.

II. SYSTEM MODEL

We consider an underlay cognitive network with a primary
user and M secondary users independently and uniformly
distributed (i.u.d.) inside an arbitrarily-shaped convex region
A, in the two dimensional Euclidean space R?. The interfered
PU can be located anywhere inside this network region A,
as depicted in Fig. 1. Under this setup, the distance between
i-th SU and PU, denoted as R;, is a random variable (RV)
with probability distribution function (PDF) fg,(r;). For any
irregular convex polygon region with an arbitrarily-located
reference point, the distance distribution fg,(r;) and the
corresponding cumulative distribution function (CDF) FF, (;)
can be determined in closed-form using the algorithm in [14,
15] and the accompanying software implementation [16].

We assume that all the transmitting channels are identically
and independently distributed (i.i.d.). We model the wireless
channel as the path-loss plus block fading channel, i.e., the
propagation loss at distance r can be expressed as Gi(r),
where GG denotes the fading power gain on the channel and
[(r) = min {1, »~“} is the bounded path-loss model with path-
loss exponent «, which avoids the singularity at » = 0 [17].

We assume that all the nodes are in the frequency duplex
mode. Similar to [6], to know the channel strength to the PU,
each SU senses the PU’s uplink channel. In other words, the
sensing is achieved by receiving the signal transmitted by the
PU for each SU via the sensing channel (from PU to SU). The
sensing channel is assumed to be fully uncorrelated with the
SU transmitting (i.e., interfering) channel (from SU to PU).

Each SU determines whether to transmit or not according to
the adopted SU activity protocol. Our purpose is to character-
ize the statistics of aggregate interference from the M SUs at
the given location of the PU, while taking into account the SU
activity protocol. We can express the aggregate interference at
PU as

M M
Lige = Zli = ZPTGiZ(Ri)l(condition)» (D
i=1 i=1

S3 V3
Va

S4

V1 S1 Va

Fig. 1. Illustration of an arbitrarily-shaped underlay cognitive network region
(A = interfered PU, @ = SU). S; and V; (j = 1,2, 3,4) denote the side and
vertex of this convex shape.

where I; is the interference generated by the i-th SU, I(R;) =
min {1, R "‘}, Pr denotes the transmit power for SU, which
is assumed to be the same for all SUs, and G; represents
the instantaneous fading power gain on the SU transmitting
channel with PDF fc,(gi). 1(condition) i an indicator function
which is equal to one as long as the condition within it,
which depends on the SU activity protocol, holds. In the
following, we consider the two important SU activity protocols
for the underlay cognitive networks and formulate the explicit
expression for g, for each protocol'.

A. Guard Zone Protocol

In this protocol, the PU is protected by a guard zone of
radius 7y around itself [4,5]. Any SU that enters this region
becomes inactive and does not transmit, i.e., no interference
is generated from the SUs inside the guard zone. Then the
aggregate interference from SUs is given by

M
Loge = Z PrGiR; (g, 5r,).- )
i=1
B. Multi-Threshold Protocol

For the multi-threshold protocol, each SU adjusts its trans-
mit power based on the received instantaneous power on the
sensing channel [6]. The sensed signal power at the i-th SU is
given by Pr H;l(R;), where Pp, denotes the transmit power
for PU and has been set to unity for analytical convenience.

Assume that there are L level of transmit power and let ;1
(I =1,...,L) and ~; denote the lower and upper threshold
for a certain transmit power level [, respectively. When the
sensed power lies in the range of v;_; and y;, the SU transmits
the power at level [, denoted by F(7;). Mathematically, the
transmit power for the ¢-th SU is

Prryy, 0 < Hil(Ri) < i
Pr=«.. 3)
Perny, vo-1 < Hil(R;) <y

Throughout the paper, we assume that 79 = 0 and v, = oc.
Note that when Py is set to zero, the SU becomes
inactive once its received power on the sensing channel is
greater than the threshold ~;,_1. Additionally, for the case of
two power levels (L = 2) and the power for the second level

IThe detailed performance comparison of different secondary user activity
protocols has been addressed in [18].
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being zero (P(r2) = 0), the multi-threshold protocol reduces
to the single-threshold protocol [6].
For the above setup, the aggregate interference from SUs
can be written as
M L
Logg =YY ParnGiRy "Ly <mi(ry<r) @)
=1 1=1
ITI. AGGREGATE INTERFERENCE

In this section, we provide the mathematical formulation
to characterize the aggregate interference from SUs under the
considered SU activity protocols.

A. Mathematical Formulation

Since the SUs are i.u.d. inside the finite network region, the
moment generating function of I,e, is given by

MI‘“J (s) = Ejﬂgg {exp (_Slagg)} = {MI(S)}IW (5)

where Ej, {-} denotes the expectation with respect to the
RV Ig and M;i(s) = E;{exp(—sl)} is the MGF of the
interference from a random SU. Note that we have dropped
the index ¢ in I; (similarly, in R;, G; and H;) because of the
assumptions that the SUs are i.u.d. and the fading channels
are i.i.d..

Using its definition, the n-th cumulant of I, is related to
the MGF of I,4, by [19]

gy () (1) T )

ds™ s=0
d"In M
=(-1)"M ndinf(s) = Mey(n), (6)
& s=0

where r;(n) denotes the n-th cumulant of the interference
from a random SU.

As it is not easy to directly evaluate x;(n) for n > 2, we
compute the n-th moment of the interference from a random
SU, denoted by p7(n), instead. Using the recursive moment-
cumulant relationship [9], we can rewrite (6) as

n—1

-1
)= 31 rt) = 32 (0 st =) |
j=1
@)
and p7(n) is related to M (s) by [19]
_(_pyn @"Mu(s)
pr(n) = (=1)" — = L ®

In the following, we present analytical results for p;(n) for
the two SU activity protocols considered in this paper.

B. Guard Zone Protocol

For the guard zone protocol, the interference from a random
SUis I = PrGI(R)1(g>, ). Using the definition of MGF, the
MGF of [ is given by

M;(s) =Eg,r {exp (—sPrGU(R)L(g>,,)) }
- /0 / " exp (—sPrGUR)) fo(g) fr(r)drdg,
Tf
)

where 7,.x denotes the maximum range of the RV R and
E¢ r{-} denotes the expectation with respect to RVs G, R.

Substituting (9) into (8), the n-th moment of [ can be
computed as

i (n) =(Pr)" /0 g felg)dg / " R fr(r)dr

Tf

—PpEG {G") ((FRu) ~ Fr(rp)) 1<t

T'max
+ / r_"“fR(r)dr> ,
max(1,7y)

where F(-) and fr(r) are the CDF and PDF of the distance
from a SU to the PU.

Remark 1: For the guard zone protocol, the n-th moment
expressed in (10) generally admits the closed-form solution.
Note that E¢ [G™] represents the n-th moment for the fad-
ing power gain, for which the closed-form expression exists
for most common fading distributions. For example, when
the transmitting channel undergoes the Nakagami-m fading
with the fading coefficient m,, Eg [G"] = % [9]
Similarly, the integration involving fr(r) can be computed in
closed-form once fg(r) is determined using [16].

C. Multi-Threshold Protocol

For the multi-threshold protocol, as the interference is I =
Zlel PryyGR™1(4,_, <Hi(R)<v)» the conditional probabil-
ity mass function of the interference, which is conditioned on
the distance R, can be written as

f(;h/l(R)f (h)dh

2 /I(R
St ()i,

(10)

Pr(I =I|R) = 1= PraGlR)
I= P(T,L)Gl(R);
(11

Thus, we can write the MGF of the interference from a
random SU as

Mi(s) =Eq {Er {Pr(I =I|R)exp (—sl)}}

L oo T'max
= Z/ / exp (—sP(TJ)Gl(R)) X
=170 0

(Fu (m/U(R)) — Fu (mi-1/U(R)) ) fr ()fc(g)drlc;g.
(12)

fVOjfl/l(R) fr(h)dh,

Substituting (12) into (8), ps(n) is expressed as

pr(n) = /Ooo 9" fe(g)dg Y Pl
/0 (UR)" (Fu (w/U(R)) = Fir (yi_1/U(R)) ) fr(r)dr
L

—Ec(G"]S Pl ((FH () — Fir (—1) ) Fr(1) +
=1

/jmax r " (Fy (mr®) — Fu (Wllra))fR(T)dT>a
(13)
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(mg+mn—1)!

9 L—1
pr(n) = my(mg —1)! W2(2 — na) (l—l

o Tlmp = n+ 2, mpy, mpy W
['[ma]

> + (’I%’L) (WQ—nu o

n n e LM, 0,mpyiWe naT[my, 0, myy]
) (Pm) - P(TJ+1)> (W2 S S v R

F[mh] 2

7))

L)

(14)

where F'y(-) denotes the CDF of fading power gain on the
sensing channel.

Special Case: When the PU is located at the center of a
disk with radius W, we have fr(r) = 2r/W?2. Assuming all
the fading channels experience the Nakagami-m fading, we
can derive the closed-form result for the n-th moment given
in (14), where na # 2, m, and my, represent the fading
parameter on SU transmitting channel and sensing channel
respectively, '[z] = [t Texp(—t)dt and I'[z,a,b] =
fj t*~Lexp(—t)dt are the complete and incomplete gamma
functions, respectively [19]. The result from (14) is the same
as the result from [6] with the same system model. However,
the method of deriving the n-th moment in [6] is only valid
for the annulus-shaped region with PU located at its center.

IV. CHARACTERIZATION OF THE AGGREGATE
INTERFERENCE

In this section, we describe the statistical tools which can
be used to characterize the aggregate interference.

A. Skewness, Kurtosis and Convergence to a Gaussian

The skewness and kurtosis describe the ‘symmetry’ and
‘peakedness’ of the distribution of a RV, respectively. The
skewness, (31, and kurtosis, S5, of a RV X are related to its
n-th cumulant by [19]

B1 (X) = m (15)
and
Ba (X) = :j—((;‘)l (16)

Together, the skewness and kurtosis can be employed to
assess the normality of a distribution [20]. For a Gaussian
distribution, 81 = f2 = 0. Thus, if both 8;(X) — 0 and
B2(X) — 0, we can say that the RV X is closely approximated
by a Gaussian distribution [9].

B. Distribution Approximation of the Aggregate Interference

The exact n-th cumulant of I,,, can be derived by substitut-
ing (10) and (13), respectively, into (7) for the considered SU
activity protocols. Once x7,,, (1) is known, its distribution can
be approximated by the well known closed-form distributions.
In this section, we detail the various distributions which can
be used to approximate the complementary cumulative distri-
bution function (CCDF) of I,g,. Their accuracy is compared
in Section V.

Gaussian distribution: The CCDF of Gaussian distribution
is [19]

. — 1
ST )

where Q(+) is the Q-function, #y,, (1) and r7,,(2) are 1st and
2nd cumulant of I,e,, respectively.
Inverse Gaussian distribution: The CCDF of Inverse Gaussian

distribution is [19]
Rl (1) ( z _1)
Hlagg(z)z K’Iagg(]')

Kl (1)? 2
i ()2 (maggu) * 1))
(18)

Pr (Iagg > Z)inverse Gaussian _ Q <
2’ilagg(]‘)2
—e T e T 1— —
Xp( 1 (2) Q

Lognormal distribution: The CCDF of Lognormal distribution
is [19]

Inz—rxp (1
Pr (Iagg > Z)lognormal -Q ( ng;( )) .
Kol (2)

19)

where In(-) is the natural logarithm.
Shifted lognormal distribution: The CCDF of shifted lognor-
mal distribution can be approximated by [21]

" ) In(z — ¢) —
Pr (Iagg N Z)shlfted lognormal ~ Q ( H(Z C) N) , (20)
g

where
1 1
02=1n((k+\/k2—1)3 n (k— k2—1)3 1),
(21a)
e
p= ) (21b)
2
0.2
c= K, (1) —exp ,u—i—? , (21¢)
k=14 51 (Lg)’ /2. 21d)

where (1(-) is defined in (15).

Gamma distribution: The CCDF of Gamma distribution is [13]
Ko (1)° K Tyge (1)

D[Sy 0, Feeiye

JEt

Filhgq (2)

)Gamma -1 —

Pr (L > 2 (22)

where I'[z] and T'[z,a,b] are the complete and incomplete
gamma functions, respectively.
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1 10 20 3 40 50 60

Guard zone radius, T

Fig. 2. Skewness and Kurtosis of the aggregate interference versus the radius
of guard zone, 7y for different path-loss exponents (o = 2,4, 6) for the case
that PU is located at the center of a disk region with radius W = 100,
M = 1000 SUs and the Nakagami-m fading channels (m = 4).

—— Skewness
- - -Kurtosis

25

Skewness/Kurtosis of |

Negative exponent of the threshold, —Iogmy

Fig. 3. Skewness and Kurtosis of the aggregate interference versus the
negative exponent of the threshold, —log,,~ for different Nakagami-m
fading parameters (m = 4, 6, 10) for the case that PU is located at the center
of a disk region with radius W = 100, M = 1000 SUs and the path-loss
exponent o = 2.5.

V. RESULTS

In this section, we present numerical and simulation results
to characterize the aggregate interference. The simulation
results are generated by uniformly distributing M nodes inside
the considered regions over 10 million simulation runs.

A. Convergence to a Gaussian

First, we investigate the effect of the channel parameters
on the convergence of I, to a Gaussian distribution using
skewness and kurtosis. We consider the scenario that the PU
is located at the center of a disk region with radius W = 100,
M = 1000 SUs and all channels experience Nakagami-m
fading.

Fig. 2 plots the skewness and kurtosis of I, versus the
radius of guard zone, ry, for the guard zone protocol for
different path-loss exponents (o« = 2,4, 6) and m = 4. We can
see from Fig. 2 that curves are monotonic for the considered
range of ry. With smaller «, skewness and kurtosis converge
to O at a faster rate.

Fig. 3 shows the skewness and kurtosis of I,g, versus
the negative exponent of the threshold, —log;,~, for the
single-threshold protocol for different fading parameters (m =
4,6,10) and o = 2.5. We can see that a larger m (less
severe fading) leads to a faster convergence to a Gaussian.
However, the curves are not monotonic. Hence, caution must
be undertaken in approximating I,s, as a Gaussian, even for
a large number of SUs (i.e., M = 1000 considered in Fig. 3).

B. CCDF Approximation of the Aggregate Interference

In this section, we compare the different CCDF approxima-
tion methods. We consider the following two scenarios: (i) a
square region with side length 100 and the PU is located at
the corner of this region; (ii) a polygon region as depicted in
Fig. 1 with side lengths S; = 200,/2/3, Sy = 200/v/3 and
S3 =S4 = S1/2 and the PU is located at the intersection point
of the two diagonals. All the communication channels undergo
the Nakagami-m (m = 4) fading and path-loss exponent is
o = 3.5. The radius of the guard zone range is 7y = 30,
the threshold for the single-threshold protocol is v = 107°
and transmit power for SU is Pr = 1 for these two portocols.
For the multi-threshold-protocol, we assume three power levels
with (v = 107°,Pp1y = 1), (2 = 1073, Pipgy = 0.1),
(73 = 00, P13y = 0).

Fig. 4 and Fig. 5 plot the approximate CCDF of I,,, for
scenario (i) and (ii), respectively. The analytical results are
plotted using (10), (13) and (7), along with (17) for Gaussian
distribution, (18) for inverse Gaussian, (19) for lognormal
distribution, (20) for shifted lognormal distribution and (22)
for Gamma distribution.

Comparing Fig. 4(a) and Fig. 5(a), we can see that the
shifted lognormal and Gamma distributions both provide
good approximations for the guard zone protocol. Comparing
Fig. 4(b) and Fig. 5(b), and Fig. 4(c) and Fig. 5(c), we can
see that the shifted lognormal distribution provides the best
match for the single-threshold and multi-threshold protocols
in the distribution tail region. Overall, our results show that
the shifted lognormal distribution provides the best CCDF
approximation for the considered SU activity protocols and
arbitrarily-shaped regions.

VI. CONCLUSIONS

In this paper, we have studied the aggregate interference
inside an arbitrarily-shaped underlay cognitive network region
with an arbitrary location of PU and different SU activity
protocols. Using the MGF of the interference from a random
SU, we have derived the n-th moment and the n-th cumulant of
the aggregate interference from the SUs. Using the cumulants,
we studied the aggregate interference’s convergence to a
Gaussian distribution. In addition, we compared the different
distributions which can be used to approximate the distribution
of aggregate interference using the exact cumulants. Our
results showed that the shifted lognormal distribution provides
the best CCDF approximation, especially in the distribution
tail region, compared to other distributions considered in the
literature.
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(a) Guard zone protocol (ry = 30, Pr = 1).
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(b) Single-threshold protocol (y = 10~°, Py = 1).

(c¢) Multi-threshold protocol (y1 = 10_5,P<T_’1>
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Fig. 4. CCDF approximation for the case that PU is located at the corner of a square region with side length 100, Nakagami-m (m = 4) fading and path-loss
exponent o = 3.5.
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(a) Guard zone protocol (ry = 30, Pr = 1).

(b) Single-threshold protocol (y = 1075, Pr = 1).

(c¢) Multi-threshold protocol (y1 = 10*5,P(T’1)

D, (2 1073, P19 0.1), (v3
00,P(7,3) = 0).

Fig. 5. CCDF approximation for the case that PU is located at the intersection of two diagonals of a polygon region as depicted in Fig. 1, Nakagami-m
(m = 4) fading and path-loss exponent o = 3.5.
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