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Abstract. A cognitive heterogeneous network with unreliable backhaul
connections is studied in this paper. In this system, a macro-base sta-
tion connected to cloud transmits information to multiple small cells
via backhaul links. In addition, multiple small cells acting as secondary
transmitters send information to a receiver by sharing the same spectrum
with multiple primary users. Bernoulli process is adopted to model the
backhaul reliability. Selection combining protocol is used at the receiver
side to maximize the received signal-to-noise ratio. We investigate the
impacts of the number of small-cells, the number of primary users as
well as the backhaul reliability on the system performance, i.e., out-
age probability in Rayleigh fading channels. Closed-form expressions are
derived and asymptotic analysis is also provided.
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1 Introduction

In order to satisfy the increasing data traffic demand, future networks are
expected to be more dense and heterogeneous [1]. To cope with increasing
demand at the access, millimeter wave band can be exploited [2]. In addition,
another approach is heterogeneous networks (HetNets), low power small cells
including microcells, picocells, femtocells etc. are deployed within the high power
macrocells coverage area to achieve substantial gains in coverage and capacity
[3–5]. In HetNets, the conventional wired backhaul provides solid connections
between macrocells and small cells. However, when a large number of small cells
is needed to cover dense scenarios, the cost for the deployment and maintenance
is high. To overcome the disadvantage, wireless backhaul has emerged as a suit-
able solution. However, wireless backhaul is not as reliable as wired backhaul
c© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2019

Published by Springer Nature Switzerland AG 2019. All Rights Reserved

T. Q. Duong and N.-S. Vo (Eds.): INISCOM 2018, LNICST 257, pp. 264–275, 2019.

https://doi.org/10.1007/978-3-030-05873-9_22

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05873-9_22&domain=pdf
https://doi.org/10.1007/978-3-030-05873-9_22


Outage Probability of Cognitive Heterogeneous Networks 265

due to wireless channel impairments such as non-line-of-sight (nLOS) propaga-
tion and channel fading [6].

Several previous works have studied the impact of unreliable backhaul on sys-
tem performance [1,6–16]. In [6,10,11,14–16], the impact of unreliable backhaul
on cooperative relay systems was investigated. In [11], the outage probability
of finite-sized selective relaying systems with unreliable backhaul was studied,
and the transmitter-relay pair providing the highest end-to-end signal-to-noise
ratio (SNR) was selected for transmission. In the aforementioned studies about
unreliable backhaul connections, backhaul reliability has been shown as a key
factor for the system performance.

The increasing wireless demands for frequencies have caused the spectrum to
be exhausted [17]. In HetNets, frequency sharing is essential to increase the spec-
tral efficiency and system capacity, thus to achieve better system performance.
Cognitive radio (CR) technology is considered as a promising solution to solve
the spectrum scarcity [18]. In the cognitive radio network (CRN), a secondary
user (SU) is allowed to use the spectrum that is prior allocated to a primary
user (PU) if the interference caused by SUs to the PUs is within an acceptable
tolerance level [19]. In [20], the outage probability of the cognitive radio net-
work has been evaluated and the impact of a single PU on the SU’s systems has
been studied. In [21], other aspects such as the impact of the PU on the energy
harvesting CRN was also studied. However, in the CRN, SUs cooperating with
a single PU is not sufficient to exploit the cooperation benefits. Recently, some
works have investigated a CRN with multiple PUs, which is more practical and
realistic [22,23]. However, all of the research related to CR technology [20,22–26]
ignored the impact of unreliable backhaul.

The very recent works [8,9,12] introduced CR technology to HetNets and
examined the impact of unreliable backhaul on CRNs. In [8], a single transmitter
acting as a small cell was considered in the system. However, in the real scenar-
ios, there can be large number of transmitters rather than a single transmitter.
There is likely to be several small cells in HetNets to cooperate and achieve better
system performance. Therefore, in this research, we assume a cognitive HetNet
system with multiple small cells that can be accounted for more scenarios. To
the best of our knowledge, there is no previous research that study backhaul
reliability in a CRN with multiple PUs. Therefore, we propose a cognitive het-
erogeneous network with multiple small cells acting as secondary transmitters
and multiple PUs that limit the transmit power of secondary transmitters in the
system. Our main contributions are summarized as follows:

– For the first time, we propose a cognitive heterogeneous network with multiple
small cell transmitters and primary users. In addition, the reliability of the
backhaul is modeled as Bernoulli process [6].

– Selection combining is used to choose the best small cell that has the maxi-
mum SNR at the destination. The impacts of backhaul reliability, the number
of small cells and primary users on the system performance are examined.



266 C. Yin et al.

– Closed-form and asymptotic expressions for outage probability are derived.
Moreover, numerical results are conducted to verify the system performance
using Monte Carlo simulations.

The remainder of the paper is organized as follows. System and channel mod-
els are described in Sect. 2. Derivation of the SNR distributions in the proposed
system is obtained in Sect. 3. The closed-form expressions for outage probability
are carried out in Sect. 4, while numerical results are presented in Sect. 5. Finally,
the paper is concluded in Sect. 6.

Notation: P [·] is the probability of occurrence of an event. For a random variable
X, FX(·) denotes its cumulative distribution function (CDF) and fX(·) denotes
the corresponding probability density function (PDF). In addition, max (·) and
min (·) denote the maximum and minimum of their arguments, respectively.

2 System and Channel Models

We consider a cognitive heterogeneous network consisting of a macro-base sta-
tion (BS) connected to cloud, K small cells as the secondary transmitters
{SC1...SCk, ...SCK}, a secondary receiver (SU − D) as the destination and N
primary users {PU1...PUn, ...PUN}, as shown in Fig. 1. The BS is connected to
K small cells by unreliable wireless backhaul links. The K small cells send infor-
mation to the destination while using the same spectrum of N primary users.
All nodes are supposed to be equipped with a single antenna. Assuming all the

Macro BS

Cloud

S1                Sk
SK

SC1 SCk SCK

SU-D
PU

Communica on link

Interference link

Fig. 1. A cognitive heterogeneous network with multiple primary users and multiple
small cells acting as secondary users



Outage Probability of Cognitive Heterogeneous Networks 267

channels are Rayleigh fading and are independent and identically distributed,
in which the channel power gains are exponential distributed with parameter
λX for X = {λkp, λks}. The link SC − PU follows exponential distribution
with parameter λkp, and the link SC − SU follows exponential distributed with
parameter λks. In the CRN, the secondary network consists K secondary trans-
mitters and a SU − D, they can operate in the same spectrum licensed to PUs
as long as they do not cause any harmful interference to PUs. The maximum
tolerable interference power at the PU are Ip. Assuming the transmit powers
at the secondary transmitters are limited to PT [20]. In this way, the transmit
power at the secondary transmitters can be written as

Pk = min

⎛
⎝PT ,

Ip

max
i=1,...,N

|hkpi
|2

⎞
⎠ , (1)

where hkpi
, i = {1, ...n, ...N} donates the channel coefficients of the interfer-

ence link from SC to PUs. Without considering the backhaul reliability, the
instantaneous received SNR of the link SC to SU − D is given as

γks = min

⎛
⎝γP|hks|2, γI

max
i=1,...,N

|hkpi
|2 |hks|2

⎞
⎠ , (2)

where hks donates the channel coefficients of the interference link from SC to
SU − D. The average SNR of the primary network is given as γI = Ip

σ2
n
, and the

average SNR of the secondary networks is given as γP = Pt

σ2
n
, where σ2

n is the
noise variance.

Considering the backhaul reliability, the signal received at the destination
SU − D is given as

yks =
√

PkhksIkx + nks, (3)

where Pk is given in (1), nks is the complex additive white Gaussian noise
(AWGN) with zero mean and variance σ, i.e., z ∼ CN(0, σ).

In the first hop, the signal is transmitted from BS to the small cells via unre-
liable backhaul links. The unreliable backhaul links can perform either success or
failure transmission. So the reliability backhaul is modeled as Bernoulli process
Ik with success probability sk where P (Ik∗ = 1) = sk and P (Ik∗ = 0) = 1 − sk.
This indicates that the probability of the message successfully delivered over its
dedicated backhaul is sk, however, the failure probability is 1− sk. Assume that
x is the desired transmitted signal from BS to SU − D.

In the second hop, selection combining protocol is used at the destination
SU − D in order to select the best small cell that has the maximum SNR to
transmit the signal. The small cell SCk∗ is selected as

k∗ = max
k=1,...,K

arg (γksIk) , (4)
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In this way, considering the backhaul reliability, the end-to-end SNR at the
receiver SU − D can be rewritten as

γs = min

⎛
⎝γP|hk∗s|2, γI

max
i=1,...,N

|hk∗pi
|2 |hk∗s|2

⎞
⎠ Ik∗ . (5)

3 SNR Distributions in Cognitive Heterogeneous Systems

In this section, the distributions of the SNRs are derived, and the system per-
formances are studied based on the derivations in the next section.

From the end-to-end SNR in (5), assume Y = max
i=1,...,N

|hkpi
|2, the CDF and

PDF of Y can be given as

FY (y) = [1 − exp(−λy)]N , (6)

fY (y) = λN

N−1∑
i=0

(−1)i

(
N − 1

i

)
exp [−λ(i + 1)y] . (7)

Without considering the impact of backhaul reliability, the CDF of the end-
to-end SNR given in (2) can be written as,

Fγks
(x) = 1 +

N∑
n=1

(−1)n

(
N

n

)
exp(−γPγIn

γP
) − exp(−λks

γP
) −

N∑
n=1

(−1)n

(
N

n

)

exp
(

−γPγIn + λksx

γP

)
+ N

N−1∑
i=0

(−1)i

i + 1

(
N

i

)
exp

[
−γkpγI(i + 1)

γP

]
− N

N−1∑
i=0

(−1)i

(
N − 1

i

)
λkp

λksx
γI

+ λkp(i + 1)
exp

[
γI
γP

(
−λksx

γI
− λkp(i + 1)

)]

(8)

Proof

Fγks
(x) = P

[
min

(
γP|hks|2, γI

Y
|hks|2

)
≤ x

]

= P

[
|hks|2 ≤ x

γP
;
γI
Y

≥ γP

]

︸ ︷︷ ︸
J1

+P

[ |hks|2
Y

≤ x

γI
;
γI
Y

≤ γP

]

︸ ︷︷ ︸
J2

(9)

For the term J1, because |hks|2 and |hkpi
|2 are independent and Y =

max
i=1,...,N

|hkpi
|2, J1 can be expanded as

J1 = P

[
|hks|2 ≤ x

γP
;Y ≤ γI

γP

]

= Fγks
(

x

γP
)
[
Fγkp

(
γI
γP

)
]N

.

(10)
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For the term J2, the concept of probability theory is used and with the help of
(7), J2 is expressed as

J2 = P

[
|hks|2 ≤ xY

γI
;Y ≥ γI

γP

]

=
∫ xY

γI

0

f|hks|2(y)
∫ ∞

γI
γP

f|hkpi
|2(z)dydz.

(11)

The above Eq. (8) is the CDF of SNR without considering the unreliable back-
hual, we now take into account the backhaul reliability and derive the CDF of
the end-to-end SNR given in (5) as follows.

The PDF of γksIk is modeled by the mixed distribution,

fγksIk
(x) = (1 − s)δ(x) + s

∂Fγks
(x)

∂x
, (12)

where δ(x) is the Dirac delta function. According to (12), the CDF of the γksIk
is given as

FγksIk
(x) =

∫ x

0

fγksIk
(x)dx. (13)

With the help of [27, Eq. (3.353.2)], the CDF is expressed as

FγksIk (x) = 1 − s exp

(
−λksx

γP

)
− s

N∑
n=1

(−1)n

(
N

n

)
exp

(
−λkpγIn + λksx

γP

)

+ s
N∑

n=1

(−1)n

(
N

n

)
exp

(
−λkpγIn

γP

)
+ sN

N−1∑
i=0

(−1)i

i + 1

(
N − 1

i

)
exp

[
−γIλkp(i + 1)

γP

]

− sN

N−1∑
i=0

(−1)i

(
N − 1

i

)
λkp

xλks
γI

+ λkp(i + 1)
exp

[
−γIλkp(i + 1) + λksx

γP

]
.

(14)

According to (4), k is selected when γksIk achieves the maximum value, since
for all random variables γksIk are independent and identically distributed. The
CDF of SNR γs can be written as
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Fγs(x) = FK
γksIk

(x)

= 1 −
K∑

k=1

(−1)k

(
K

k

)
sk

k∑
j=0

(
k

j

) k−j∑
m=0

(
k − j

m

)
exp

[
−λksx(k − j − m)

γP

]

m∑
p=0

(−1)p

(
m

p

)
exp

(
−λksxp

γP

) m∑
a1,...aN

(
m

a1...aN

) N∏
t=1

[(
N

t

)]at

(−1)tat

exp
(

−λkpγItat

γP

) k∑
q=0

(N)q

(
k

q

)
exp

(
−λksxq

γP

) q∑
b0,...bN−1

(
q

b0...bN−1

) N−1∏
r=0

[(
N − 1

r

)]br

(−1)rbr exp
[
−λkpγI(r + 1)br

γP

] [
λkp

λksx
γI

+ λkp(r + 1)

]br

(−N)k−q

k−q∑
c0,...cN−1

(
k − q

c0...cN−1

) N−1∏
d=0

[(
N − 1

d

)]cd (−1)cdd

d + 1
exp

[
−λkpγI(d + 1)cd

γP

]
.

(15)

4 Performance Analysis of the Proposed System

This section studies the performance of outage probability utilizing the SNR dis-
tributions obtained in the previous section. Closed-form expressions are derived
and asymptotic calculation is also provided to evaluate the system performance.

4.1 Outage Probability Analysis

The outage probability is defined as the probability that the SNR falls below a
certain threshold γth,

Pout(γth) = P (γs ≤ γth) = Fγs(γth). (16)

The outage probability closed-form expressions of the proposed system,

Pγs (γth) = 1−
K∑

k=1

(−1)k
(K

k

)
sk

k∑

j=0

(k

j

) k−j∑

m=0

(k − j

m

)
exp

[
−λksγth(k − j − m)

γP

]

m∑

p=0

(−1)p
(m

p

)
exp

(
−λksγthp

γP

) m∑

a1,...aN

( m

a1...aN

) N∏

t=1

[(N

t

)]at

(−1)tat exp

(
−λkpγItat

γP

)

k∑

q=0

(N)q
(k

q

)
exp

(
−λksγthq

γP

) q∑

b0,...bN−1

( q

b0...bN−1

) N−1∏

r=0

[(N − 1

r

)]br

(−1)rbr

exp

[
−λkpγI(r + 1)br

γP

] ⎡

⎣ λkp

λksγth
γI

+ λkp(r + 1)

⎤

⎦
br

(−N)k−q
k−q∑

c0,...cN−1

( k − q

c0...cN−1

)

N−1∏

d=0

[(N − 1

d

)]cd (−1)cdd

d + 1
exp

[
−λkpγI(d + 1)cd

γP

]
.

(17)
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Asymptotic Analysis. In the high SNR regime, when γP → ∞ in the proposed
cognitive heterogeneous network, the asymptotic is given by

PAsy
out (γth) = (1 − s)K . (18)

5 Numerical Results and Discussions

In this section, numerical results of the outage probability are studied to eval-
uate the impacts of backhaul reliability, the number of primary transmitters
and secondary transmitters on the system performance. The ‘Sim’ curves are
the simulation results, ‘Ana’ curves indicate analytical results and ‘Asy’ curves
donate the asymptotic results. In the figures, we can observe that both the
simulation curves and analytical curves match very well. In this section, the
threshold of outage probability is fixed at γth = 3 dB and the location of the
nodes are SC = (0.5, 0), SU − D =(0, 0), PU =(0.5, 0.5) in Cartesian coordi-
nate system respectively. Hence, the distance between two nodes can be found as
dAB=

√
(xA − xB)2 + (yA − yB)2, where A and B have the co-ordinates (xA, yA)

and (xB , yB) and A,B = {SC,PU, SU −D}. It is assumed that average SNR of
each link is dependent on the path loss as 1/λX = 1/dpl

X , where pl is the path
loss exponent and pl = 4 is assumed. Moreover, we also assume that the average
SNR γP=γI.

5.1 Outage Probability Analysis

The figures in this section show the impacts of backhaul reliability s, the num-
ber of primary users PUs and secondary transmitters SCs on the system per-
formance. In Fig. 2, s is fixed at 0.99 and the number of PUs is 3. Assuming
the number of SCs is K = 1, K = 2, K = 3 to evaluate the impact of the
number of SCs on system performance. In the figures, when the number of SCs
increase, the outage probability decreases and the system can achieve a better
performance due to the correlation of multiple signals at the receiver. Also, all
the curves converage to the asymptotic limitation.

In Fig. 3, the outage probability behaviour at different backhaul reliability
is investigated. N = 3 and K = 3 is assumed in this scenario. We assume that
s = 0.99, s = 0.90 and s = 0.80 to evaluate the impact of backhaul reliability
on the system performance. In Fig. 3, when s increases, the system performs
better as the outage probability decreases. This is because when the probability
of the information successfully delivered over the backhaul links gets higher, the
system can achieve a better performance.

In Fig. 4, the outage probability with different number of PUs is investigated.
we asume that s = 0.99 and K = 3. We can observe that in low-SNR regime,
when N increases, the system performance gets worse. This is because when the
number of PUs increases, SCs must satisfy the power constraints of all the PUs.
The power constraints would get tighter when the number of PUs increases. The
transmit power of SCs would reduce due to the increasing power constraints.
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However, in high SNR regime, increasing the number of PUs does not have any
effect on the system performance, as is shown in (18). According to Figs. 2, 3
and 4, in high SNR regime, only the backhaul reliability and the number of SCs
can affect the system performance.

Fig. 2. Outage probability with different number of secondary transmitters at a fixed
backhaul reliability (s = 0.99) and a fixed number of primary users (N = 3)

Fig. 3. Outage probability with different backhaul reliability at a fixed number of
secondary transmitters (K = 3) and a fixed number of primary users (N = 3)
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Fig. 4. Outage probability with different number of primary users at a fixed number
of secondary transmitters (K = 3) and a fixed backhaul reliability (s = 0.99)

6 Conclusions

In this paper, we propose a cognitive heterogeneous network with multiple small
cell transmitters and primary users to investigate the impacts of backhaul relia-
bility, the number of small cells and primary users on the system performance.
The backhaul reliability is modeled as Bernoulli process. Selection combining is
used to choose the best small cell, having the maximum SNR at the destina-
tion. Closed-form expressions for outage probability are derived and asymptotic
analysis is provided. It has been shown that, when the number of cooperative
nodes and backhaul reliability increase, the system performs better. Moreover,
the increase of the primary users’ number can decrease the system performance
within low-SNR regime.
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