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Abstract To enhance the spectrum scarcity of cooperative
heterogeneous networks (HetNets) with unreliable backhaul
connections, we examine the impact of cognitive spectrum
sharing over multiple small-cell transmitters in Nakagami-
m fading channels. In this system, the secondary transmit-
ters are connected to macro-cell via wireless backhaul links
and communicate with the secondary receiver by sharing
the same spectrum with the primary user. Integrating cog-
nitive radio (CR) network into the system, we address the
combined power constraints: 1) the peak interference power
at the primary user and 2) the maximal transmit power at
the secondary transmitters. In addition, to exclude the sig-
naling overhead for exchanging channel-state-information
(CSI) at the transmitters, the selection combining (SC) pro-
tocol is assumed to employ at the receivers. To evaluate
the performance, we first derive the closed-form statistics
of the end-to-end signal-to-noise (SNR) ratio, from which
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the exact outage probability, ergodic capacity and symbol
error rate expressions are derived. To reveal further insights
into the effective unreliable backhaul links and the diversity
of fading parameters, the asymptotic expressions are also
attained. The two interesting non-cooperative and Rayleigh
fading scenarios are also investigated. Numerical results
are conducted to verify the performance of the considered
system via Monte-Carlo simulations.

Keywords Cognitive radio network · Cooperative
system · Wireless backhaul · Selection combining ·
Maximum transmit power · Peak interference power ·
Nakagami-m fading

1 Introduction

Due to the increase in not only the quantity of users but
also the quality of wireless systems, wireless broadband
services have driven high transport capacity requirements
among cellular networks [1]. As a result, the deployment
of wireless infrastructure will get more dense and hetero-
geneous in the near future [2]. To achieve such higher data
rate systems, backhaul as the backbone links between the
macro-cell and many small-cells in heterogeneous networks
(HetNets) is becoming an emerging technology. In the tra-
ditional way, wired backhaul has shown their advantages
of high reliability communications, yet deploying the large-
scale wired links would lead to an ineffective increase in
the costs of maintaining all the connections. For this reason,
wireless backhaul is considered as an alternative solution
since it offers cost-efficiency and flexibility in the practi-
cal systems. In spite of satisfying many requirements for the
availability of the backhaul connections, wireless backhaul
is not completely reliable compared to wired backhaul due
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to the existence of non-line-of-sight (n-LOS) propagation
and fading of transmission signals. [3, 4].

There are many existing studies that investigated unre-
liable wireless backhaul links. For example, in [5], the
authors analyzed the impact of heterogeneous backhaul
on a femtocell network by using game theory. In [6], the
impact of unreliable backhaul connections on the perfor-
mance of Coordinated Multi-Point (CoMP) techniques has
been investigated in the cooperative downlink system. For a
coordinated multi-point system under Rayleigh fading, the
authors in [7] have proposed an analytical framework for the
performance analysis with unreliable backhaul links. Tak-
ing into account the limited resources such as the number
of transmitters, interferers and backhaul reliability, the per-
formance of a cooperative wireless network has been inves-
tigated in [8]. It has been proved that in the high transmit
power region, the aggregate interference and the unreliable
backhaul are responsible for the asymptotic behavior of the
system. For most of research works, backhaul reliability is
shown as one of the key parameters that have significant
impact on the system performance.

Cooperative systems in dense networks aim to extend
the coverage or enhance the system capacity [9]. The fun-
damental idea of the cooperative transmission is that, the
desired signal transmitted by a macro-cell to the destina-
tion is captured by multiple small-cell transmitters which
act as relaying nodes. After receiving the signal in the first
stage, those small-cell transmitters process and immedi-
ately retransmit the signal to the destination in the second
stage. Then the receiver combines all the signals from
the macro-cell and small-cell transmitters. Therefore, the
diversity gain can be improved by taking advantage of
the multiple receptions at various transmitters and trans-
mission paths[10]. Several papers considering aggregation
schemes can be found in the literature. For relay selection
over Rayleigh fading channels, the authors in [11] investi-
gated the secrecy performance of three different diversity
combining schemes, namely maximum ratio combining
(MRC), selection combining (SC), switch-and-stay com-
bining (SSC). In [12], the authors analyzed the security of
MRC systems with the channel-state-information (CSI) at
the eavesdropper being available/not available. For a cyclic-
prefix single carrier (CP-SC) system, the best relay selection
scheme has been employed to analyze the performance in
cognitive radio (CR) sharing spectrum [13].

As the demand for additional bandwidth continues to
grow exponentially [14], many experts have sought solu-
tions to efficiently deploy the available licensed spectrum.
In recent years, the investigation on CR technologies has
attracted the research community as a key factor to improve
the spectrum scarcity in HetNets [15, 16]. By allowing the
secondary users to share the same spectrum which is orig-
inally allocated to primary users, the spectrum efficiency

can be significantly enhanced. One of CR applications
is cognitive relay networks. Under Nakagama-m fading,
the authors in [17] analyzed the performance impacts of
amplify-and-forward (AF) protocol subject to the transmit
power constraints at the source and relay node. In [18],
the authors investigated the transmit antenna selection with
receive generalized selection combining (TAS/GSC) in CR
networks over Nakagami-m fading. To study the impact of
cooperative AF relaying in spectrum sharing system, the
partial and opportunistic relay selection strategies have been
investigated in [19].

Since the spectrum in primary networks has not been
well utilized, it is important to integrate the CR technolo-
gies in the dense communication networks. To the best
of the authors’ knowledge, most of previous works only
considered CR by neglecting the impact of unreliable back-
haul [20–22]. Therefore, we are motivated to analyze the
performance of such systems. With the existence of CR
networks in cooperative systems, the spectrum efficiency
is then improved effectively. However, due to the nature
of sharing spectrum and wireless connections, the emitted
interference to the primary network and the unreliability of
the backhaul links should be taken into account. Based on
those considerations, our main contributions in this paper
are summarized as follows:

• Considering the cognitive spectrum sharing in coopera-
tive networks,1 we take into account the scarcity of the
spectrum utilization between the small-cell transmitters
and receivers. On the other hand, the wireless backhaul
links are modeled with its nature unreliability,2 where
we employ the Bernoulli process in the system model.

• In order to maximize the received signal-to-noise (SNR)
ratio at the receivers, we employ the SC protocol, in which
the perfect CSI are unnecessary at the transmitters [26,
27]. Moreover, the Nakagami-m fading is used to model
the communication and interference channels since it
provides various empirical scenarios for simulation [28].

• The transmit power at each transmitter is practically
formulated, where the peak interference threshold at
the primary user and the maximal allowance transmit
power to the secondary user are taken into account [17,
18]. We define S-SNR as the end-to-end SNR at the
secondary receiver, which is the product of backhaul
reliability random process and the distribution process

1Thanks to the innovation of spectrum sensing as well as statistical
tools i.e., stochastic geometry, HetNets with cognitive small-cells [23]
have been proved to overcome many challenges [24, 25] and be fea-
sible in deployment in order to achieve the flexible solutions for high
capacity demand.
2In [7], the reliability of the backhaul links implies the communica-
tion link conditions, which are able to fail due to the wireless link
characteristics such as network congestion, synchronization among
transceivers[8, 13].
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Table 1 Notation Used in this paper

Notation Description

Pout (γth) Outage probability of the proposed system

at the outage threshold γth

Pnon
out (γth) Outage probability of the non-cooperative system

at the outage threshold γth

PRay
out (γth) Outage probability of the Rayleigh fading system

at the outage threshold γth

PAsy
out (γth) Asymptotic outage probability of the proposed system

at the outage threshold γth

C Ergodic Capacity of the proposed system

Cnon Ergodic Capacity of the non-cooperative system

CRay Ergodic Capacity of the Rayleigh fading system

Pe Symbol error rate of the proposed system

P non
e Symbol error rate of the non-cooperative system

P
Ray
e Symbol error rate of the Rayleigh fading system

P
Asy
e Asymptotic symbol error rate of the proposed system

of channels between the transmitters and the secondary
receiver.

• Based on the derived statistics of the S-SNR of the pro-
posed systems, we derive the closed-form expressions
of the outage probability, ergodic capacity and the sym-
bol error rate along with the asymptotic expressions
in high-SNR regime. Thus, the analytical results are
validated using Monte Carlo simulation.

The remainder of this paper is organized as follows. In
the next section, we first detail the system channel model of
the proposed cognitive networks in the cooperative systems.

In Section 3, the statistical properties of the S-SNR are
derived under the existing of backhaul unreliability and the
transmitter power constraints. In Section 4, the closed-form
expressions of the outage probability, ergodic capacity and
symbol error rate and its asymptotic performance are pre-
sented. Simulation results are presented in Section 5 and
conclusions are drawn in Section 6.

Notation: CN (μ, σ 2
n ) denotes the complex Gaussian dis-

tribution with mean μ and variance σ 2
n ; Fλ(γ ) and fλ(γ )

denote the cumulative distribution (CDF) and probability
density function (PDF) of the random variable (RV) λ,
respectively; Eλ {f (γ )} denotes the expectation of f (γ )

with regard to the RV λ. In addition,
(
τ1
τ2

) = τ1!
τ2!(τ1 − τ2)

denotes the binomial coefficient. The other notations are
listed in Table 1.

2 System and channel models

As illustrated in Fig. 1, we consider a cognitive network in a
cooperative spectrum sharing system consisting of a macro
base station (macro-BS) which is connected to the backbone
network, K small-cells {SC1, ..., SCk, ..., SCK} as the sec-
ondary network transmitters (SU-Tk) are connected to the
macro-BS via unreliable wireless backhaul links, one sec-
ondary receiver (SU-D) and one primary user (PU-P). The
K transmitters communicate with the secondary receiver
SU-D by sharing the same spectrum with the primary user
PU-P. We assume the perfect CSI for SU-PU channels can
be obtained at the secondary transmitters i.e., small-cell
transmitters. All nodes are assumed to be equipped with a
single antenna and operate in half-duplex mode.

Fig. 1 A cognitive HetNet with
K cooperative transmitters, each
communicates with the
secondary user SU-D by
employing cognitive spectrum
sharing with the primary user
PU-P, with the wireless backhaul
links between those transmitters
and macro-BS being unreliable
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In the practical systems, the transmit powers at each
transmitter SU-Tk are constrained due to the interference
of the secondary network and must not exceed the peak
interference power Ip at the receiver PU-P. In addition,
each transmitter is allowed to transmit up to their maximum
power PT [17, 18, 29]. Under the combined power con-
straints, the transmit power at the transmitter SU-Tk can be
mathematically written as [13, 17]

P̃k = min

(

PT ,
Ip

|hp
k |2
)

. (1)

where h
p
k , k ∈ {1, 2, ..., K} denotes the channel coefficients

of the interference links SU-Tk → PU-P. Recall that Ip

denotes the peak interference power at the receiver PU-P
[30]. Without considering the backhaul reliability, the S-
SNR over the channel from the transmitter SU-Tk to the
receiver SU-D is given as

γ s
k = min

(

γ̄P |hs
k|2,

γ̄I
|hp

k |2 |hs
k|2
)

, (2)

where hs
k, k ∈ {1, 2, ..., K} denotes the channel coefficients

of the communication links SU-Tk → SU-D. The aver-
age SNR of the primary and secondary network is given
as γ̄I = Ip/σ 2

n and γ̄P = PT /σ 2
n , respectively, with σ 2

n

representing the noise variance.
Due to the unreliable nature backhaul links, the signal

received at the receiver SU-D via the transmitter SU-Tk

is given by

rk,s =
√

P̃k(h
s
k)(Ik)x + nk,s, (3)

where P̃k recalls the combined constraints transmit power
at the transmitter SU-Tk and nk,s ∼ CN (0, σ 2

n ). Since
the message is tranmitted from the core network to the
receiver, it must go through the backhaul links and perform
the success/failure transmission due to the characteristic
of wireless links. Thus, the backhaul reliability Ik of the
transmitter SU-Tk is modeled as Bernoulli process [7] with
successful probability {�k, ∀k}, i.e., the SU-Tk will suc-
cessfully receive the message from macro-BS and forward
to the receiver SU-D. Otherwise, the transmitter SU-Tk does
not send anything with failure probability being (1 − �k).
We denote x as the desired symbol transmitted by the small-cell
transmitters and assume that E{x} = 0 and E{|x|2} = 1.

Herein, we assume the SC protocol at the receiver SU-
D3 by selecting the small-cell station which has the best
SNR over the received signals from K transmitters. Upon

3In the literature in unreliable backhaul [26, 31], the perfect knowl-
edge of CSI is not required at the transmitters, which is different from
maximum ratio transmission (MRT) protocol [32, 33].

applying the SC protocol, it can be defined as

k∗ = max arg[k∈K](γ s
k Ik), (4)

is the selected transmitter SU-Tk index. Consequently, the
instantaneous S-SNR at the receiver SU-D can be obtained as

γS = min

(

γ̄P |hs
k∗ |2, γ̄I

|hp
k∗ |2 |hs

k∗ |2
)

Ik∗ . (5)

As can be seen from Eq. 5, the end-to-end SNR is
decided by the unreliable backhaul of the considered Het-
Nets, i.e., the Bernoulli RV Ik . In addition, we assume all
channels undergo Nakagami-m fading, i.e., a set of chan-
nel coefficients {hs

k, ∀k} of the links SU-Tk → SU-D and
a set of channels {hp

k , ∀k} of the links SU-Tk → PU-P are
distributed according to the gamma distribution, which is
denoted by |hs

k|2 ∼ Ga(μs
k, η

s
k) and |hp

k |2 ∼ Ga(μp
k , η

p
k ),

respectively. Hence, The PDF and CDF of the RV χ ∼
Ga(μχ , ηχ ), where χ ∈ {hs

k, h
p
k } are given, respectively,

as [18]

fχ(x) = 1

(μχ − 1)!(ηχ )μχ
xμχ−1e(−x/ηχ),

Fχ (x) =
⎛

⎝1 − e(−x/ηχ)
μχ−1∑

i=0

1

i!
(
x/ηχ

)i
⎞

⎠ , (6)

where μχ ∈ {μs
k, μ

p
k } represents the positive fading severity

parameter [34, 35] with channel powers {	s
k, 	

p
k }, and ηχ ∈

{ηs
k = 	s

k/μ
s
k, η

p
k = 	

p
k /μ

p
k } indicates the scale factor on

the corresponding channel.

3 Closed-form statistics of S-SNR in cognitive
heterogeneous systems

In this section, our challenges are how to derive the statis-
tical properties of the S-SNR with respect to the backhaul
reliability and the combined power constraints at SU-Tk .
Without loss of generality, we assume that all channels
follow the independent and identically distributed (i.i.d.)
Nakagami-m fading, i.e., μs = μs

k, ηs = ηs
k, � = �k, I =

Ik, ∀k ∈ K for transmission signals respect to the receiver
SU-D and μp = μ

p
k , ηp = η

p
k , ∀k ∈ K for the interference

signals at the receiver PU-P, respectively. We first obtain the
CDF of S-SNR for the signal between the particular SU-Tk

and SU-D, which is given in the following lemma

Lemma 1 For a cognitive HetNet with unreliable backhaul
links, where transmitter SU-Tk utilizes the sharing spec-
trum with the primary user PU-P, the CDF of the S-SNR for
particular transmitter, γ s

k , is given as

Fγ s
k Ik

(x) = 1 − �(
1(x) + 
2(x)), (7)
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where � = ϒ
(
μp, γ̄I/γ̄Pηp

)

(μp)
, ε = γ̄Iηs

ηp

and


1(x) = �e−(x/γ̄Pηs)

μs−1∑

i=0

1

i! (x/γ̄Pηs)
i ,


2(x) =
μs−1∑

j=0

μp+j−1∑

g=0

(
μp + j − 1

μp − 1

)
1

g!(γ̄Pηs)g
εμpe−(γ̄I/γ̄Pηp) xj e−(x/γ̄Pηs) (x + ε)g

(x + ε)μp+j
. (8)

Proof The proof is given in Appendix A.

In Eq. 7, (.) and ϒ (., .) are the Gamma function
[36, Eq. (8.310.1)] and the lower incomplete Gamma func-
tion [36, Eq. (8.350.1)], respectively. Next, the correspond-
ing CDF and PDF for the received S-SNR at the receiver
SU-D will be derived in the following theorem.

Theorem 1 For the i.i.d. Nakagami-m fading chan-
nels between K cooperative transmitters and the sec-
ondary receiver SU-D in the cognitive spectrum sharing

withthe primary user PU-P, the CDF of the RV γS
�=

max(γ s
1 I1, ..., γ

s
KIK) with respect to SC protocol and unreli-

able backhaul links is given by Eq. 9 in the top of next page.

FγS
(x) = 1 +

K∑

k=1

(
K

k

)
(−1)k

∑̂

k,μs,μp,�,�

xϕ̃1e−βx

(x + ε)ϕ̃2
, (9)

where L̃an is defined as L̃an

�= ∑μp+n−2
bn=0 bnabn+1 , β

�=
k/γ̄Pηs, ϕ̃1

�= ∑μs−1
ϑ=0 ϑuϑ+1 +∑μs−1

t=0 twt+1 + c1 + c2 +
... + cμs , ϕ̃2

�= ∑μs−1
t=0 (μp + t)wt+1 and

∑̂

k,μs,μp,�,�

is a

shorthand notation of

∑̂

k,μs,μp,�,�

�=
k∑

l=0

(
k

l

) k−l∑

u1...uμs

l∑

w1...wμs

w1∑

a1,1...a1,μp

w2∑

a2,1...a2,μp+1

...

wμs∑

aμs ,1...aμs ,μp+μs−1

(k − l)!
u1!...uμs !

l!
w1!...wμs !

w1!
a1,1!...a1,μp !

w2!
a2,1!...a2,μp+1! ...

wμs !
aμs,1!...aμs,μp+μs−1!

μs−1∏

t=0

(
μp + t − 1

μp − 1

)wt+1 1
∏μs−1

ϑ=0

(
ϑ !(γ̄Pηs)ϑ

)uϑ+1

1
∏μp−1

b1=0

(
b1!(γ̄Pηs)b1

)a1,b1+1

1
∏μp

b2=0

(
b2!(γ̄Pηs)b2

)a2,b2+1
...

1
∏μp+μs−2

bμs =0

(
bμs !(γ̄Pηs)

bμs
)aμs ,bμs +1

L̃a1∑

c1=0

L̃a2∑

c2=0

...

L̃aμs∑

cμs =0

(
L̃a1

c1

)(
L̃a2

c2

)
...

(
L̃aμs

cμs

)
�k�k−le−(γ̄I l/γ̄Pηp)ε

(
L̃a1+L̃a2+...+L̃aμs

+μpl−(c1+c2+...+cμs )
)

. (10)

Proof The proof is given in Appendix B.

Hence, the PDF of the received S-SNR can be derived as
follows

fγS
(x) =

K∑

k=1

(
K

k

)
(−1)k

∑̂

k,μs,μp,�,�

e−βx

(x + ε)ϕ̃2+1

(
(ϕ̃1 − ϕ̃2 − εβ)xϕ̃1 + ϕ̃1εx

ϕ̃1−1 − βxϕ̃1+1
)

. (11)

Remark 1 The statistics for S-SNR are different from
those in existing works such as [7, 8, 17, 31] since
the cognitive spectrum sharing and the Bernoulli pro-
cess are taken into account. Theorem 1 completely
characterizes the S-SNR of the proposed cooperative
communications for cognitive HetNets. As a result, it
is applicable to extend to special non-cooperative and
Rayleigh fading scenarios. Hence, we will utilize the

results in theorem 1 to derive the performance metrics, as
well as the interesting scenarios in the following section.

4 Performance analysis of the proposed cognitive
HetNets

In this section, we present the exact formulas of the impor-
tant performance metrics such as outage probability, ergodic
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capacity and symbol error rate based on the statistics derived
in Section 3. In order to get further insights, we will pro-
vide the scaling results for the asymptotic performance in
the high-SNR regime.

4.1 Outage probability analysis

To investigate the performance of the proposed cognitive
HetNets with unreliable backhaul connections over i.i.d.
Nakagami-m fading channels, we first focus on the outage
probability. Given a certain SNR threshold γth, the outage
probability of the S-SNR is defined as the probability that
the S-SNR is below the threshold γth, which can be written as

Pout (γth)
�= Pr (γS ≤ γth) = FγS

(γth). (12)

In other words, the outage probability can be expressed
as the CDF of the S-SNR at the given γth. By substituting (9)
into (12), the outage probability is derived in the following
theorem.

Theorem 2 The outage probability closed-form expres-
sion for the proposed cognitive HetNets with respect to the
unreliable backhaul links is derived as

Pout (γth) = 1 +
K∑

k=1

(
K

k

)
(−1)k

∑̂

k,μs,μp,�,�

γ
ϕ̃1
th e−βγth

(γth + ε)ϕ̃2
.

(13)

In the following, we show the case of interests on the
outage probability for non-cooperative and Rayleigh fading
scenarios.

4.1.1 Non-cooperative scenario

Corollary 1 Considering K = 1, the outage probability of
the non-cooperative system is given by

Pnon
out (γth) = 1 − ��

 (μs, γth/γ̄Pηs)

(μs)

−�

μs−1∑

j=0

εμpγ
j

th

(
μp + j,

1

γ̄Pηs

(γth + ε)

)

j !(μp) (γth + ε)μp+j
.

(14)

Proof By extending from the CDF provided in Eq. 9 with
the help of [36, Eq. (8.352.4)], we can derive the outage
probability of non-cooperative scenario.

4.1.2 Rayleigh fading scenario

In the Rayleigh Fading scenario, the channel fading severity
of hs

k and h
p
k are set to 1 i.e., μs = μp = 1, respectively.

Therefore, the outage probability of the proposed system in
Rayleigh fading is given as

PRay
out (γth) = 1 +

K∑

k=1

k∑

l=0

(
K

k

)(
k

l

)
(−1)k+l

�ke−((kγth+εl)/γ̄Pηs)

(
γth

γth + ε

)l

. (15)

To provide insight into how the fading parameters and
backhaul reliability impact the network performance, we
next derive the asymptotic outage probability in the high-
SNR regime of the considered system. In this case, we
assume the peak interference threshold γ̄I is proportional
to the maximum transmit power γ̄P . The asymptotic outage
probability is given in the following theorem as

Theorem 3 At the high-SNR regime with respect to γ̄P
as γ̄P → ∞ in the cognitive sharing system with K

cooperative transmitters and unreliable backhaul links, the
asymptotic outage probability is given by

PAsy
out (γth)

γ̄P→∞= (1 − �)K = �. (16)

Proof The proof is given in Appendix C.

Remark 2 Since the unreliable backhaul links exist, the
asymptotic outage probability limitation is only determined
by the reliability of backhaul links.

4.2 Ergodic capacity analysis

Ergodic capacity (nat/s/Hz) is defined as the statistical
mean of the instantaneous SNR between the transmitters
and receivers. Mathematically, the ergodic capacity can be
derived as [19, 37]

C �= EγS

{
log2(1 + x)

} =
∫ ∞

0
log2(1+ x)fγS (x) dx. (17)

Using the integration-by-part method, (17) can be written as

C = 1

ln(2)

∫ ∞

0

1

1 + x
(1 − FγS (x))dx

= − 1

ln(2)

K∑

k=1

(
K

k

)
(−1)k

∑̂

k,μs ,μp,�,�

∫ ∞

0

xϕ̃1e−βx

(1 + x)(x + ε)ϕ̃2
dx.

(18)

Unfortunately, the integral in Eq. 18 cannot be evaluated
in closed-form. However, it can be easily evaluated in
numerical way since the integrand includes only elemen-
tary functions which is the built-in function in mathematical
tools, e.g., Mathematica.
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4.2.1 Non-cooperative scenario

Corollary 2 We fix K = 1, the ergodic capacity of the non-
cooperative scenario is given as

Cnon = ��

ln(2)

μs−1∑

i=0

(i + 1)�(i + 1; i + 1; 1/γ̄Pηs)

i! (γ̄Pηs)
i

+ �

ln(2)

μs−1∑

j=0

μp+j−1∑

g=0

g∑

l=0

(
μp + j − 1

μp − 1

)(
g

l

)

εμp+g−le−(γ̄I/γ̄Pηp) 1

g!(γ̄Pηs)g

∫ ∞

0

xj+le−(x/γ̄Pηs)

(1 + x) (x + ε)μp+j
dx. (19)

Proof The Cnon is derived by expanding from Eq. 18
with K = 1 and the help of [38, Eq. (2.3.6.9)], where
in Eq. 19, � (a, b, c) denotes the confluent hypergeo-
metric function [36, Eq. (9.211.4)], where � (a, b, c) =
1

(a)

∫∞
0 e−ct tb−a(1 + t)b−a−1dt .

4.2.2 Rayleigh fading scenario

While μs = μp = 1, the ergodic capacity of the proposed
system in Rayleigh fading scenario is given by

CRay = − 1

ln(2)

K∑

k=1

k∑

l=0

(
K

k

)(
k

l

)
(−1)k+l

�ke−(εl/γ̄Pηs)

∫ ∞

0

xle−(kx/γ̄Pηs)

(1 + x) (x + ε)l
dx. (20)

4.3 Symbol error rate analysis

The symbol error rate is considered as critical performance
metrics in wireless system. For most modulation schemes,
the symbol error rate of the S-SNR can be evaluated as [19, 37]

Pe
�= A

√
B

2
√

π

∫ ∞

0
x−1/2e−BxFγS (x) dx, (21)

where (A, B) are the constants determined by the spe-
cific modulation schemes. Now applying the CDF function
FγS

(x) which is given by Eqs. 9 into 21, we can derive the
corresponding expression in the following

Corollary 3 The symbol error rate of the proposed system
can be expressed as

Pe = A

2
+ A

√
B

2
√

π

K∑

k=1

(
K

k

)
(−1)k

∑̂

k,μs,μp,�,�

ε
ϕ̃1+

1

2
−ϕ̃2



(
ϕ̃1 + 1

2

)
�

(
ϕ̃1 + 1

2
; ϕ̃1 + 3

2
− ϕ̃2; ε(β + B)

)
.

(22)

Proof The proof is given in Appendix D.

4.3.1 Non-cooperative scenario

Corollary 4 For non-cooperative scenario K = 1, the
average symbol error rate is given as

P non
e = A

2
− A

√
B

2
√

π
��

μs−1∑

i=0

1

i! (γ̄Pηs)
i

(i + 1/2)

(β + B)i+1/2

−A
√

B

2
√

π
�

μs−1∑

j=0

μp+j−1∑

g=0

g∑

l=0

(
μp + j − 1

μp − 1

)

(
g

l

)
e−(γ̄I/γ̄Pηp)

g!(γ̄Pηs)g
εg+1/2(j + l + 1/2)

�(j + l + 1/2; l + 3/2 − μp; (1/γ̄Pηs + B) ε). (23)

Proof The P non
e is derived by expanding from Eq. 9 with

K = 1 and the help of [38, Eq. (2.3.6.9)]

4.3.2 Rayleigh fading scenario

Setting μs = μp = 1, the average symbol error rate of the
proposed system in Rayleigh fading scenario is given by

P
Ray
e = A

2
+ A

√
B

2
√

π

K∑

k=1

k∑

l=0

(
K

k

)(
k

l

)
(−1)k+l�ke−εl/γ̄Pηs ε1/2

(l + 1/2)�(l + 1/2; 3/2; (k/γ̄Pηs + B)ε). (24)

Theorem 4 The asymptotic of the average symbol error
rate as γ̄P → ∞ of the proposed cognitive cooperative
system is given by

P
Asy
e

γ̄P→∞= (1 − �)K = �. (25)

Proof The proof is similar to [31]. According to Eq. 41, the
CDF of S-SNR is expressed as

FγS
(x) =

⎡

⎢⎢
⎣1 − ��



(
μs,

x

γ̄Pηs

)

(μs)

−�

μs−1∑

j=0

εμpxj

(
μp + j,

x + ε

γ̄Pηs

)

j !(μp) (x + ε)μp+j

⎤

⎥⎥
⎦

K

. (26)

Since γ̄P → ∞,
∑μs−1

j=0 (.) is dominated with j = 0 , and


(
μχ, x/y

) y→∞≈ 
(
μχ

)
we have

P
Asy
e

γ̄P→∞= FγS
(x)

γ̄P→∞= (1 − �)K . (27)
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Fig. 2 Outage probability for various level of the degree of transmitter
cooperation with fixed unreliable backhaul links

Remark 3 It can be observed from Theorem 4 that the
asymptotic symbol error rate is not affected by Nakagami-
m fading severity parameters. The average symbol error rate
is converged to the same limitation as the outage proba-
bility with the same settings of the degrees of transmitter
cooperation and the fading severity parameters.

5 Numerical results and discussions

In this section, we present the numerical results of the out-
age probability, ergodic capacity and symbol error rate to
verify the analysis under the impact of unreliable backhaul

Fig. 3 Outage probability for various level of backhaul unreliability
with fixed asymptotic limitation

links, the fading severity of primary and secondary net-
works. We also assume the SC protocol is perfectly per-
formed in the simulations. The ”Sim” curves indicate
the link-level Monte Carlo simulation results, while the
”Ana” and ”Asy” curves represent the analytical results and
asymptotic performance at high-SNR regime, respectively.

We fix the S-SNR threshold γth = 3 dB in the computa-
tion of the outage probability. Without loss of generality, we
assume that the secondary user SU-D and the primary user
PU-P are located at point [0, 0] and [0.5, 0.5], respectively.
Those small-cell transmitters SU-Tk are located at [0, 0.5].
Hence, the channel mean powers are calculated by 	s

k =
	

p
k =

(√
(xk − xu)2 + (yk − yu)2

)ζ

, where u ∈ {D, P }
and ζ = 4 as the path-loss exponent. In this setting, we
obtain the mean power of all links is equal to 16. We also
assume the ratio of the interference power γ̄I and the maxi-
mum transmit power γ̄P is constant for all numerical results.
We define the average SNR as γ̄ = γ̄P .

5.1 Outage probability analysis

Figures 2, 3 and 4 show the outage probability for various
scenarios. In Fig. 2, we verify the accurate of the derived
analytical outage probability versus the average SNR with
the simulation. Assuming (�1 = 0.98, �2 = 0.98, �3 =
0.98) for K = 1, K = 2, K = 3, respectively. The fad-
ing severity parameters are initialized as μχ = {μs

k =
1, μp

k = 1, ∀k}. From this figure, it can be observed that all
curves converge to the asymptotic limitation as γ̄ increases.
Furthermore, the outage probability values get lower when
more transmitters cooperate due to the correlation of multi-
ple signals at the receiver SU-D.

Fig. 4 Outage probability for various Nakagami-m fading severity
with � = 1.44E-4
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Fig. 5 Ergodic capacity for various scenarios in non-cooperative
system

To investigate the outage probability behavior at the same
asymptotic threshold when the degree of transmitter coop-
eration is changed, we show it in Fig. 3. Assuming � =
6.4E-5, we set (�1 = 0.999936), (�1 = 0.992, �2 =
0.992), and (�1 = 0.96, �2 = 0.96, �3 = 0.96) for case
K = 1, K = 2, K = 3, respectively. The fading sever-
ity parameters are similar as in Fig. 2. We can observe that
at the same outage probability asymptotic limitation, the
higher degrees of transmitter cooperation converge faster
than the others. Moreover, at the same degrees of transmitter
cooperation (K = 1 or K = 3), the outage probabil-
ity performance gets worst if the backhaul links is more
unreliable, otherwise, the receiver SU-D performs the good
performance.

Fig. 6 Ergodic capacity for various degree of cooperation and back-
haul reliability at fixed � = 6.4E-5

Figure 4 plots the outage probability with various
Nakagami-m fading severity scenarios at the fixed value
(K = 2, � = 0.988). From these curves, it can be seen
that the outage probability is strongly affected by the fading
severity of the secondary networkμs rather than the primary
network fading severityμp. Specifically, the performance at
the receiver SU-D tends to be better with the increase of μs

while the outage probability values seem unchanged with
the alternation of μp.

5.2 Ergodic capacity analysis

In Fig. 5, these curves illustrate the ergodic capacity for
various scenarios in non-cooperative system. At fixed � =
0.999936, this figure shows that the capacity of (μs =
2, μp = 1) is nearly double increased compare to (μs =
1, μp = 2) with respect to the Rayleigh fading scenario
(μs = 1, μp = 1). In other words, the increase of
Nakagami-m fading severity both lead to the improvement
of performance. However, the enhancement of Nakagami-
m fading severity of the secondary network μs significantly
results in a high capacity rather than the fading severity of
the primary network μp. On the other hands, as the back-
haul links tend to be more reliable, the achievable capacity
at the receiver SU-D is increased if we compare the two par-
ticular scenarios (� = 0.8) and (� = 0.999936) at fixed
(μs = μp = 1).

In Fig. 6, we plot the achievable capacity with various
degrees of transmitter cooperation at fixed � = 6.4E-5 and
(μs = μp = 2) in cooperative systems. This plot shows
that the degree of transmitter cooperation and backhaul links
reliability are highly impact to the achievable capacity due
to the increasing received SNR at SU-D. It can be said that
if either more transmitters jointly cooperate or the backhaul

Fig. 7 Ergodic capacity for various channel fading severity
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Fig. 8 Symbol error rate for various degree of transmitter cooperation
at fixed K = 2, μs = μp = 2

links are more reliable, the capacity of the proposed system
will be effectively improved.

The various fading severity scenarios at fixed of (K =
2, � = 0.95) are shown in Fig. 7. It can be seen that the
increasing of primary fading severity leads to a reduction in
the achievable capacity, i.e., the capacity of (μs = 1, μp =
3) is lower than the capacity of (μs = 1, μp = 2). While in
the case of increasing the μs value, the achievable capacity
of (μs = 3, μp = 1) is well performing compared to the
capacity of (μs = 2, μp = 1).

5.3 Symbol error rate analysis

In Fig. 8, we show the correctness of the symbol error rate
analysis in the proposed system compare to the simulation.

Fig. 9 Symbol error rate for various fading severity parameters at
fixed � = 2.5E-3

Fig. 10 Symbol error rate for various degree of transmitter coopera-
tion and backhaul reliability

Binary Phase-shift Keying (BPSK) is used as the signal con-
stellation. We set (μs = μp = 2) and (�1 = 0.95, �2 =
0.95, �3 = 0.95) for K = 1, K = 2, K = 3, respectively.
From the figure, we can see the exact matches between the
analytically derived curves and the simulation curves for
the symbol error rate. Moreover, it can be observed that
all curves converge to the asymptotic limitations, which is
similar to the asymptotic analysis in Theorem 4.

In Figs. 9 and 10, we investigate the impact of various
Nakagami-m fading severity, degree of transmitter coopera-
tion and backhaul reliability scenarios on the symbol error
rate performance. From those plots, we can obtain some
observations as follows

• At fixed Nakagami-m fading severity μp of (μs =
μp = 1), (μs = 2, μp = 1) and (μs = 3, μp = 1) ,
the higher μs fading severity parameters result in lower
symbol error rate than the others.

• At fixed Nakagami-m fading severity μs of (μs =
2, μp = 1), (μs = μp = 2) and (μs = 2, μp = 3) ,
the symbol error rate values are insignificantly changed
with the increase of μp.

• The degree of transmitter cooperation and backhaul
reliability are the key factors to reduce the symbol error
rate in the considered system. Specifically, the symbol
error rate significantly decreases if either backhaul links
tend to be more reliable or the number of transmitters is
increased.

6 Conclusions

In this paper, we have taken into account the cognitive Het-
Nets with unreliable backhaul links over i.i.d. Nakagami-m
fading. For those small-cell transmitters which utilize the
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same spectrum with primary user, their combined power
constraints have been practically considered, i.e., the peak
interference power at the primary user Ip and the maximal
allowance transmit power at each transmitter PT . We have
derived the closed-form expressions of the outage proba-
bility, ergodic capacity and symbol error rate as well as
asymptotic performance to obtain study insights. It has been
shown that the asymptotic performance is only determined
by the unreliable backhaul links in the high-SNR regime.
The performance of the proposed system is highly improved
proportionally to the degree of cooperation and the fading
severity of secondary network. Our analyzed results provide
suitable framework for network designers to clearly under-
stand the effects of unreliable backhaul links and decide
whether enabling the CR networks for those cooperative
transmitters in order to efficiently utilize the spectrum.

Appendix A: Proof of Lemma 1

According to the definition of RV γ s
k at particular SU-Tk ,

which was given as γ s
k = min

(

γ̄P |hs
k|2,

γ̄I
|hp

k |2 |hs
k|2
)

,

results the CDF as

Fγ s
k
(x) = Pr

{

min

(

γ̄P |hs
k|2,

γ̄I
|hp

k |2 |hs
k|2
)

≤ x

}

= Pr

{

|hs
k|2 ≤ x

γ̄P
; γ̄I
|hp

k |2 ≥ γ̄P

}

︸ ︷︷ ︸
J1

+ Pr

{
|hs

k|2
|hp

k |2 ≤ x

γ̄I
; γ̄I
|hp

k |2 ≤ γ̄P

}

︸ ︷︷ ︸
J2

. (28)

Because the RV |hs
k|2 and |hp

k |2 are independent each other.
We can derive the first term J1 as follows

J1 = Pr

{
|hs

k|2 ≤ x

γ̄P

}
Pr

{
|hp

k |2 ≤ γ̄I
γ̄P

}

= F|hs
k |2
(

x

γ̄P

)
F|hp

k |2
(

γ̄I
γ̄P

)
, (29)

where F|hs
k |2(.) and F|hp

k |2(.) are the CDF of Gamma RV

|hs
k| and |hp

k |, respectively. For the second term J2, we can

derive by utilize the concept of probability theory, which
can be expressed as

J2 =
∫ ∞

γ̄I
γ̄P

f|hp
k |2(y)

∫ xy

γ̄I
0

f|hs
k |2(x)dxdy

=
∫ ∞

γ̄I
γ̄P

f|hp
k |2(y)F|hs

k |2
(

xy

γ̄I

)
dy. (30)

Expanding from Eq. 6 and the help of [36, Eq. (3.350.2)] ,
the expression in Eq. 30 can be written as

J2 = 
(
μp, γ̄I/γ̄Pηp

)

(μp)

−
μs−1∑

l=0

xl

l!(ηs γ̄I)l(μp)(ηp)μp

∫ ∞
γ̄I
γ̄P

yμp+l−1e

−
(
1

ηp

+ x

ηs γ̄I

)

y

dy

= 
(
μp, γ̄I/γ̄Pηp

)

(μp)

−
μs−1∑

l=0

xl

(
μp + l,

γ̄I
γ̄P

(
1

ηp

+ x

ηs γ̄I

))

l!(ηs γ̄I)l(μp)(ηp)μp

(
1

ηp

+ x

ηs γ̄I

)μp+l
, (31)

where (α, x)
�= ∫∞

x
e−t tα−1dt denotes the upper incom-

plete Gamma function [36, Eq. (8.350.2)]. After some
manipulations, we obtain the CDF of γ s

k as follows.

Fγ s
k

(x) = 1 − �e
−
(

x

γ̄Pηs

)
μs−1∑

i=0

1

i!
(

x

γ̄Pηs

)i

−
μs−1∑

j=0

(
μp + j − 1

μp − 1

)
εμp e

−
(

γ̄I
γ̄Pηp

)

xj e
−
(

x

γ̄Pηs

)

∑μp+j−1
g=0

1

g!(γ̄Pηs)g
(x + ε)g

(x + ε)μp+j
, (32)

with the help of [36, Eq. (8.352.4)]. Hence, the PDF of a
particular RV γ s

k Ik is modeled by the mixed distribution

fγ s
k Ik

(x) = (1 − �)δ(x) + �
∂Fγ s

k
(x)

∂x
, (33)

where δ(x) indicates the Dirac delta function. Hence, the
CDF of the RV γ s

k Ik can be written as

Fγ s
k Ik

(x) =
∫ ∞

0
fγ s

k Ik
(x)dx = 1−�(
1(x)+
2(x)). (34)

Mobile Netw Appl (2018) 23:1525–1538 1535



Appendix B: Proof of Theorem 1

From the definition of S-SNR γS in Eq. 5, which is given by

γS = max
k∈K

(
γ s
1 I1, γ

s
2 I2, ..., γ

s
k Ik, ..., γ

s
KIK

)
. (35)

Since all RVs γ s
k Ik are independent and identically dis-

tributed with each other, the CDF of SNR γS can be written as
FγS

(x) = FK
γ s
k Ik

(x)

= 1 +
K∑

k=1

(
K

k

)
(−1)k�k(
1(x) + 
2(x))k

= 1 +
K∑

k=1

(
K

k

)
(−1)k�k

k∑

l=0

(
k

l

)

1(x)k−l
2(x)l . (36)

Applying multinomial theorem provides the following
expression


1(x)k−l =
⎛

⎜
⎝�e

−
(

x

γ̄Pηs

)
μs−1∑

i=0

1

i!
(

x

γ̄Pηs

)i

⎞

⎟
⎠

k−l

=
k−l∑

u1...uμs

(k − l)!
u1!...uμs !

�k−le−((k−l)/γ̄Pηs )xx
∑μs−1

ϑ=0 ϑuϑ+1

∏μs−1
ϑ=0

(
ϑ !(γ̄Pηs)ϑ

)uϑ+1
.

(37)

Again multinomial and binomial theorem give the following
expression for 
2(x)l as


2(x)l =
l∑

w1...wμs

l!
w1!...wμs !

μs−1∏

t=0

(
μp + t − 1

μp − 1

)wt+1

e−(γ̄I l/γ̄Pηp)εμple−(l/γ̄Pηs )xx
∑μs−1

t=0 twt+1

μs−1∏

t=0

⎛

⎝
μp+t−1∑

g=0

1

g!(γ̄Pηs)g
(x + ε)g

⎞

⎠

wt+1
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J3

⎛

⎜⎜⎜
⎜⎜
⎝

μs−1∏

t=0

(
(x + ε)μp+t

)wt+1

︸ ︷︷ ︸
J4

⎞

⎟⎟⎟
⎟⎟
⎠

−1

. (38)

Let denotes L̃an = ∑μp+n−2
bn=0 bnabn+1, we obtain J3 as in

Eq. 39 in the top of next page and

J3 =
⎛

⎝
μp−1∑

g1=0

1

g1!(γ̄Pηs)g1
(x + ε)g1

⎞

⎠

w1
⎛

⎝
μp∑

g2=0

1

g2!(γ̄Pηs)g2
(x + ε)g2

⎞

⎠

w2

...

⎛

⎝
μp+μs−2∑

gμs =0

1

gμs !(γ̄Pηs)
gμs

(x + ε)gμs

⎞

⎠

wμs

=
w1∑

a1,1...a1,μp

w2∑

a2,1...a2,μp+1

...

wμs∑

aμs ,1...aμs ,μp+μs−1

w1!
a1,1!...a1,μp !

w2!
a2,1!...a2,μp+1! ...

wμs !
aμs,1!...aμs ,μp+μs−1!

1
∏μp−1

b1=0

(
b1!(γ̄Pηs)b1

)a1,b1+1

1
∏μp

b2=0

(
b2!(γ̄Pηs)b2

)a2,b2+1
...

1
∏μp+μs−2

bμs =0

(
bμs !(γ̄Pηs)

bμs
)aμs ,bμs +1

L̃a1∑

c1=0

L̃a2∑

c2=0

...

L̃aμs∑

cμs =0

(
L̃a1

c1

)(
L̃a2

c2

)
...

(
L̃aμs

cμs

)
ε

(
L̃a1+L̃a2+...+L̃aμs

−(c1+c2+...+cμs )
)

x(c1+c2+...+cμs ). (39)

J4 = (x + ε)
∑μs−1

t=0 (μp+t)wt+1 . (40)

By pulling (36), (37), (38) together, yields (9).

Appendix C: Proof of Theorem 3

From Eq. 7, we can rewrite it as the Gamma form as

Fγ s
k Ik

(x) = 1 − ��



(
μs,

x

γ̄Pηs

)

(μs)

−�

μs−1∑

j=0

εμpxj

(
μp + j,

x + ε

γ̄Pηs

)

j !(μp) (x + ε)μp+j
. (41)

It can be easily seen that as y goes to infinity,

lim
y→∞

ϒ(μχ, x/y)

(μχ)
≈ 0 and

lim
y→∞

(μχ, x/y)

(μχ)
≈ 1. (42)

Substituting (42) into (41) with the given outage threshold
γth, we can obtain

PAsy
out (γth)

γ̄P→∞=
K∏

k=1

⎛

⎜
⎝1 − �

1
(
1 + x

ε

)μp

⎞

⎟
⎠

γ̄P→∞=
K∏

k=1

(1 − �) , (43)

Mobile Netw Appl (2018) 23:1525–15381536



where
∑μs−1

j=0 (.) is dominated by j = 0 as γ̄P → ∞.

Appendix D: Proof of Corollary 3

The symbol error rate is given by

Pe = A
√

B

2
√

π

∫ ∞

0
x−1/2e−Bx

⎛

⎝1 +
K∑

k=1

(
K

k

)
(−1)k

∑̂

k,μs,μp,�,�

xϕ̃1e−βx

(x + ε)ϕ̃2

⎞

⎠ dx (44)

= A

2
+ A

√
B

2
√

π

K∑

k=1

(
K

k

)
(−1)k

∑̂

k,μs,μp,�,�

∫ ∞

0

xϕ̃1−1/2e−(β+B)x

(x + ε)ϕ̃2
dx

︸ ︷︷ ︸
J5

, (45)

where the integral J5 can be evaluated with the help of [38,
Eq. (2.3.6.9)] as

J5 = ε
ϕ̃1+

1

2
−ϕ̃2



(
ϕ̃1 + 1

2

)
�

(
ϕ̃1 + 1

2
; ϕ̃1 + 3

2
− ϕ̃2; ε(β + B)

)
,

(46)

so that the expression (44) can be written as in Eq. 22.
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