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Abstract—In this paper, we explore the cognitive cloud radio
access networks with cooperative spectrum sensing in the pres-
ence of hardware impairment. Multiuser diversity technique is
considered in order to enhance system capacity and improve
the reliability of transmission. To avoid interfering with the
primary user’s communications, the BS intends to transmit
messages towards the secondary user only when the spectrum
hole is detected. Exact closed form expression for the outage
probability of the system understudy is derived over Rayleigh
fading channels. It is shown that the hardware impairment
degrades the performance of the secondary system. Finally,
simulation results are presented to verify the correctness of our
analytical derivations.

I. INTRODUCTION

CLOUD radio access networks is considered as a promis-
ing technology for the fifth-generation (5G) wireless

communication systems to address the bandwidth crunch prob-
lem in current cellular systems [1][2]. In cloud radio access
network, there are two kinds of users, one is the real-time
(RT) user, the other is the delay-tolerant (DT) [3]. Integrating
the basic idea of cognitive radio, RT user can be regarded as
the primary user (PU), while DT users can be regarded as the
secondary users (SUs). The DT user can use the radio channel
resources of the RT user to communicate with the BS.

The concept of cognitive radio emerges with the dilemma
between spectrum scarcity and underutilization. In cognitive
radio networks, the SU is allowed to access the licensed
spectrum via overlay, interweave, or underlay mode [4]. In
overlay cognitive radio systems, the SU uses sophisticated
signal processing and coding to enhance the PUs through-
put while obtaining some additional bandwidth for its own
communication. In interweave cognitive radio systems, the SU
begins to transmit message only when spectrum holes are de-
tected. For spectrum underlay cognitive radio network, the SU
can transmit simultaneously with the PU in the same spectrum
band as long as the predetermined interference constraints at
the primary receiver are satisfied. In order to further make
full use of the spectrum source, the spectrum access mode
based on spectrum sensing results is proposed, where SU
adaptively selects the appropriate access mode according to the
final spectrum sensing results [5][6]. In cognitive radio system,
multiuser diversity technique is often deployed to enhance the

total throughput, and cognitive multiuser network have become
one of hot topics in wireless communication [7][8].

On the other hand, in practice, due to a variety of reasons,
such as IQ imbalance, amplifier amplitude-amplitude non-
linearities, and phase noise [9][10], the hardware for transmis-
sion nodes and reception nodes are imperfect. There have been
some works focusing on the impact of hardware impairment in
cooperative diversity networks [11]-[14]. However, to the best
of the authors’ knowledge, the cognitive cloud radio access
network with cooperative spectrum sensing in the presence of
hardware impairment has not been available in the literature.
This paper aims to fill this gap.

In this paper, taking the hardware impairment into account,
a framework is developed for the cognitive cloud radio access
network with cooperative spectrum sensing in the presence
of hardware impairment both at the transmitter and receiver.
Exact closed form expression for the outage probability of the
system understudy is derived over Rayleigh fading channels,
where the cross interference from the PU (RT user) at the SU
(DT user) caused by the detection error is considered. It is
shown that the hardware impairment degrades the performance
of the secondary system. Finally, simulation results are pre-
sented to verify the correctness of our analytical derivations.
The remainder of this paper is organized as follows. Section
II describes the cognitive cloud radio access model with
cooperative spectrum sensing in the presence of hardware
impairment. In Section III, exact closed-form expressions for
the outage probability of the system understudy is provided.
Simulation results and discussions are given in Section IV.
Finally, Section V concludes this paper.

II. SYSTEM MODEL

Consider a downlink C-RAN network, which consists of
single real-time (RT) user and N delay-tolerant (DT) users.
With the same radio channel resources, M RRHs1 simul-
taneously serve the RT user, and K RRHs2 cooperatively
assist the communication of these N DT users. Based on the
basic idea of cognitive radio, the DT user can use the radio
channel resources of the RT user to communicate with the
BS only when the channel of the RT user is idle. As such,
the communication of the under study C-RAN network can
be divided into channel detection phase and data transmission
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phase. For specific time slot, let Hp denote the channel state of
the RT user. If the channel of the RT user is vacant, Hp = H0;
Otherwise, Hp = H1. The probability of the channel oc-
cupied by the RT user is Pa, namely, P (Hp = H1) = Pa
and P (Hp = H0) = 1 − Pa. Moreover, ĤSn denotes the
detection result at the nth DT user Sn. Hc represents the final
cooperative detection result.

In the channel detection phase, firstly, N DT users coop-
eratively detect the RT user’s channel and make a decision
whether the channel is vacant or not via energy detection
independently. If DT users don’t detect the RT user, DT users
will make a decision ‘0’; Otherwise, a decision ‘1’ will be
made. In energy detection, the received signal is filtered by
an ideal bandpass filter with bandwidth W . Then the output
of the filter is squared and integrated over a time interval
T to produce the test statistic, which is compared with the
predetermined detection threshold λ. With ω = WT , the false
alarm probability and the detection probability at the nth DT
user Sn are respectively given by [6][15]

PSn f = P
(
ĤSn = H1 |Hp = H0

)
=

Γ (ω, λ/2)

Γ (WT )
(1)

PSn d = P
(
ĤSn = H1 |Hp = H1

)
=

 Ω exp
(
−λ2
)

ω > 1

exp

(
− λ

2(1+ΩSnrk)

)
ω = 1

(2)

where ΩSnrk denotes the average channel gain between the
nth DT user Sn and the kthRRH1, and Ω is shown as

Ω = Res (g; 0) + Res (g; ΩSnrk/(1 + ΩSnrk)) (3)

with Res (g; 0) and Res
(
g;

ΩSnrk
1+ΩSnrk

)
denoting the residues

of the function g(z) at the origin and at z =
ΩSnrk

1+ΩSnrk
, respec-

tively. g(z) is given by

g (z) =
exp

(
−λ2 z

)
(1 + ΩSnrk) z(ω−1) (1− ω)

(
ω − ΩSnrk

1+ΩSnrk

) (4)

As we all know, PSn f and PSn d decreases with the growth
of the predetermined detection threshold λ. Finally, the man-
agement center combines the decision of all DT users by OR
rule. Namely, only when all DT users detect the absence of
the RT user, the channel is assumed to be idle. Thus, with
decision fusion and OR rule, the final false alarm probability
and detection probability is written as

Pf = P (Hc = H1 |Hp = H0 )

= 1−
N∏
n=1

(1− PSn f ) (5)

Pd = P (Hc = H1 |Hp = H0 )

= 1−
N∏
n=1

(1− PSn d) (6)

Accordingly, P (Hc = H0 |Hp = H0 ) = 1 − Pf and
P (Hc = H0 |Hp = H1 ) = 1− Pd.

In the data transmission phase, only one best DT user is
selected according to the final received SINR to receive the
signals from RRHs2. We assume all nodes in the system
are equipped with single omni-directional antenna and the
transmission power for each RRH is same. The background
noise at the receivers are zero mean Gaussian random variables
with variance N0. The channels between any two nodes i
and node j are subject to Rayleigh fading. Subsequently, all
RRHs2 transmission scheme (ARTS) is described in detail
with hardware impairment.

For ARTS, the selected best DT user directly combine the
signals from all RRHs2. The signals and channels model are
different according to the different channel detection results.
In the following, the signals and channels model for the case
the RT user does not transmit messages and the DT users sense
the absence of the RT user, namely Hc = H0, Hp = H0, and
the case the RT user sends messages but the DT users wrongly
sense the absence of the RT user, namely Hc = H0, Hp = H1,
are given, respectively.

(1). Case of Hc = H0, Hp = H0: When the RT user does
not transmit messages and the DT users sense the absence of
the RT user, the received signal at the selected best DT user
Sb can be expressed as

yARTSSb, H0 H0
=

K∑
k=1

√
P1hRkSb (x+ qk) +

K∑
k=1

wARTSRkSb
+ nSb

(7)

where x is the transmitted signal from the secondary BS
with unit power, P1 is the transmission power of the kth
RRH2, hRkSb is the instantaneous channel fading coefficient
between the kth RRH2 and the selected best DT user Sb,
which is subject to complex gaussian distribution with mean
0 and variance ΩRkSb , nSb is the additive white Gaussian
noise (AWGN) at the best DT user Sb. In particular, different
from the previous work, qk describes the noises caused by
the hardware impairments at the kth RRH2, which is subject
to complex gaussian distribution with mean 0 and variance
σ2
Rk

, wARTSRkSb
shows the noises generated by the hardware

impairments at the best DT user Sb due to the transmission
of SU, which is subject to complex gaussian distribution with
mean 0 and variance P1σ

2
RkSb

gRkSb (gRkSb = |hRkSb |
2). As

such, the received SINR at the selected best DT user for the
ARTS and the case of Hc = H0, Hp = H0 is presented as

δARTSRkSb, H0 H0
=

K∑
k=1

P1gRkSb

K∑
k=1

P1gRkSb
(
σ2
Rk

+ σ2
RkSb

)
+N0

=

K∑
k=1

P1gRkSb

K∑
k=1

P1λRkSbgRkSb +N0

(8)
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where λRkSb = σ2
Rk

+ σ2
RkSb

. The DT user with the largest
received SINR is selected as the best DT user and receive the
signals transmitted from the BS. Mathenatically, for the ARTS
and the case of Hc = H0, Hp = H0 , the selected best DT
user Sb can be expressed as

Sb = arg max
1≤n≤N

(
δARTSRkSn, H0 H0

)
(9)

(2). Case of Hc = H0, Hp = H1: When the RT user
transmits messages but the DT users sense the absence of the
RT user, the received signal at the selected best DT user Sb
can be expressed as

yARTSSbH0 H1
=

K∑
k=1

√
P1hRkSb (x+ qk) +

K∑
k=1

wARTSRkSb
+

M∑
m=1

×
√
PuhrmSb (xp + qpm) +

M∑
m=1

wrmSb + nSb

(10)

where xp is the transmitted signal from the primary BS
with unit power, Pu is the transmission power of the mth
RRH1, hrmSb is the instantaneous channel fading coefficient
between the mth RRH1 and the selected best DT user Sb,
which is subject to complex gaussian distribution with mean
0 and variance ΩrmSb , q

p
m describes the noises caused by the

hardware impairments at the mth RRH1, which is subject
to complex gaussian distribution with mean 0 and variance
σ2
rm , wrmSb shows the noises generated by the hardware

impairments at the best DT user Sb caused by the transmission
of PU, which is subject to complex gaussian distribution with
mean 0 and variance Puσ

2
rmSb

grmSb (grmSb = |hrmSb |
2).

Then, the received SINR at the selected best DT user for the
ARTS and the case of Hc = H0, Hp = H1 is presented as

δARTSRkSbH0 H1
=

K∑
k=1

P1gRkSb

K∑
k=1

P1λRkSbgRkSb +
M∑
m=1

PuϕrmSbgrmSb +N0

(11)

where ϕrmSb = 1+σ2
rm+σ2

rmSb
. The DT user with the largest

received SINR is selected as the best DT user and receive the
signals transmitted from the BS. Mathenatically, for the ARTS
and the case of Hc = H0, Hp = H1 , the selected best DT
user Sb can be expressed as

Sb = arg max
1≤n≤N

(
δARTSRkSn, H0 H1

)
(12)

III. PERFORMANCE ANALYSIS

In this section, we derive the closed form expression for the
exact outage probability of the cognitive cloud radio access
networks with cooperative spectrum sensing in the presence
of hardware impairment. According to total probability theory,
the outage probability for the proposed network is formulated

as

PARTSout =PARTSoutH0 H0
P (Hc = H0 |Hp = H0 )P (Hp = H0)

+PARTSoutH0 H1
P (Hc = H0 |Hp = H1 )P (Hp = H0)

(13)

where PARTSoutH0 H0
and PARTSoutH0 H1

respectively denote the con-
ditioned outage probability of the cognitive cloud radio access
network understudy for the case when the RRHs1 don’t
transmit messages and cooperative sensing result is right
and the case the RRHs1 transmit messages and cooperative
sensing result is wrong. According to the sensing results and
RT users state, the received SINR at the DT user is different.
In the following, we discuss the RT user’s outage probability
with different sensing results and RT user’s state.

A. The RRHs1 don’t transmit messages and cooperative
sensing result is right

For the case of Hc = H0, Hp = H0, the RT user does
not transmit messages and the DT user senses the spectrum
hole. The conditioned outage probability PARTSoutH0 H0

can be
expressed as

PARTSoutH0 H0
= Pr

(
max

1≤n≤N

(
δARTSRkSbH0 H0

)
< γth

)
(14)

where γth (γth=2R−1) is the predetermined outage threshold.
Combining (8) and using probability theory, (14) can be further
written as

PARTSoutH0 H0
=

N∏
n=1

Pr

(
P1X

P1XλRkSn +N0
< γth

)
(15)

where X =
K∑
k=1

gRkSn . For the convenience of later use, we

first give the probability density function (PDF), namely

fX (x) =
xK−1

Γ (K) (ΩRkSn)
K

exp

(
− x

ΩRkSn

)
(16)

Thus, the conditioned outage probability for the single RRH1

Pr
(

P1X
P1XλRkSn+N0

< γth

)
can be calculated as

Pr

(
P1X

P1XλRkSn +N0
< γth

)
= Pr

(
X (1− λRkSnγth) <

γthN0

P1

)

=


1 λRkSn >

1
γth∫ γthN0

P1(1−λRkSn
γth)

0 fX (x) dx λRkSn <
1
γth

(17)

By incorporating (16) to (17) and employing some mathemati-
cal manipulations, Pr

(
P1X

P1XλRkSn+N0
< γth

)
can be obtained

as

Pr

(
P1X

P1XλRkSn +N0
< γth

)

=


1 λRkSn >

1
γth

1
Γ(K)γ

(
K, γthN0

P1ΩRkSn(1−λRkSnγth)

)
λRkSn <

1
γth

(18)
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where Γ (·) is the gamma function and γ (·, ·) is the incomplete
gamma functions. Finally, substituting (18) into (15), we can
get the exact expressions for the conditioned outage probability
of DT user under the case of Hc = H0, Hp = H0.

B. The RRHs1 transmit messages and cooperative sensing
result is wrong

For the case of Hc = H0, Hp = H1, the RT user transmit
messages but the cooperative sensing result shows that there
exists a spectrum hole by error. The conditioned outage
probability PARTSoutH0 H1

can be expressed as

PARTSoutH0 H1
= Pr

(
max

1≤n≤N

(
δARTSRkSbH0 H1

)
< γth

)
=

N∏
n=1

Pr

(
P1X

P1λRkSnX + PuϕrmSnY +N0
< γth

)
(19)

where Y =
M∑
m=1

grmSn which has a similar PDF as X ,

and the conditioned outage probability for the single RRH1

Pr
(

P1X
P1λRkSnX+PuϕrmSnY+N0

< γth

)
is given by

Pr

(
P1X

P1λRkSnX + PuϕrmSnY +N0
< γth

)
= Pr

(
X (1− γthλRkSn) <

γthPuϕrmSnY + γthN0

P1

)
=

{
1 λRkSn >

1
γth

J1 λRkSn <
1
γth

(20)

where

J1 =

∫ ∞
0

∫ γthPuϕrmSn
y+γthN0

P1(1−λRkSn
γth)

0

fX (x) fY (y) dxdy (21)

Combining the PDF of X and employing some mathematical
manipulations, J1 can be rewritten as

J1 =

∫ ∞
0

∫ γthPuϕrmSn
y+γthN0

P1(1−λRkSn
γth)

0

xK−1

Γ (K) (ΩRkSn)
K

× exp

(
− x

ΩRkSn

)
fY (y) dxdy

=

∫ ∞
0

γ

(
K,

γthPuϕrmSny + γthN0

P1ΩRkSn (1− λRkSnγth)

)
fY (y)

Γ (K)
dy

(22)

It is noted that (22) cannot be obtained directly due to
the presence of the incomplete gamma functions. Thus, by

using γ (n, x) = (n− 1)!

[
1− e−x

n−1∑
m=0

xm

m!

]
[16], J1 can be

obtained as

J1 =1− exp

(
− γthN0

P1ΩRkSn (1− λRkSnγth)

)K−l∑
l=0

l∑
l1=0

×
Cl1l (γthN0)

l−l1(γthPuϕrmSn)
l1

l![P1ΩRkSn (1− λRkSnγth)]
l
J2 (23)
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Fig. 1. Outage probability versus γ.

where

J2 =

∫ ∞
0

yl1 exp

(
− γthPuϕrmSny

P1ΩRkSn (1− λRkSnγth)

)
fY (y) dy

=
Γ (l1 +M)

Γ (M)

× (ΩrkSn)
l1(P1ΩRkSn (1− λRkSnγth))

l1+M

(P1ΩRkSn (1− λRkSnγth) + γthPuϕrmSnΩrkSn)
l1+M

(24)

Then incorporating (20), (23), and (24) to (19) yields the exact
expressions for the conditioned outage probability of DT user
under the case of Hc = H0, Hp = H1.

IV. SIMULATION RESULTS

In this section, the application examples are given to confirm
our analysis.

Fig. 1 shows the outage probability of the DT user for
the cognitive radio network with cooperative spectrum sens-
ing in the presence of hardware impairment against SNR γ
(γ=1/N0) with ΩRkSn = 2 dB, ΩrmSn = 2 dB, P1 = 2
dB, Pu = 4 dB, R = 0.5 bit/s/Hz, N = 3, K = 3, and
M = 3. Obviously, the outage probability decreases as γ
grows since the received SINR at the selected best DT user is
increased. One can observe that the outage performance with
hardware impairment is worse than that with perfect hardware.
For example, when γ = 0 dB, the outage probability of the SU
with hardware impairment, namely λRkSb = 1 and λrmSb = 2,
is 2.38 × 10−7, while the outage probability of the SU with
perfect hardware, namely λRkSb = 0 and λrmSb = 1, is
9.47× 10−9.

Fig. 2 gives the outage probability of the DT user for the
cognitive radio network with cooperative spectrum sensing
in the presence of hardware impairment against SNR γ for
several number of DT users N = {1, 2, 4} with ΩRkSn = 2
dB, ΩrmSn = 2 dB, P1 = 2 dB, Pu = 4 dB, R = 0.5
bit/s/Hz, σRkSb = σrmSb , K = 3, and M = 3. As can be seen,
with the increasing of the number of DT users, the outage
performance of the secondary system is improved, which is
comprehensible since the multiuser diversity is obtained. For
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example, when γ = 0 dB, N = 1 results in outage 5.31×10−3,
while N = 2 results in outage 3.38× 10−5. As observed, the
outage probability tends to be stable in the high SNR regime,
namely, there exist outage floors in the high SNR regime,
which is caused by the interference from the RT user when the
RT user transmit messages but the cooperative sensing result
shows that there exists a spectrum hole by error. However, the
outage floor can be decreased by an increase of the number
of DT users.

Fig. 3 presents the outage probability of the DT user for
the cognitive radio network with cooperative spectrum sensing
in the presence of hardware impairment against SNR γ for
K = {1, 2, 4} with ΩRkSn = 2 dB, ΩrmSn = 2 dB, P1 = 2
dB, Pu = 4 dB, R = 0.5 bit/s/Hz, σRkSb = σrmSb , N = 2,
and M = 3. It can be observed that, with an increase of K, the
performance for the secondary network improves when SNR
is relatively small, while the outage probability for secondary
network almost keeps unchanged when SNR is larger.

V. CONCLUSION

In this paper, the exact closed form expression for the outage
probability of the DT user is derived over Rayleigh fading
channels for the proposed cognitive cloud radio access network

with cooperative in the presence of hardware impairment.
Particularly, one best DT user is selected to receive the mes-
sages transmitted from the BS. It was seen that the hardware
impairment leads to the decrease of the outage performance
for the system understudy, and there exist outage floor due to
the detection error.
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