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Abstract—Direct-conversion radio transceivers can offer reprogrammable and low-cost hardware solutions for full-duplex (FD)
cognitive radio networks (CRNs). However, they are susceptible
to radio-frequency (RF) impairments, such as in-phase (I) and
quadrature (Q) imbalance (IQI), which can significantly limit
spectrum sensing capabilities. This paper is devoted to quantifying
and evaluating the effects of IQI in single- and multichannel energy detectors operating in FD mode under both cooperative and
noncooperative spectrum sensing scenarios. In this context, closedform expressions are derived for the false alarm and detection
probabilities in the general case, where partial self-interference
suppression (SIS) and joint transmitter (TX) and receiver (RX)
IQI are considered. Furthermore, simplified closed-form expressions for the special cases, where either the RF front end is ideal
or the SIS technique is perfect, are also presented. The presented
analytical results have been verified through extensive simulations
and indicate that the IQI and partial SIS can significantly affect
spectrum sensing accuracy in FD-based CRNs. Specifically, if ideal
RF front end is assumed, spectrum sensing error can significantly
increase, leading to a reduction in the CRN performance and a
negative effect on the performance of primary (PR) networks.
Hence, when designing spectrum sharing algorithms for FD-based
CRNs, the hardware impairments should be considered to improve the CRN performance while minimizing the negative effects
on PR users.
Index Terms—Cognitive radio (CR), full-duplex (FD), hardware
constraints, in-phase/quadrature (I/Q) imbalance, multichannel
energy detectors (EDs), radio-frequency (RF) impairments, singlechannel EDs, spectrum sensing.

I. I NTRODUCTION

T

HE rapid growth of wireless communications and the
foreseen spectrum occupancy problems have inspired the
evolution of the concept of cognitive radio (CR) [1]. As a
result, CR has been recently adopted in several wireless communication standards, such as Long-Term Evolution [2], WiFi
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(IEEE 802.11), Zigbee (IEEE 802.15.4), and WiMAX (IEEE
802.16) [3]. In traditional CR scenarios, the transceivers operate
in half-duplex (HD) mode (i.e., at a given time interval, they
can either transmit or receive/sense but not both). However, the
feasibility of enabling full-duplex (FD) CR communications
(i.e., transmit and receive/sense simultaneously over the same
frequency channel) has been recently demonstrated by combining traditional and novel self-interference suppression (SIS)
techniques [4].
One essential functionality in the operation of CRs, whether
they operate in HD or FD mode, is spectrum sensing (identifying temporarily vacant portions of spectrum). As a consequence, a great deal of effort was put in deriving optimal,
suboptimal, ad hoc, and cooperative techniques, as well as
analyzing their spectrum sensing capabilities [5]–[9]. Most of
these studies assumed ideal radio frequency (RF) front end
for the CR transceivers. However, practical CR devices suffer
from hardware imperfections, such as low-noise amplifier nonlinearities [10], local oscillator phase noise [11], and in-phase
(I) and quadrature (Q) imbalance (IQI) [12], [13]. Particularly,
IQI corresponds to the amplitude and phase mismatch between
the I and Q branches of a transceiver and ultimately leads to
imperfect image rejection that incurs considerable performance
degradation [13]–[15].
In the context of CRs, several studies have shown that these
imperfections restrict the spectrum sensing capabilities of HD
CR systems [10], [16]–[23]. More specifically, in [16], the
negative effects of IQI on spectrum sensing were demonstrated,
considering both cases of single- and multichannel secondary
user (SU) direct-conversion receiver (RX). In [20], closedform expressions for the detection and false alarm probabilities
for the Neyman–Pearson detector were presented, considering
the spectrum sensing problem in single-channel orthogonal
frequency-division multiplexing CR system, under joint transmitter (TX) and RX IQI. On the other hand, the effects of
transmit hardware imperfections in primary (PR) user (PU)–SU
base station cooperative FD CR systems were investigated in
[24], where the problem of interest was to find the achievable
primary-cognitive rate region by studying the cognitive rate
maximization problem. Nonetheless, in that work, the effects
of transmit hardware impairments were approximated as a complex Gaussian process, whereas the effects of RX RF imperfections were neglected; as a result, the impact of RF impairments
in the spectrum sensing capabilities of the CR devices was not
taken into consideration. In summary, several communication
protocols and mechanisms have been proposed for CR networks
(CRNs). However, most of them did not consider the effects of
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hardware impairments, which can severely degrade the CRNs’
performance.
To the best of the authors’ knowledge, the detrimental effects
of IQI and partial SIS in FD CRNs have not been addressed in
the open technical literature. Motivated by this, as well as the
recent developments in FD CR communications, we study the
joint impact of the RF impairments and partial SIS on the CR
device’s spectrum sensing capabilities. Specifically, the contribution of this paper can be summarized as follows.
• Signal models that describe the joint effects of IQI and
partial SIS are presented for single- and multichannel
energy detectors (EDs).
• We derive an analytical framework to evaluate the false
alarm and detection probabilities of both single- and
multichannel EDs that are constrained by hardware imperfections for FD-based CR systems.
• Based on the derived expressions for the false alarm and
detection probabilities, we compare the spectrum sensing
capabilities of the I/Q imbalanced FD-based CRs with the
ideal RF front-end FD CRs and the corresponding HD
system.
• We extend the analysis in the case of cooperative sensing,
where each SU has different IQI and SIS capability levels.
Each SU independently senses each PR channel, estimates whether it is busy or idle, and reports its estimation
to the other SUs. Then, each SU decides the availability
of the sensed channel using the AND, the OR, or the
MAJORITY rule to combine the SUs’ estimations.
• Finally, to demonstrate the detrimental effects of IQI
and partial SIS, several examples of false alarm/detection
probabilities and receiver operation curves (ROCs) are
demonstrated for different SIS and IQI levels.
The rest of this paper is organized as follows. The system and
signal models for both single- and multichannel EDs, when the
transceivers suffer from IQI and partial SIS, are presented in
Section II. The analytical framework for evaluating the false
alarm and detection probabilities is provided in Section III,
whereas in Section IV, we extend the analysis in the case
of cooperative sensing. Numerical and simulation results that
verify the analysis and illustrate the detrimental effects of IQI
and partial SIS are presented in Section V. Finally, Section VI
concludes this paper by summarizing its main contribution.
Notations: Unless otherwise stated, {x} and {x} represent
the real and imaginary parts of x, respectively. The operators
E[·] and | · | denote the statistical expectation and the absolute
value, respectively, whereas the operators x and card(A) return the smallest integer greater than or equal√to x and
 ∞the cardi2
nality of the set A. Furthermore, Q(x) = (1/ 2π) x e−t /2 dt
stands for the Gaussian Q-function, whereas γ(a, x) and Γ(·) are
the lower incomplete Gamma function and the Gamma function,
respectively,
x) =
 ∞ −t γ(a,
 x −t a−1 which are defined as [25, Eq. (8.350/1)]
a−1
e
t
dt
and
[25,
Eq.
(8.310/1)]
Γ(x)
=
e
t
dt.
0
0

Fig. 1. SU link that opportunistically accesses the spectrum of a PR network.

SU CR device is considered to be a low-cost transceiver that
suffers from joint TX/RX IQI. Furthermore, it is assumed that
each SU i has partial SIS capability, which is measured by the
degree of SIS (ai ∈ [0, 1]). Note that if ai = 0, the SU has complete SIS capability. We assume that the interference between
SU links is resolved by implementing an appropriate multipleaccess scheme (see, for example, [26] and [27]). Moreover, for
both scenarios of single- and multichannel EDs, for simplicity
and without any loss of generality, we ignore the path loss
between the SU’s TX and its RX at the same node, i.e., hii = 1.
The channel gain between the TX i and the RX j at distance
dij is hij = Cdni,j , where C is a frequency-dependent constant,
and n is the path loss exponent.
A. Single-Channel Energy Detector
Note that sensing only one particular frequency channel at
a time is a rather limited scenario in general CR and spectrum
sensing context [16]. However, for completeness, we analyze
the impact of IQI and partial SIS on the spectrum sensing
performance of a single-channel ED.
Two hypotheses of PU absent/present can be determined
through the parameter θ ∈ {0, 1}. For a given θ, the nth sample
of the received baseband equivalent signal for the SU i in the
case of single-channel EDs can be expressed as
yi (n) = θxi (n) + ai si (n) + wi

(1)

where xi (n), si (n), and wi (n) are the nth sample of the I/Q
imbalanced received PU signal by the ith SU, the I/Q imbalanced received signal due to the SU’s own transmission before
applying SIS, and the I/Q imbalanced noise, respectively, which
are given by [28]

II. S YSTEM AND S IGNAL M ODEL

r
r
xid,i (n) + K2,i
x∗id,i (n)
xi (n) = K1,i
si (n) = ξ1,i sid,i + ξ2,i s∗id,i
r
r
∗
wi (n) = K1,i
wid,i (n) + K2,i
wid,i
(n)

As demonstrated in Fig. 1, we consider a CRN that consists
of several PUs, and the CR devices operate in FD mode. Each

where xid,i (n), sid,i (n), and wid,i (n) are the circularly symmetric complex white Gaussian (CSCWG) processes that

(2)
(3)
(4)
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model the received PU signal, the received signal due to the
SU’s own transmission before applying SIS, and the received
noise, when ideal RF front end is considered, respectively. The
parameters ξ1,i and ξ2,i model the joint effect of TX/RX IQI
and can be obtained as
 t ∗
r
t
r
ξ1,i = K1,i
K
K1,i
+ K2,i
(5)
 t ∗ 2,ir
r
t
(6)
ξ2,i = K1,i K2,i + K1,i K2,i
t
t
r
r
, K2,i
, and K1,i
, K2,i
stand for the TX and RX IQI
where K1,i
coefficients, which are given by

1 + ti ejφi
1 − ti e−jφi
t
, K2,i
=
=
2
2
r
r
1 + ri e−jφi
1
−
ri ejφi
r
, K2,i =
=
2
2
t

t
K1,i
r
K1,i
t/r

t

(7)
(8)

where xi,k (n), si,k (n), and wi,k (n) are zero-mean CSCWG
2
processes with variances σx2i,k , σs2i,k , and σw
, respectively,
i,k
which represent the ideal received PU signal, the ideal received
signal due to the SU’s own transmission before applying SIS,
and the received noise over channel k sampled at time instant
n. The parameters θk ∈ {0, 1} and θ̃k ∈ {0, 1} indicate the existence of a PU signal and a transmitted signal at channel k.
From (13), it is evident that the received signal at the arbitrary
channel k at the ith SU, i.e., yi,k , may be interfered not only by
the transmitted signal at the channel k, i.e., si,k , but also by the
transmitted signal at channel −k, i.e., s∗i,−k , due to the joint effects of IQI and partial SIS, as well as by the received signal at
channel −k, i.e., x∗i,−k , due to the effects of IQI. The levels of interference depend on the levels of IQI and the degree of SIS, as
well as the existence of PU and SU activities at channelsk and−k.

t/r

with i and φi denoting the amplitude and the phase imbalance at the TX/RX. Note that the IQI coefficients are connected
through the following relation:
 t ∗
t
r
r
= 1 − K2,i
.
(9)
K1,i
Let IRR be the image rejection ratio, which is given by
 t 2
 r 
K1,i 
t
IRRir =  t 2 .
 r 
K2,i 

Here, we present closed-form expressions to evaluate the false
alarm and detection probabilities of hardware-constrained EDs.
A. Single-Channel Energy Detector

(10)

Note that, for practical transceivers, IRR is in the range of
[20, 40 dB] [15], [30]–[38].
By substituting (9) into (5) and (6) and after some algebraic
manipulations, we show that
∗
.
ξ1,i = 1 − ξ2,i

III. FALSE A LARM AND D ETECTION P ROBABILITIES

(11)

It is important to note that, according to (1)–(4), the received
signal at the ith SU, i.e., yi , is interfered not only by the transmitted signal sid,i but also by the signals s∗id,i and x∗id,i , due to the
effects of IQI. Moreover, based on the received signal model in
(1), the sensing channel is either vacant with only channel noise
or occupied by a PU signal together with the channel noise.
B. Multichannel Energy Detector

In the case of the single-channel ED, we assume that the SU
employs the classical ED, where the test statistics is evaluated
according to [22] as
Ns −1
1 
Ti =
|yi (n)|2 .
Ns n=0

In (14), Ns is the number of complex samples used for spectrum
sensing. This test statistics is compared against a given threshold γ to decide whether the channel is busy or idle, i.e., if Ti <
γ, the ED decides that the channel is idle; otherwise, it is busy.
In the propositions and special cases that follow, we evaluate
the cumulative distribution function (cdf) of the test statistics
for the general case, where the CR devices suffer from the joint
effects of TX/RX IQI and the SIS is partial. We also consider the
special cases of ideal TX and RX RF front ends and perfect SIS.
Proposition 1: The distribution of the energy test statistics
conditional to θ, when the SU has partial SIS and suffers from
IQI, for a sufficiently large number of samples (Ns ) can be well
approximated by a Gaussian distribution with a cdf

In the case of a multichannel ED, we assume that 2K RF
channels, which are by denoted by
SK = {−K, . . . , −1, 1, . . . , K}

r
r
xi,k (n) + θ−k K2,i
x∗i,−k (n)
yi,k (n) = θk K1,i

+ θ̃k ai ξ1,i si,k (n) + θ̃−k ai ξ2,i s∗i,−k (n)
r
r
∗
+ K1,i
wi,k (n) + K2,i
wi,−k
(n)

F (γ|θ) = 1 − Q

(12)

are downconverted to baseband using the wideband directconversion principle. This scenario was also considered in [16],
where the sensitivity of wideband energy detection in HD CR
systems was illustrated.
The baseband equivalent received signal model for an arbitrary channel k ∈ SK at the ith SU is given by

γ − μθ
σθ2

(15)

where μθ and σθ2 stand for the mean and the variance of the test
statistics and are given by

 r 2   2


r 2
2

μθ = K1,i
+ K2,i
θσxid + σw
id


2
(16)
+ a2i |ξ1,i |2 + |ξ2,i |2 σs,id
σθ2 =

(13)

(14)

1 
2
2θkr σx4id,i +2a4i kt,r σs4id,i +2kr σw4id,i +θkxw σx2id σw
id
Ns

 2

2
(17)
+ kxsw θσxid + σw
a2i σs2id − μ2θ
id
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where
 r 4  r 4
 r 2  r 2
 + K2,i  + 6 K1,i
 K2,i 
kr = K1,i
2

r
+ 2 K1,i

ktr

r
 K1,i

2

r
+ 2 K2,i

2

2

r
 K2,i
(18)

Special Case 2: In the case of perfect SIS and ideal TX/RX
t
r
t
r
= K1,i
= ξ1,i = 1, K2,i
= K2,i
= ξ2,i = 0,
SU RF front ends, K1,i
and ai = 0. Substituting these values into (16) and (17), we
prove that the mean and the variance of the SU received signal
are, respectively, given by

 r 4  r 4
   
 + ξ  + 6 ξ r 2 ξ r 2
= ξ1,i
2,i
1,i
2,i
r
+ 2 ξ1,i

kxw =

2

r
 ξ1,i

2

2
μ2θ = θσx2id + σw
id
2

r
+2 ξ2,i


2
r
r
− 1 + 4 K1,i
2 K1,i

r
 ξ2,i

2

(19)


2 2


 r 2 2

r 2

+ 2 K1,i
+ K2,i
+1
kxsw =

(20)


2
r
r
2 K1,i
− 1 + 4 K1,i

2





× (2{ξ1,i } − 1)2 + 4{ξ1,i }2

 r 2  


r 2

+ 2 K1,i
|ξ1,i |2 + |ξ2,i |2 + 1. (21)
+ K2,i
Proof: See Appendix A.

Note that the exact distribution of the test statistics is rather
complicated because of the dependence between the random
variables ({yi } and {yi }), due to the effects of IQI.
Now using the derived distribution for the test statistics, the
false alarm and detection probabilities, when the SU has partial
SIS and suffers from IQI, can be computed as
Pfa = Pr (T > γ|θ = 0) = Q

Pd = Pr (T > γ|θ = 1) = Q

γ − μ0

(22)

σ02
γ − μ1

.

σ12

(23)

For a target false alarm probability P̃fa , the energy threshold
can be evaluated using (22), which yields

γ̃ = σ02 Q−1 (P̃fa ) + μ0
(24)
whereas in this case, the detection probability, based on (23), is
given by
P̃d = Q

σ02 Q−1 (P̃fa ) + μ0 − μ1
σ12

.

(25)

Special Case 1: In the case of partial SIS and ideal TX/RX
t
r
t
r
= K1,i
= 1, K2,i
= K2,i
= 0, and, conRF front end, K1,i
sequently, ξ1,i = 1 and ξ2,i = 0. Hence, based on (18)–(21),
kr = ktr = 1, and kxw = kxsw = 4. Substituting these values
into (16) and (17) and after some algebraic manipulations, we
see that the mean and the variance of the SU received signal
are, respectively, given by
2
2
+ σw
,
μ2θ = θσx2id + a2i σs,id
id
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σθ2 =

1 2
μ .
Ns θ

(26)

σθ2 =

μ2θ
.
Ns

(27)

Note that (27) coincides with [16, eq. (3)], which refers to
an ideal RF front-end HD CR system. In other words, in the
case of ideal RF front-end transceivers, regardless of whether
the system operates in HD or FD mode with perfect SIS, the
EDs achieve the same spectrum sensing capabilities.
Special Case 3: In the case of perfect SIS (ai = 0) and joint
TX/RX IQI, the mean and the variance of the SU received
signal are, respectively, given by

 r 2   2


r 2
2

θσxid + σw
(28)
μ2θ = K1,i
+ K2,i
id
σθ2 =

4
2
+ θkxw σx2id σw
− μ2θ
2θkr σx4id,i + 2kr σw
id,i
id

Ns

.

(29)

Proposition 2: In the case of ideal RF front end and partial SIS, the test statistics conditional to θ follows chi-square
distribution with 2Ns degrees of freedom and a cdf given by


Ns x
γ Ns , 2σ
2
yi|θ
F (x|θ) =
(30)
Γ(Ns )
where σy2i|θ is the variance of yi obtained by


2
.
σy2i|θ = E |yi|θ |2 = θσx2id + a2i σs2id + σw
id

(31)


Proof: See Appendix B.
B. Multichannel Energy Detector

In the case of the multichannel ED, we assume that each SU
employs the classical wideband ED, which calculates the test
statistics at each channel k according to
Ti,k =

Ns −1
1 
|yi,k (n)|2 .
Ns n=0

(32)

Note that Ti,k is compared against a threshold (γ) to decide
whether the channel is busy or idle.
In the proposition that follows, we evaluate the cdf of the test
statistics for the general case, where the CR devices suffer from
the joint effects of TX/RX IQI and the SIS is partial.
Proposition 3: The distribution of the energy test statistics
conditional to Θ = {θ−k , θk , θ̃−k , θ̃−k }, when the SU has partial SIS and suffers from IQI, for a sufficiently large number of
samples (Ns ), is Gaussian with a cdf
F (γ|Θ) = 1 − Q

γ − μΘ
2
σΘ

(33)
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2
where μΘ and σΘ
denote the mean and the variance of the
test statistics, respectively, which are obtained as (34) and (35),
shown at the bottom of the page. Note that α, β, δ, and ζ in (35)
are as follows:

Note that PF A and PD are affected not only by the level of IQI
and the SIS technique’s capabilities but by the uncertainty of
the PU signal over channels k and −k and the uncertainty of
the transmitted signals at k and −k as well.

r
r
r
r
 K2,i
+  K1,i
 K2,i
α =  K1,i

(36)

IV. C OOPERATIVE S ENSING

r
r
r
r
β =  K1,i
 K2,i
+  K1,i
 K2,i

(37)

δ = {ξ1,i }{ξ2,i } + {ξ1,i }{ξ2,i }
ζ = {ξ1,i }{ξ2,i } + {ξ1,i }{ξ2,i }.

(38)
(39)

As stated previously, the operation of a CRN should address
an essential issue of identifying spectrum opportunities to
enable an efficient spectrum utilization. Several studies have
focused on this issue based on spectrum sensing in a cooperative or a noncooperative manner assuming ideal RF front
end. Noncooperative sensing is easy to implement in practical
settings, and its processing overhead is small. On the other
hand, cooperative spectrum sensing can provide much better
sensing accuracy, which might countermeasure the effects of
IQI and partial SIS, at the expense of extra processing and
control overhead [39], [40].
Here, we extend the analysis in Section III to investigate
the performance of cooperative sensing under hardware impairments. Specifically, we consider that each one of the Nsu
SUs makes a binary decision on the PU activity, and the individual decisions are reported to the other SUs over a narrowbandwidth error-free reporting channel, i.e., common control
channels (CCCs) [27]. Note that the existence of CCC is a
characteristic of many communication protocols designed for
CRNs. We assume that the decision rule is the OR, the AND, or
the MAJORITY, i.e., the presence of primary activity is decided
if at least one SU, all, or the majority of the SUs individually
decides that the sensing channel is busy.
In the propositions that follow, we evaluate the false alarm
and detection probabilities of the CRNs for the case in which
the OR, the MAJORITY, or the AND rule is used and the CR
devices suffer from different levels of TX/RX IQI and the SIS.
Proposition 4: If the OR rule is employed, then the false
alarm and detection probabilities can be expressed as

Proof: See Appendix C.

Using the derived expressions for the energy test statistics
distribution, the condition to Θ false alarm and detection probabilities, when the SU has partial SIS and suffers from IQI, can
be derived by


Pfa Θ = {θ−k , θk = 0, θ̃−k , θ̃k } = Q

γ − μΘ



Pd Θ = {θ−k , θk = 1, θ̃−k , θ̃k } = Q

γ − μΘ
2
σΘ

2
σΘ

(40)
. (41)

Moreover, by considering that the PU existence parameter at
image channel θ−k and the SU existence parameters at channels
−k and k are Bernoulli distributed for any arbitrary channels
(with success parameters p−k , p̃−k , and p̃k , respectively), the
false alarm and detection probabilities can be expressed as


PF A =

(θ−k p−k + (1 − θ−k )(1 − p−k ))

Θ∈{θ−k ,θk =0,θ̃−k ,θ̃k }



× θ̃−k p̃−k + (1 − θ̃−k )(1 − p̃−k )


(42)
× θ̃k p̃k + (1 − θ̃k )(1 − p̃k ) Pfa (Θ)

PD =
(θ−k p−k + (1 − θ−k )(1 − p−k ))

PC,fa = 1 −

Θ∈{θ−k ,θk =1,θ̃−k ,θ̃k }




× θ̃−k p̃−k + (1 − θ̃−k )(1 − p̃−k )


× θ̃k p̃k + (1 − θ̃k )(1 − p̃k ) Pd (Θ).

(43)

PC,d = 1 −

N
su

i=1
N
su


(1 − Pfa,i )

(44)

(1 − Pd,i )

(45)

i=1

 r 2 2
 r 2 2
 r 2 2
 r 2 2
 σx + θ−k K2,i
 σx
 σw + K2,i
 σw
μΘ = θk K1,i
+ θ̃k a2i |ξ1,i |2 σs2i,k + θ̃−k a2i |ξ2,i |2 σs2i,−k + K1,i
i,k
i,−k
i,k
i,−k



 r 4 4
 r 4 4
 r 2  r 2
1
2
2
2
2
2
2θk K1,i  σxi,k + 2θ−k K2,i  σxi,−k + 2θk θ−k K1,i  K2,i  + α + β σxi,k σxi,−k
σΘ =
Ns


+ 2θ̃k a4i |xi1,i |4 σs4i,k + 2θ̃−k a4i |ξ2,i |4 σs4i,−k + 2θ̃k θ̃−k a4i |ξ1,i |2 |ξ2,i |2 + δ 2 + ζ 2 σs2i,k σs2i,−k


 r 4 4
 r 4 4
 

r 2  r 2
2
 σw + 2 K2,i
 σw
+ 2 K1,i
+ 2 K1,i
σ2
K2,i + α2 + β 2 σw
i,k
i,−k
i,k wi,−k
 




 r 2 2
r 2 2
2 2
2 2
 σ
θ̃
+ 2a2i θk K1,i
σxk,i + θ−k K2,i
|ξ
|
σ
+
θ̃
|ξ
|
σ
k
1,i
−k
2,i
x−k,i
sk,i
s−k,i
 

 






2
2
2
2
r 
r 
r 
2
r 
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σx2k,i + θ−k K2,i
σx2−k,i K1,i
σw
+ K2,i
σw
+ 2 θk K1,i
k,i
−k,i

 



 r 2 2
r 2 2
2
 σw
−
μ
+ 2a2i θ̃k |ξ1,i |2 σs2k,i + θ̃−k |ξ2,i |2 σs2−k,i K1,i
σwk,i + K2,i
Θ
−k,i

(34)

(35)
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where Pfa,i and Pd,i (i ∈ {1, . . . , Nsu }) stand for the false
alarm and detection probabilities of the ith SU, respectively.
Proof: See Appendix D.

Proposition 5: If the AND rule is employed, then the false
alarm and detection probabilities can be expressed as
PC,fa =
PC,d =

N
su


Pfa,i

i=1
N
su


Pd,i

(46)

(47)

i=1

where Pfa,i and Pd,i (i ∈ {1, 2}) stand for the false alarm and
detection probabilities of the ith SU, respectively.
Proof: See Appendix E.

Proposition 6: If the MAJORITY rule is employed, then the
false alarm and detection probabilities can be expressed as


card(D)

PC,fa =

×

i=1
N
su


U

Nsu



dl,k −

l=1

Nsu
2



Fig. 2. False alarm probability as a function of the energy threshold for
different values of IRR and a1 = a2 = 0.01.

(U (−dj,k )(1 − Pfa,j ) + U (dj,k − 1)Pfa,j )

j=1

(48)


card(D)

PC,d =

×

i=1
N
su


U

Nsu

l=1


dl,k −

Nsu
2



(U (−dj,k )(1 − Pd,j ) + U (dj,k − 1)Pd,j )

j=1

(49)
where Pfa,i and Pd,i represent the false alarm and detection probabilities of the ith SU, respectively. Moreover, D =
[d1 , d2 , . . . , dNsu ] denotes the SUs’ decision set, where di =
0 and di = 1, i = 1, . . . , Nsu , stand for the absence and the
presence of PU activity at the sensing channel, respectively.
Proof: See Appendix F.


Fig. 3. Detection probability as a function of the energy threshold for different
values of IRR and a1 = a2 = 0.01.

V. N UMERICAL AND S IMULATION R ESULTS
Here, we demonstrate the effects of IQI on the spectrum
sensing performance of the EDs by illustrating numerical and
simulation results for different IQI and SIS levels. Each of the
reported figures contains both analytical and simulation results,
which are represented by lines and discrete marks, respectively.
A. Single-Channel Energy Detector
In the case of the single-channel ED, we consider the following insightful scenario. The SNR of the received ideal signal at
the SU i, i ∈ {1, 2}, due to the PU activity is −15 dB, whereas
before applying an SIS technique, the self-interference-to-noise
ratio (INR) due to the transmission of the SU i is set to 20 dB.
We assume that both TX and RX suffer from the same level of
IQI and the degree of SIS is set to 0.01 (i.e., 40 dB). Furthermore, the ED is assumed to use Ns = 8 × 103 samples.
In Fig. 2, the false alarm probability is plotted against the
energy detection threshold, for different values of IRR. It

becomes evident from the figure that the analytical results
are identical with the simulation results, thus verifying the
presented analytical framework. Moreover, it is observed that,
as IRR decreases, the self-interference due to IQI increases;
consequently, to achieve a target false alarm probability, the
energy threshold should be increased. For instance, if the target
false alarm probability threshold is equal to 0.1, then in the
case of ideal RF front end, the energy threshold should be set
to 0.85 dB. When a nonideal CR device with IRR = 25 dB is
considered, it should be shifted by about 0.2 dB and be set to
1.05 dB. This may not seem to be a significant shift; however,
if the effects of IQI are not taken into consideration, the false
alarm probability of the system will be equal to 1. This observation indicates the importance of the derived expressions.
Fig. 3 illustrates the impact of IQI in the detection performance of the FD CR devices. Specifically, the detection probability is plotted against the energy threshold for different levels
of IQI. We observe that, as IRR decreases, the interference, due
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Fig. 4. False alarm probability as a function of the energy threshold for
different values of IRR and a.

to IQI and partial SIS, increases, and, consequently, for a given
energy threshold, the detection probability increases. For example, for γ = 1.05 dB and considering ideal RF front end, the
detection probability is about 0.2. On the other hand, in the case
of I/Q imbalanced RF front end with IRR = 25 dB and for the
same energy threshold, the detection probability is equal to 1.
Additionally, if the target false alarm probability is set to 0.1,
then in the case of ideal RF front end, the corresponding detection probability is equal to 1, whereas in the case of nonideal
RF front end with IRR = 20 dB, the energy threshold should
be set to 1.257 dB, and the corresponding detection probability is 0.87. This example indicates that the spectrum sensing
capabilities of the FD CR ED are constrained due to IQI.
In Fig. 4, the false alarm probability is illustrated as a
function of the energy detection threshold for different IRR and
a values. Note that the curve denoted by “ideal, a = 0” corresponds to special case 2, whereas the curves denoted by “ideal,
a = 0.005” and “ideal, a = 0.01” correspond to special case 1.
Moreover, the curves denoted by “IRR = 20 dB, a = 0” correspond to special case 3. It becomes evident from this figure that
the analytical results presented in the special cases in Section III
are identical with the simulation results, thus verifying the presented analytical framework. Additionally, we observe that, for
a given IRR, as a increases, the false alarm probability increases. For example, for an energy threshold equal to 0.99 dB,
IRR = 20 dB, and a = 0, the false alarm probability is about
0.1. However, if a increases to 0.01, the false alarm probability
becomes 1. This indicates the importance of taking into consideration the impact of partial SIS when selecting the energy
threshold. Finally, by comparing the spectrum sensing performance affected by IQI and partial SIS, it becomes apparent that
the impact of IQI to the spectrum sensing performance is more
detrimental than the impact of partial SIS.
B. Multichannel Energy Detector
In the case of the multichannel ED, it is assumed that there
are eight channels and that the second channel is sensed (k = 2).

Fig. 5. False alarm probability as a function of the INR caused by the activity
at the image PU channel for different values of IRR and levels of SIS when
θ−k = θ̃−k = θ̃k = 1.

The signal and total guard band bandwidths are assumed to be
9 MHz and 125 kHz, respectively. The noise variance for all
channels is assumed to be equal to 1. Unless otherwise stated,
the SNR of the received ideal signal at the SU i, i ∈ {1, 2} at
k = 2, due to the PU activity is −15 dB, whereas the INR of
the PU mirror channel (k = −2) is 15 dB. We also consider
that, before applying any SIS technique, the INR due to the
transmission of the SU i is set to 20 dB for both k = 2 and
k = −2 channels. To determine the PU channel status, the ED
is assumed to use Ns = 8 × 103 samples.
In Fig. 5, the joint impact of IQI and partial SIS in the false
alarm probability is demonstrated. Specifically, the false alarm
probability against the INR caused by the activity at the image
PU channel for different values of IRR and levels of SIS is presented in this figure for the worst-case scenario in which θ−k =
θ̃−k = θ̃k = 1. Note that the energy detection threshold is set
to 1.14 dB, i.e., γ ≈ 1.14 dB. Furthermore, as a benchmark, we
consider the ideal RF front end case with perfect SIS and γ ≈
1.14 dB, where the false alarm probability is practically set to
zero. As expected, for fixed IRR and a, as the INR from the image PU signal increases, the interference from the mirror channels increases, which, consequently, increases the false alarm
probability. Moreover, for given a and INR from the image PU
signal value, as IRR increases, the leakage from the image PU
channel decreases, resulting in the decrease of the false alarm
probability. For given IRR and INR from the image PU signal
values, as a increases, the leakage from the transmitted channels k and −k increases, which increases the false alarm probability. For example, for INR = 6 dB and IRR = 20 dB, the
increase of a from 0.005 to 0.01 leads to about 145% increase
of the false alarm probability.
In Figs. 6 and 7, the joint impact of IQI and partial SIS in
the detection probability is demonstrated. Specifically, in Fig. 6,
the detection probability is plotted against the SNR for different
interference channel occupancy sets, i.e., ΘI = [θ−k , θ̃k , θ̃−k ],
when the energy detection threshold is γ ≈ 1.14 dB, the level of
SIS is set to −40 dB, IRR = 20 dB, φ = 3◦ , and the INR caused
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Fig. 6. Detection probability as a function of the SNR for different ΘI =
[θ−k , θ̃k , θ̃−k ] when IRR = 20 dB and a = 0.001.

Fig. 7. Detection probability as a function of the SNR for different values of
p = p−k = p̃−k = p̃k when IRR = 20 dB and a = 0.001.

by the activity at the image PU channel is 10 dB. For each
interference channel occupancy set, the corresponding false
alarm probabilities are reported in the legend. As a benchmark,
the detection probability of an ideal RF front-end transceiver
with a = 0 and a = 0.01 is also illustrated. As expected, for a
given ΘI , as SNR increases, the detection probability increases.
Furthermore, it is observed that, for a given SNR, the detection
probability increases as the interference increases. However,
this comes with an inevitable price of increased false alarm
probability and hence a dramatic decrease in the ability to
identify vacant spectrum. For example, for SNR = −20 dB and
ΘI = [1, 0, 1], the detection and false alarm probabilities are
0.5638 and 0.0146, respectively, whereas for the same SNR
and ΘI = [1, 1, 1], the detection and false alarm probabilities
are 0.34902 and 0.1264, respectively. In addition, since the
leakage to the sensed channel k from the transmitted signal at
the channel −k is about −20 dB due to IQI and −40 dB due
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Fig. 8. ROCs for different values of IRR, when p−k = p̃−k = p̃k = 0.5, a =
0.01, SNR = −15 dB, and the INR caused by the activity at the image PU
channel is equal to 10 dB.

to the employed SIS technique, the signal leakage to channel k
from the signal transmitted at channel k due to the joint effect
of IQI and SIS is about −60 dB. Consequently, the leakage
from the signal transmitted at channel −k does not significantly
affect the spectrum sensing capabilities of the multichannel ED.
Fig. 7 presents the detection probability as a function of SNR
for different values of p = p−k = p̃−k = p̃k when the energy
detection threshold is γ ≈ 1.14 dB, the level of SIS is set to
−40 dB, IRR = 20 dB, φ = 3◦ , and the INR caused by the
activity at the image PU channel is set to 10 dB, whereas the
INR due to the transmission of the SU at both channels k and
−k is set to 20 dB. For each interference channel occupancy
set, the corresponding false alarm probabilities are reported in
the legend. It is observed that, as p increases, the probability
of channel leakage from the received signal at channel k and
the transmitted signals at channels k and −k increases, and
therefore, the detection probability also increases. However,
this comes at the expense of increasing the false alarm probability. Furthermore, for SNR values in the range of [−14, −10 dB]
and a given p, the detection probability remains constant. This
can be explained using Fig. 6, where the contributions of the
channel occupancy sets ΘI = [0, 1, 0] and ΘI = [0, 1, 1] are
observed after −10 dB, whereas the contributions of the remaining channel occupancy sets are observed after −14 dB.
Therefore, for SNR values in the range of [−14, −10 dB] and a
given p, the detection probability remains constant.
In Fig. 8, ROCs are presented for different values of IRR,
when p−k = p̃−k = p̃k = 0.5, a = 0.001, the SNR is set to
−15 dB, and the INR caused by the activity at the image PU
channel is set to 10 dB, whereas the INR due to the transmission of the SU at both channels k and −k is set to 20 dB. Again,
the detrimental effects of IQI and partial SIS on the CR ED’s
spectrum sensing capabilities are observed. For example, for
Pfa = 0.1 and IRR = 25 dB, the detection probability cannot
exceed 0.6. However, in the case of ideal RF front end and perfect SIS, for the same Pfa , the detection probability is about 0.9.
In other words, the joint effects of IQI and imperfect SIS result
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Fig. 9. ROCs for different decision rules when p = p−k = p̃−k = p̃k = 0.5,
IRR = 25 dB, and a = 0.01.

Fig. 10. ROCs for different decision rules when p = p−k = p̃−k = p̃k =
0.5, IRR = 30 dB, a = 0.01, and (continuous lines) Nsu = 3 or (dashed lines)
Nsu = 5.

in a degradation on the order of 50%. Furthermore, it is evident
that, as IRR increases, the leakage from the image channels is
constrained, and hence, the spectrum sensing capability of the
EDs is improved.

partial SIS are so detrimental, even with the use of cooperative
sensing; the performance of nonideal cooperative sensing is
worse than that of the individual sensing CR system with ideal
RF front end and perfect SIS. Moreover, in the case of ideal RF
front end and perfect SIS, we observe that, in terms of spectrum sensing performance, systems that employ the OR rule
outperform those that employ the AND rule, irrespective of
the false alarm probability range. In the case of IRR = 25 dB
and a = 0.01, the OR rule outperforms the AND rule for Pfa ∈
[0, 0.16941], whereas the AND rule outperforms the OR rule for
Pfa ∈ (0.16941, 1].
In Fig. 10, ROCs are demonstrated for different values of Nsu ,
considering that the SUs employ the AND, the MAJORITY, or
the OR rule and the SUs’ RXs have the same IRR, which is
equal to 30 dB. As expected, for a fixed decision rule, as Nsu
increases, the spectrum sensing capability of the EDs is improved. Moreover, it is observed that, for fixed Nsu , in the lowfalse-alarm regime, systems that employ the OR rule outperform
those that employ the MAJORITY and AND rules. However, as
the requirement for low false alarm probability is relaxed, the
AND rule outperforms both the MAJORITY and OR rules. This
indicates the importance of taking into consideration Nsu , the
IQI levels, and the targeted false alarm probability, to select the
decision rule that maximizes the spectrum sensing performance
of the ED.

C. Cooperative Sensing
In the case of cooperative sensing, we consider that each one
of the two SUs employs a multichannel ED that downconverts
eight channels (K = 8) and senses the second one (k = 2).
Note that, in the case where only two SUs are involved, the
MAJORITY rule coincides with the AND rule. The SNR of the
received ideal signal at the SU i, i ∈ {1, 2} at k = 2, due to
the PU activity is −15 dB, whereas the INR of the PU mirror
channel (k = −2) is 15 dB. We also consider that, before applying an SIS technique, the INR due to the transmission of the
SU i is set to 20 dB in both k = 2 and k = −2 channels,
p−k = p̃−k = p̃k = 0.5, and a = 0.001. Again, the ED of each
SU is assumed to use Ns = 8 × 103 samples.
The ROCs corresponding to this scenario are plotted in
Fig. 9, considering that the SUs employ the AND or the OR
rule. As benchmarks, we also present the ideal case ROC, i.e.,
IRR → ∞ and a = 0, and the ideal and nonideal ROCs, when
the SUs do not use cooperative sensing. It is observed that
the joint effects of IQI and partial SIS constrain the spectrum
sensing capabilities for both cases of noncooperative and cooperative sensing. For instance, for Pfa = 0.1, the detection
probabilities in the case of ideal RF front end and perfect SIS
in the case of individual sensing, cooperative sensing using
AND rule, and cooperative sensing using OR rule are 0.94, 0.98,
and 0.99, respectively. In the case of nonideal RF front end
and partial SIS for Pfa = 0.1, the corresponding probabilities
are 0.58, 0.68, and 0.75. In other words, for Pfa = 0.1, the
spectrum sensing capability of the ED that uses the AND (OR)
rule is reduced by 44.12% (32%), due to the effects of IQI and
partial SIS. Furthermore, we observe that both the presented
cooperative sensing schemes outperform the corresponding individual sensing scheme. However, the joint effects of IQI and

VI. C ONCLUSION
This paper has investigated the spectrum sensing performance of opportunistic spectrum access FD CR system in both
single- and multichannel EDs, when the SUs’ devices employ
SIS techniques and suffer from joint TX/RX IQI. We derived
closed-form expressions for the false alarm and detection probabilities under realistic scenarios of nonperfect SIS and transceivers’ RF front-end impairments, as well as for the theoretical
scenarios of ideal RF front end and/or perfect SIS. Our results
illustrated the degrading joint effects of IQI and partial SIS
on the ED spectrum sensing performance, which result in
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significant losses in spectrum utilization. Specifically, in the
case of single-channel EDs, we observed that the negligence of
IQI and partial SIS can lead to a wrong choice of the energy
threshold, which may result in a dramatic increase of the
false alarm probability, while, at the same time, the detection
probability might significantly decrease. Moreover, in the case
of multichannel EDs, partial SIS and IQI cause self-interference
and mirror interference that appreciably restrict the ED’s capabilities. Hence, when designing FD CR devices, whether
a single- or a multichannel ED is employed, IQI and partial
SIS should be carefully taken into consideration. Finally, we
extended the analysis in case of cooperative sensing to observe
that, even with the use of cooperative schemes, it is impossible
to fully compensate for the joint effects of IQI and partial SIS.
A PPENDIX A
P ROOF OF P ROPOSITION 1
Since Ns is sufficiently large, the central limit theorem [41]
can be applied. In this case, the test statistics follows a Gaussian
distribution with mean and variance that are, respectively,
given by
N −1

s



1
2
E
|yi (n)| = E |yi (n)|2 (50)
μθ = E[Ti |θ] =
Ns
n=0
σθ2 = Var[Ti |θ] =


1   4
E |yi | − μ2θ .
Ns

(51)

Taking into consideration that xi , si , and wi are uncorrelated
random variables, (50) can be rewritten as






(52)
μθ = θE |xi |2 + a2i E |si |2 + E |wi |2 .
Moreover, since xid,i , sid,i , and wid,i are zero-mean CSCWG
processes with uncorrelated real and imaginary parts with
2
=
variances σx2id,i = [|xid,i |2 ], σs2id,i = E[|sid,i |2 ], and σw
id,i
2
[|wid,i | ], respectively, the terms xi , si , and wi in (2)–(4) are
random uncorrelated processes with variances that are given by

  r 2  r 2  2
 + K2,i  σx
E |xi |2 = K1,i
(53)
id,i

 2 
(54)
E |si | = |ξ1,i |2 + |ξ2,i |2 σs2id,i







2
2
r 
r 
2
σw
+ K2,i
(55)
E |wi |2 = K1,i
id,i
respectively. Substituting (53)–(55) into (52) and after some
algebraic manipulations, we obtain (16).
Nevertheless, to derive the variance of the test statistics, we
need to evaluate E[|yi |4 ], which can be obtained using (1) as
follows:








E |yi |4 = θE |xi |4 + a4i E |si |4 + E |wi |4

 


 

+ 2a2i θE |xi |2 E |si |2 + 2θE |xi |2 E |wi |2
 


+ 2a2i E |si |2 E |wi |2


+ 4E ( {θai xi s∗i + θxi wi∗ + ai si wi∗ })2 (56)
where, according to (2)–(4), E[|xi | ], E[|si | ], E[|wi | ], and
E[({θai xi s∗i + θxi wi∗ + ai si wi∗ })2 ] can be expressed
4

4

4
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as E[|xi |4 ] = 2kr σx4id,i , E[|si |4 ] = 2kt,r σs4id,i , E[|wi |4 ] =
4
2kr σw
, and
id,i


E ( {θai xi s∗i + θxi wi∗ + ai si wi∗ })2
 

 



= θa2i E {xi }2 E {si }2 +a2i θE {xi }2 E {si }2
 


 


+ θE {xi }2 E {wi }2 +θE {xi }2 E {wi }2


 

 

+ a2i E {si }2 E {wi }2 +a2i E {si }2 E {wi }2 .
(57)
Next, we derive E[{xi}2 ], E[{si }2 ], E[{wi }2 ], E[{xi }2 ],
E[{si }2 ], and E[{wi }2 ]. By using (9), (11), and the fact
that E[{xid,i }2 ] = E[{xid,i }2 ] = σx2id /2, E[{sid,i }2 ] =
E[{sid,i }2 ] = σs2id /2, and E[{wid,i }2 ] = E[{wid,i }2 ] =
2
σw
/2, we obtain
id

 σ2
E {xi }2 = xid
2
2


σ
E {si }2 = sid
2
2


σ
E {wi }2 = wid
2



2
r
r
E {xi }2 = 2 K1,i
− 1 + 4 K1,i

(58)
(59)
(60)
2

 σ2

xid

2

(61)

2



σ
E {si }2 = (2 {ξ1,i } − 1)2 + 4{ξ1,i }2 sid (62)
2
 2




2
2 σwid
r
r
E {wi }2 = 2 K1,i
.
− 1 + 4 K1,i
2
(63)
Substituting (58)–(63) into (57) and then into (51) and (56), we
obtain (17). This concludes the proof.
A PPENDIX B
P ROOF OF P ROPOSITION 2
t
r
In the case of ideal RF front end, since K1,i
= K1,i
= 1 and
r
= K2,i = 0, yi|θ = θxid,i + asid,i + wid,i . Furthermore,
since xid,i ∼ CN (0, σx2id,i ), sid,i ∼ CN (0, σs2id,i ), and wid,i ∼
2
CN (0, σw
), yi (n) follows zero-mean complex Gaussian ranid,i
dom distribution with a variance given by (31). Additionally,
since Ti is the sum of zero-mean Gaussian processes, it follows
chi-square distribution with 2Ns degrees of freedom and a cdf
shown in (30). This concludes the proof.
t
K2,i

A PPENDIX C
P ROOF OF P ROPOSITION 3
Since Ns is sufficiently large, using the central limit theorem
[41], the test statistics follow Gaussian distribution with the
following mean and variance:
N −1

s



1
2
E
|yi,k (n)| = E |yi,k (n)|2
μΘ = E[Ti |Θ] =
Ns
n=0


1  
E |yi,k |4 − μ2Θ .
σθ2 = Var[Ti |Θ] =
Ns

(64)
(65)
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Taking into consideration that xi,k , xi,−k , si,k , si,−k , and wi,k ,
wi,−k are uncorrelated random variable, (64) yields (34).
Moreover, based on (65), to evaluate the variance of the test
statistics, we need to derive E[|yi,k |4 ], which can be expressed as




E |yi,k |4 = E (xIQI + ai sIQI + wIQI )4






= E |xIQI |4 + a4i E |sIQI |4 + E |wIQI |4

2 
∗
∗
+ 4E  ai xIQI s∗IQI +xIQI wIQI
+ai sIQI wIQI
(66)
r
r
xi,k (n) + θ−k K2,i
x∗i,−k (n),
where xIQI = θk K1,i
sIQI
= θ̃k ai ξ1,i si,k (n) + θ̃−k ai ξ2,i s∗i,−k (n), and
r
r
∗
wIQI = K1,i
wi,k (n) + K2,i
wi,−k
(n). Therefore


 r 4 4


r 4 4
 σ
E |xIQI |4 = 2θk K1,i
σxi,k + 2θ−k K2,i
xi,−k





r 2  r 2
K2,i +α2 +β 2 σx2i,k σx2i,−k
+ 2θk θ−k K1,i



E |sIQI |


4

(67)
=

2θ̃k |xi1,i |4 σs4i,k





E ({sIQI })2 = E ({sIQI })2
σs
σs
= θ̃k |ξ1,i |2 k,i + θ̃−k |ξ2,i |2 −k,i (72)
2
2




2
2
E ({wIQI }) = E ({wIQI })
 r 2 σwk,i  r 2 σw−k,i

= K1,i
+ K2,i 
.
2
2

By substituting (71)–(73) into (70) and then by substituting this
result and (67)–(69) into (65), we obtain (35). This concludes
the proof.
A PPENDIX D
P ROOF OF P ROPOSITION 4
When the OR rule is employed, the false alarm probability
can be expressed as
PC,fa = Pr ({T1 > γ1 } ∪ {T2 > γ2 }

2θ̃−k |ξ2,i |4 σs4i,−k

+


+ 2θ̃k θ̃−k |ξ1,i |2 |ξ2,i |2 + δ 2 + ζ 2 σs2i,k σs2i,−k
(68)






r 4 4
r 4 4
E |wIQI |4 = 2 K1,i
σwi,k + 2 K2,i
σwi,−k





r 2  r 2
2
K2,i + α2 + β 2 σw
+ 2 K1,i
σ2
.
i,k wi,−k
(69)
Furthermore, we can easily prove that xIQI , sIQI , and wIQI
are zero-mean uncorrelated random processes. Consequently,
∗
∗
E[({ai xIQI s∗IQI + xIQI wIQI
+ ai sIQI wIQI
})2 ] can be expressed as

2 
∗
∗
E  ai xIQI s∗IQI + xIQI wIQI
+ ai sIQI wIQI
 


= a2i E ({xIQI })2 E ({sIQI })2
 


+ a2i E ({xIQI })2 E ({sIQI })2

 

+ E ({xIQI })2 E ({wIQI })2

 

+ E ({xIQI })2 E ({wIQI })2
 


+ a2i E ({sIQI })2 E ({wIQI })2
 


(70)
+ a2i E ({sIQI })2 E ({wIQI })2 .
Additionally, since {xi,k }, {xi,k }, {xi,−k }, {xi,−k },
{si,k }, {si,k }, {si,−k }, {si,−k }, {wi,k }, {wi,k },
{wi,−k }, and {wi,−k } are uncorrelated random processes, we
show that




E ({xIQI })2 = E ({xIQI })2
 r 2 σxk,i
 r 2 σx−k,i


= θk K1,i
+ θ−k K2,i
2
2
(71)

(73)

∪ · · · ∪ {TNsu > γNsu }|θ = 0)

(74)

or, equivalently, as
PC,fa = 1 − Pr ({T1 < γ1 } ∪ {T2 < γ2 }
∪ · · · ∪ {TNsu < γNsu }|θ = 0) .

(75)

In (75), Ti and γi (i ∈ {1, 2, . . . , Nsu }) stand for the energy
statistics and the energy threshold of the ith SU. Since the Nsu
SUs decide independently whether the sensing channel is occupied, (75) yields (44). Similarly, we can prove (45). This
concludes the proof.
A PPENDIX E
P ROOF OF P ROPOSITION 5
When the AND rule is employed, the false alarm probability
can be obtained as
PC,fa = Pr ({T1 > γ1 } ∩ {T2 > γ2
∩ · · · ∩ {TNsu > γNsu }|θ = 0) .

(76)

In (76), Ti and γi (i ∈ {1, . . . , Nsu }) stand for the energy statistics and the energy threshold of the ith SU. Since the SUs
independently decide whether the sensing channel is occupied,
(76) can be rewritten as (46). Similarly, we can prove that the
detection probability is given by (47). This concludes the proof.
A PPENDIX F
P ROOF OF P ROPOSITION 6
If the sensing channel is idle (θ = 0), then the probability
that the SU j reports that the channel is busy (dj = 1) can
be expressed as Pfa,j , whereas the probability that the SU j
reports that the channel is idle (dj = 0) is given by (1 − Pfa,j ).
Therefore, since each SU decides individually whether there is
PU activity in the sensing channel, the probability that Nsu /2
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SUs report a fixed decision set D = [d1 , d2 , . . . , dNsu ], if θk =
0, can be obtained as
Pfa (D) =

N
su


(U (−dj )(1 − Pfa,j ) + U (dj − 1)Pfa,j ) . (77)

j=1

Furthermore, based on the MAJORITY rule, the sensing channel is considered busy if at least Nsu /2 SUs reports “1.” Consequently, for a given decision set D, the false alarm probability
can be evaluated by

PC,FA|D = U

Nsu


dl − ksu

l=1

×

nsu


(U (−dj )(1 − Pfa,j ) + U (dj − 1)Pfa,j ) . (78)

j=1

Hence, for any possible D, the false alarm probability, using
the MAJORITY rule, can be obtained by (48). Similarly, we
can prove that the detection probability is given by (49). This
concludes the proof.
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