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Abstract—Typically, each cooperative spectrum sensing pro-
cess requires two phases: the primary user’s signal detection
phase, in which all cognitive users attempt to detect the presence
of the primary user within a certain observation window (called
signal detection overhead); and the initial detection result report-
ing phase, in which the cognitive users forward their detection
results to a fusion center. To avoid interfering with the primary
user in the reporting phase, previous research assumed that
there is a common control channel (also known as dedicated
reporting channel) between the cognitive users and fusion center,
which, however, requires extra channel resources and introduces
an additional complexity due to the dedicated channel resource
management. In this paper, we propose a selective-relay based
cooperative spectrum sensing scheme, which is able to control
and reduce the interference from cognitive reporting users to
primary user without the dedicated channel. We analyze the
interference impact on the primary user and show that the
interference induced by the reporting users is controllable and
can be reduced to satisfy a given outage probability requirement
of the primary transmissions. In addition, we investigate the
receiver operating characteristics (ROC) of the traditional coop-
erative sensing scheme (with dedicated reporting channel) and
the proposed scheme (without dedicated reporting channel) by
jointly considering the signal detection and reporting phases. It is
proven that, given a target detection probability, a unique optimal
signal detection overhead exists to minimize an asymptotic overall
false alarm probability in high SNR regions. We illustrate that,
compared to the traditional scheme, the selective-relay based
cooperative sensing scheme can save the dedicated channel re-
sources without sacrificing ROC performance. Numerical results
also show that, under a guaranteed overall detection probability,
an overall false alarm probability can be minimized through an
optimization of the signal detection overhead.

Index Terms—Cognitive radio, cooperative spectrum sensing,
receiver operating characteristics, data fusion.
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I. INTRODUCTION

COGNITIVE radio (CR), built on software-defined radio,
has been proposed as a means to improve the utilization

of wireless spectrum resources [1] - [3]. Spectrum sensing is a
core technology upon which the entire operation of cognitive
radio rests [4], [5]. It enables unlicensed users (also referred to
as secondary users or cognitive users) to communicate with
each other over licensed bands by detecting spectrum holes
[2]. In spectrum sensing, there are three broad categories of
signal processing approaches: energy detection [6], matched
filter detection [7], and feature detection [8], [9]. As has been
discussed in [3], the energy detection can not differentiate
signal types, which, however, has the advantage of simple
implementation. Although the matched filter is an optimal
detector in stationary Gaussian noise scenarios, it requires
prior information of the primary user signal. As an alternative,
the feature detector can differentiate the modulated signal
from the interference and additive noise, which, however,
comes at the expense of high computational complexities
since it requires an extra training process to extract significant
features.

In order to combat wireless fading effects, a collaborative
spectrum sensing approach has been proposed in [10], where
the detection results from multiple cognitive users are pooled
and combined together at a fusion center by using a logic rule.
Papers [11] and [12] applied cooperative diversity [13] - [16]
to the primary user detection and showed that the sensing time
can be reduced greatly through the cooperation between the
cognitive users. Paper [17] has proposed a linear cooperative
sensing framework based on the combination of local statistics
from individual cognitive users. Simulation results have shown
that a significant cooperative gain is achieved using the linear
cooperation strategy. Furthermore, paper [18] has investigated
the soft combination of the observed energies from different
cognitive radio users and proposed an optimal soft combi-
nation scheme based on the Neyman-Pearson criterion. It is
known that each cooperative sensing process requires two
essential phases: the phase of primary user’s signal detection
by cognitive users and the phase of initial detection result
reporting from the cognitive users to the fusion center. Notice
that the cognitive users will potentially interfere primary users
when transmitting/reporting their initial detection results. To
avoid this interference, all the pervious works [11], [12], [17],
[18] assumed that there is a dedicated channel (or common
control channel) between the cognitive users and fusion center.
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However, this approach requires extra channel resources and
introduces an additional complexity due to the dedicated
channel resource management.

Typically, the cooperative sensing process consists of the
signal detection and the initial detection result reporting
phases. However, the existing papers [10], [18] neglect the
reporting phase by assuming a perfect transmission of initial
spectrum sensing results over a dedicated channel without
considering the noise and fading effects. Although the initial
sensing results are of a few bits only in an information-
theoretic sense, the cognitive users should scan the licensed
channel periodically (e.g., in a millisecond scale), which will
result in a non-negligible rate of the initial sensing result
transmission. In addition, for the cooperative spectrum sensing
process, the signal detection and reporting phases can not be
designed and optimized in isolation since they could affect
each other. For example, a cognitive user may not detect the
presence of the primary user within a certain time duration and
lead to making an incorrect detection, which may affect the
final decision made at the fusion center and degrade the overall
sensing performance. While increasing the time duration of
the signal detection phase improves the individual detection
performance of each cognitive user, it comes at the expense
of a reduction in reporting performance since less time is now
available for the reporting phase. This may also degrade the
overall spectrum sensing performance at the fusion center. As
a consequence, how to design and optimize the time durations
for the signal detection and reporting phases is an important
issue to be addressed.

The main contributions of this paper are described as
follows. Firstly, we propose a selective-relay based cooperative
spectrum sensing scheme without a dedicated channel, in
which each cognitive user forwards/reports its initial detec-
tion result in a selective fashion. Secondly, we analyze the
interference impact on the primary users and show that the
interference induced by the selective-relay based cooperative
sensing scheme is controllable and can be reduced to meet
an arbitrary primary outage probability requirement. Thirdly,
by jointly considering both the signal detection and reporting
phases, we investigate the receiver operating characteristics of
the traditional (with dedicate channel) and proposed (without
dedicate channel) cooperative sensing schemes over Rayleigh
fading channels. We show that compared to the traditional
scheme, the selective-relay based cooperative sensing scheme
can save the dedicated channel resources without sacrificing
ROC performance. We also illustrate that under a guaranteed
overall detection probability, the overall false alarm probability
can be optimized through the allocation of time durations
between the signal detection and reporting phases.

The remainder of this paper is organized as follows. Section
II presents the system description and signal model for the
selective-relay based cooperative sensing scheme, followed
by the performance analysis in Section III, where both the
interference impact on primary users and the receiver operat-
ing characteristics are analyzed for the proposed cooperative
sensing scheme over Rayleigh fading channels. In Section
IV, numerical evaluations are conducted to show ROC perfor-
mance of the traditional and proposed cooperative spectrum
sensing schemes. This section also illustrates the impact of
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Fig. 1. System model of cooperative spectrum sensing.
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Fig. 2. Time slot structure of the cooperative spectrum sensing process.

time allocation between the signal detection and reporting
phases on the ROC performance. Finally, we make some
concluding remarks in Section V.

II. PROPOSED SELECTIVE-RELAY BASED COOPERATIVE

SPECTRUM SENSING SCHEME IN COGNITIVE RADIO

NETWORKS

A. System Description

As shown in Fig. 1, during each cooperative spectrum
sensing process, there are two essential phases: 1) detection
phase, where all cognitive users (CUs) attempt to detect the
presence of a primary user (PU); and 2) reporting phase, where
each CU relays its initial detection result to the fusion center
(FC) such that FC can make a final decision on the presence
of PU by using a given fusion rule, such as AND, OR and
so on [10]. Throughout this paper, we will consider an AND-
based and an OR-based fusion rules to combine all the initial
detection results received at FC from CUs.

Fig. 2 depicts a slotted structure of the cooperative spectrum
sensing, where the detection and reporting phases occupy
𝛼 and 1 − 𝛼 fractions, respectively, of one time slot, and
𝛼 is referred to as signal detection overhead that can be
varied to optimize the system performance. We assume here
that the signal detection overhead is the same for all CUs.
In the reporting phase, CUs forward their initial detection
results to FC over the orthogonal sub-channels equally divided
from the primary licensed channel in time domain, resulting
in multiple sub-time slots. Clearly, all CUs will potentially
interfere PU in the reporting phase. In order to mitigate this
interference as much as possible, we propose a selective-relay
based cooperative sensing scheme, where each CU forwards
its initial detection result in a selective fashion depending
on if the absence of PU is detected or not. Specifically, if
a CU detected the absence of PU in its detection phase, it
will transmit an indicator signal to FC, which is encoded
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by a cyclic redundancy code (CRC); otherwise, nothing is
transmitted from the CU to avoid interfering the primary user.
If an indicator signal was transmitted and no outage event of
the indicator transmission occurred, it is assumed that the CRC
checking performed at FU would be successful; otherwise,
the CRC checking will fail, implying no indicator signal
transmitted. Therefore, if the CRC checking is successful
at FC over 𝑖-th orthogonal sub-channel, FC will consider
the absence of PU as the initial result detected by CU𝑖;
otherwise, it will consider the presence of PU as the CU𝑖’s
initial detection result. Accordingly, in the proposed scheme,
a CU will interfere the primary transmissions only if it fails
to detect the presence of the primary user when PU is active.
As will be shown in Section III-A, this interference can be
controlled and reduced.

In addition, if a CU malfunctions (e.g., due to out of
battery), it will not sense and transmit an indicator signal
to FC. However, FC will assume that the presence of PU
is detected by this CU, which will impair the performance
of the selective relay based cooperative sensing scheme. To
address this issue, we consider that FC may periodically
broadcast a request control packet and these CUs, which are
able to assist FC sense the licensed spectrum, will transmit
an acknowledgement. In this paper, we assume that FC has
a perfect knowledge of which CUs will participate in the
cooperative sensing process.

B. Signal Model

In this subsection, we focus on the signal modeling for
the proposed cooperative spectrum sensing scheme. Each
transmission link between any two nodes as shown in Fig.
1 is modeled as Rayleigh fading and, moreover, the fading is
viewed as constant during one whole time slot. The additive
white Gaussian noise (AWGN) at all receivers has the same
power spectral density 𝑁0. Besides, let 𝑃𝑝 and 𝑃𝑠 denote the
transmit powers of PU and CU, respectively. For notational
convenience, let 𝐻𝑝 denote whether PU is active or not,
namely 𝐻𝑝 = 𝐻1 represents the presence of PU and 𝐻𝑝 = 𝐻0

represents its absence. Throughout this paper, we assume that
the primary user status (i.e., presence or absence) does not
change during one time slot. Note that this assumption is
applicable to most of the existing medium access protocols,
even for a random access protocol. This is because that many
random access protocols are based on a time slot structure
(e.g., slotted ALOHA, slotted CSMA, and so on), which are
more efficient than the corresponding non-slotted protocols.
For such slotted random access protocols, the primary user is
present in a slot-by-slot manner.

During the detection phase (i.e., the first phase) of time slot
𝑘, the signal received at CU𝑖 is expressed as

𝑦𝑖(1) =
√

𝑃𝑝ℎ𝑝𝑖𝜃(1) + 𝑛𝑖(1), 𝑖 = 1, 2, ⋅ ⋅ ⋅ ,𝑀 (1)

where the index 1 represents the first phase of time slot 𝑘, the
time slot index 𝑘 is dropped for the notational convenience,
and 𝑀 stands for the number of CUs. Moreover, ℎ𝑝𝑖 is the
fading coefficient of the channel from PU to CU𝑖, 𝑛𝑖(1) is an
additive white Gaussian noise with zero mean and variance

𝑁0, and 𝜃(1) is defined as

𝜃(1) =

{
0, 𝐻𝑝 = 𝐻0

𝑥𝑝(1), 𝐻𝑝 = 𝐻1

(2)

where 𝑥𝑝(1) is the transmit signal of PU in the first phase
of time slot 𝑘. Based on the received signal as given in Eq.
(1), each CU decides whether PU is active or not, and the
corresponding decision is referred to as an initial detection
result as denoted by 𝐻̂𝑖(1). It is noted that, throughout this
paper, the energy detector [6], [7], [21] is used to evaluate
the spectrum sensing performance. Thus, using an energy
detection approach, the initial detection result 𝐻̂𝑖(1) is given
by

𝐻̂𝑖(1) =

{
𝐻0, 𝑇 [𝑦𝑖(1)] < 𝜆𝑖

𝐻1, 𝑇 [𝑦𝑖(1)] > 𝜆𝑖

(3)

where 𝑇 [𝑦𝑖(1)] is the output statistic of the energy detector of
CU𝑖 as given by

𝑇 [𝑦𝑖(1)] =
1

𝑁

𝑁∑
𝑛=1

∣𝑦(𝑛)𝑖 (1)∣2 (4)

where ∣𝑦(𝑛)𝑖 (1)∣2 is the energy of the 𝑛-th sample of the
signal received at CU𝑖, 𝑁 = 𝛼𝑇𝑓𝑠 is the number of samples,
𝑇 and 𝑓𝑠 are the time slot length and sampling frequency,
respectively. In the subsequent reporting phase, each CU
forwards a signal 𝛽𝑖 to FC over an orthogonal sub-channel
and the corresponding received signal at FC can written as

𝑦𝑖𝑐(2) =
√

𝑃𝑠ℎ𝑖𝑐𝛽𝑖 +
√

𝑃𝑝ℎ𝑝𝑐𝜃(2) + 𝑛𝑐(2) (5)

where the index 2 stands for the second phase (i.e, reporting
phases), ℎ𝑖𝑐 and ℎ𝑝𝑐 are, respectively, the fading coefficients
of the channel from CU𝑖 to FC and that from PU to FC, and
𝛽𝑖 and 𝜃(2) are defined as

𝛽𝑖 =

{
𝑥𝑖, 𝐻̂𝑖(1) = 𝐻0

0, 𝐻̂𝑖(1) = 𝐻1

(6)

where 𝑥𝑖 is an indicator signal that is encoded by a CRC code,
and

𝜃(2) =

{
0, 𝐻𝑝 = 𝐻0

𝑥𝑝(2), 𝐻𝑝 = 𝐻1

(7)

where 𝑥𝑝(2) is the transmit signal of PU in the second phase
of time slot 𝑘. Hence, from Eq. (5), FC attempts to decode
the signal 𝛽𝑖 and perform CRC checking. As known in [13],
[15] and [20], if the channel capacity is below a required
data rate, an outage event is said to occur and the decoder
fails to recover the original signal no matter what decoding
algorithm is adopted. In this case, the CRC checking is
assumed to fail and FC will consider that no indicator signal is
transmitted from CU𝑖, i.e., the corresponding initial detection
result received at FC from CU𝑖 is given by 𝐻̂𝑖(2) = 𝐻1;
otherwise, 𝐻̂𝑖(2) = 𝐻0. Accordingly, we obtain

𝐻̂𝑖(2) =

{
𝐻1, Θ𝑖𝑐(2) = 1

𝐻0, Θ𝑖𝑐(2) = 0
(8)

where Θ𝑖𝑐(2) = 1 denotes that an outage event of the initial
detection result transmission from CU𝑖 to FC occurs as defined
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in Eq. (9), and Θ𝑖𝑐(2) = 0 represents the other case. In an
information-theoretic sense [13] - [15], [20], the outage event
Θ𝑖𝑐(2) = 1 can be described from Eq. (5) as

Θ𝑖𝑐(2) = 1 :
(1− 𝛼)

𝑀
log2(1 +

∣ℎ𝑖𝑐∣2𝛾𝑠∣𝛽𝑖∣2
∣ℎ𝑝𝑐∣2𝛾𝑝∣𝜃(2)∣2 + 1) <

1

𝐵𝑇
(9)

where 𝛾𝑠 = 𝑃𝑠/𝑁0, 𝛾𝑝 = 𝑃𝑝/𝑁0, 𝛽𝑖 and 𝜃(2) are, re-
spectively, defined in Eq. (6) and Eq. (7), 𝐵 and 𝑇 are
the frequency bandwidth and time duration of time slot 𝑘,
respectively. In general, we can understand the preceding
equation as follows. The spectrum sensing is performed pe-
riodically over each time slot, which results in the data rate
of initial decision result transmission as 1/(𝐵𝑇 ). However,
such transmission process is completed during the reporting
phase, i.e., 1 − 𝛼 fraction of the whole time slot, which
implies that only 1 − 𝛼 degree of freedom of the channel
is occupied by the reporting phase. Therefore, the reporting
phase capacity should be scaled by 1− 𝛼. From Eq. (9), one
can see that the outage event Θ𝑖𝑐(2) = 1 occurs under two
scenarios: 1) 𝛽𝑖 = 0 when 𝐻̂𝑖(1) = 𝐻1, which means that no
indicator signal is transmitted from CU𝑖; and 2) a relatively
small ∣ℎ𝑖𝑐∣2 value (i.e., a deep channel fading), which results
in the channel capacity from CU𝑖 to FC to be below a required
data rate 1/(𝐵𝑇 ). Finally, FC combines all 𝐻̂𝑖(2) through a
given fusion rule, leading to its final decision, 𝐻̂𝑐. Throughout
this paper, we consider two logic rules, i.e., “AND" and “OR",
to combine initial detection results. Given an “AND" rule, the
final decision 𝐻̂𝑐 can be expressed as

𝐻̂𝑐 =
𝑀⊗
𝑖=1

𝐻̂𝑖(2) (10)

where ⊗ represents the logic “AND" operation. Using an “OR"
as fusion rule, we can write the final decision as

𝐻̂𝑐 =
𝑀⊕
𝑖=1

𝐻̂𝑖(2) (11)

where ⊕ stands for the logic “OR".

III. PERFORMANCE ANALYSIS OF THE SELECTIVE-RELAY

BASED COOPERATIVE SPECTRUM SENSING SCHEME

This section begins with the investigation of the interference
impact on the primary user and shows that the interference
induced by the proposed selective-relay based cooperative
sensing scheme is controllable. Then, we analyze the ROC
performance of the traditional and proposed schemes over
Rayleigh fading channels.

A. Interference Analysis

Clearly, in the proposed selective-relay based cooperative
spectrum sensing scheme, a CU will interfere PU only when
it fails to detect the presence of PU given that PU is active.
For simplicity in analytical derivations, we assume that, once
miss detection happens at a CU in a time slot, it causes
interference to PU during the whole slot, which is viewed as an
interference upper bound. By constraining this interference to
a required level, it will be safer to satisfy a quality-of-service
(QoS) requirement of the primary transmissions. Therefore,
considering the proposed cooperative sensing scheme, such an

upper bound on the interference received at a primary receiver
from the cognitive users is given by

𝐼upper =
1

𝑀

𝑀∑
𝑖=1

𝑃𝑠(1 − Pd𝑖,1)∣ℎ𝑖𝑑∣2 (12)

where the factor 1/𝑀 is due to the fact that each CU occupies
1/𝑀 fraction of the primary licensed channel, Pd𝑖,1 is the
probability of individual detection of the presence of PU at
CU𝑖, and ℎ𝑖𝑑 is the fading coefficient of the channel from CU𝑖

to the primary destination. Suppose that the primary user is
sending data traffic to the primary destination with the transmit
power 𝑃𝑝 and date rate 𝑅𝑝. Thus, the instantaneous signal-to-
interference ratio (SIR) received at the primary destination can
be expressed as

SIR =
𝑃𝑝∣ℎ𝑝𝑑∣2

1

𝑀

𝑀∑
𝑖=1

𝑃𝑠(1− Pd𝑖,1)∣ℎ𝑖𝑑∣2
(13)

where ℎ𝑝𝑑 is the fading coefficient of the channel from the
primary user to primary destination. In interference-limited
systems, an outage event of the primary traffic transmission is
said to occur when the received SIR falls below a predefined
threshold SIRthr. Following [13] - [15], the threshold SIRthr

relates to the data rate of primary transmissions 𝑅𝑝 as given
by SIRthr = 2

𝑅𝑝 − 1. Accordingly, the outage probability of
primary transmissions (also called primary outage probability)
is given by

Pout = Pr(SIR < SIRthr). (14)

Note that random variables ∣ℎ𝑝𝑑∣2 and ∣ℎ𝑖𝑑∣2 follow the
exponential distributions with parameters 1/𝜎2

𝑝𝑑 and 1/𝜎2
𝑖𝑑,

respectively. Substituting SIR from Eq. (13) into Eq. (14) and
following [19], the primary outage probability can be derived
as

Pout = 1−
𝑀∑
𝑖=1

𝑃𝑝𝜎
2
𝑝𝑑𝑀

𝑃𝑝𝜎2
𝑝𝑑𝑀 + 𝑃𝑠𝜎2

𝑖𝑑(1 − Pd𝑖,1)SIRthr

×
𝑀∏

𝑗=1,𝑗 ∕=𝑖

𝜎2
𝑖𝑑(1− Pd𝑖,1)

𝜎2
𝑖𝑑(1 − Pd𝑖,1)− 𝜎2

𝑗𝑑(1− Pd𝑗,1)
(15)

which is valid only for 𝜎2
𝑖𝑑(1−Pd𝑖,1) ∕= 𝜎2

𝑗𝑑(1−Pd𝑗,1) when
𝑖 ∕= 𝑗. For the case of 𝜎2

1𝑑(1 − Pd1,1) = 𝜎2
2𝑑(1 − Pd2,1) =

⋅ ⋅ ⋅ = 𝜎2
𝑀𝑑(1− Pd𝑀,1), Eq. (14) can be derived as

Pout = 1− [ 𝑃𝑝𝜎
2
𝑝𝑑𝑀

𝑃𝑠𝜎2
𝑖𝑑(1− Pd𝑖,1)SIRthr + 𝑃𝑝𝜎2

𝑝𝑑𝑀
]𝑀 . (16)

Throughout this paper, in order to satisfy QoS requirement of
primary transmissions, the primary outage probability is guar-
anteed to be below a threshold, Poutthr. Considering the case of
𝜎2
1𝑑(1−Pd1,1) = 𝜎2

2𝑑(1−Pd2,1) = ⋅ ⋅ ⋅ = 𝜎2
𝑀𝑑(1−Pd𝑀,1), the

individual detection probability, Pd𝑖,1, with the constraint of
a given primary QoS requirement, Poutthr, is given as follows,

Pd𝑖,1 ≥ 1− 𝛾𝑝𝜎
2
𝑝𝑑𝑀 [1− (1− Poutthr)

1/𝑀 ]

𝛾𝑠𝜎2
𝑖𝑑(1− Poutthr)1/𝑀 (2𝑅𝑝 − 1) . (17)

In obtaining the preceding equation, we have used SIRthr =
2𝑅𝑝 − 1. Alternatively, given the primary QoS requirement
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Poutthr and individual detection probability Pd𝑖,1, we can limit
the transmit power 𝑃𝑠 from Eq. (17) as

𝛾𝑠 ≤
𝛾𝑝𝜎

2
𝑝𝑑𝑀 [1− (1− Poutthr)

1/𝑀 ]

𝜎2
𝑖𝑑(1 − Poutthr)1/𝑀 (1− Pd𝑖,1)(2𝑅𝑝 − 1) . (18)

From Eqs. (17) and (18), one can conclude that the inter-
ference induced by the proposed selective-relay based coop-
erative sensing scheme is controllable and can be reduced to
satisfy an arbitrarily given primary outage probability require-
ment by adjusting either the individual detection probability
or the transmit power of cognitive users.

B. ROC Analysis

Now, we analyze the receiver operating characteristics
(ROC) performance of the cooperative spectrum sensing over
Rayleigh fading channels.

1) Traditional Cooperative Sensing with a Dedicated Re-
porting Channel: For the purpose of performance comparison,
let us first consider the traditional cooperative sensing with
a dedicated reporting channel, in which the initial detection
results of CUs (encoded by a CRC code) are always forwarded
to the fusion center over a dedicate channel. Then, FC will
decode the received signals and combine the successfully
decoded outcomes only, i.e., only the successfully decoded
outcomes are used for fusion. For convenience, those CUs
whose initial detection results are received and decoded suc-
cessfully at FC constitute a set 𝐶. Accordingly, the sample
space of all such possible sets is given by {𝐶 ∈ ∅∪𝐶𝑚, 𝑚 =
1, 2, ⋅ ⋅ ⋅ , 2𝑀 −1}, where 𝐶𝑚 is a non-empty subcollection of
the 𝑀 cognitive users. Without loss of generality, let 𝐶 = ∅
represent the case that all the initial detection results from
CUs fail to decode at FC and 𝐶 = 𝐶𝑚 correspond to the
other case.

∙ Case 𝐶 = ∅: FC fails to decode all the initial detection

results from CUs, which can be described as

log2(1 + ∣ℎ𝑖𝑐∣2𝛾𝑇
𝑠 ) <

1

𝐵𝑑𝑇𝑑
, 𝑖 = 1, 2, ⋅ ⋅ ⋅ ,𝑀 (19)

where 𝛾𝑇
𝑠 is the transmit power of CUs considering the tradi-

tional cooperative sensing scheme and 𝐵𝑑𝑇𝑑 is the bandwidth-
time-product of the dedicated channel. Therefore, given that
case 𝐶 = ∅ has occurred, FC will discard all the received
initial results from CUs and nothing is used for fusion. From
the viewpoint of protecting the primary user, FC determines
that PU is active in this case, i.e.,

𝐻̂𝑐(𝐶 = ∅) = 𝐻1. (20)

Although the occurrence of case 𝐶 = ∅ will greatly degrade
the spectrum sensing performance, the corresponding occur-
rence probability will be very small.

∙ Case 𝐶 = 𝐶𝑚: FC successfully decodes these initial

spectrum sensing results from the CUs in set 𝐶𝑚, i.e.,

log2(1 + ∣ℎ𝑖𝑐∣2𝛾𝑇
𝑠 ) >

1

𝐵𝑑𝑇𝑑
, 𝑖 ∈ 𝐶𝑚

log2(1 + ∣ℎ𝑗𝑐∣2𝛾𝑇
𝑠 ) <

1

𝐵𝑑𝑇𝑑
, 𝑗 ∈ 𝐶𝑚

(21)

where 𝐶𝑚 = ℛ − 𝐶𝑚 is the complementary set of 𝐶𝑚. In
the given case 𝐶 = 𝐶𝑚 and an “AND" fusion rule, the final
spectrum sensing result fused at FC is given by

𝐻̂𝑐(𝐶 = 𝐶𝑚) = ⊗
𝑖∈𝐶𝑚

𝐻̂𝑖(1) (22)

where 𝐻̂𝑖(1) is the initial spectrum sensing result of CU𝑖 in
the set 𝐶𝑚. Similarly, if an “OR" rule is used at FC for fusion,
the final sensing result 𝐻̂𝑐(𝐶 = 𝐶𝑚) is expressed as

𝐻̂𝑐(𝐶 = 𝐶𝑚) = ⊕
𝑖∈𝐶𝑚

𝐻̂𝑖(1). (23)

Accordingly, following Eqs. (20) and (22), the probability of
overall detection of the presence of PU at FC, referred to as
overall detection probability, for the “AND" based traditional
cooperative sensing scheme as denoted by PdtraditionalAND is
calculated as Eq. (24) at the top of following page, where
Pd𝑖,1 = Pr{𝐻̂𝑖(1) = 𝐻1∣𝐻𝑝 = 𝐻1} indicates the probability
of individual detection of the presence of PU at CU𝑖 (called
individual detection probability) and, moreover, the first term
Pr{𝐶 = ∅} in last equation of Eq. (24) arises from Pr{𝐻̂𝑐 =
𝐻1∣𝐻𝑝 = 𝐻1, 𝐶 = ∅} = 1 (due to 𝐻̂𝑐 = 𝐻1 given 𝐶 = ∅)
and Pr{𝐶 = ∅∣𝐻𝑝 = 𝐻1} = Pr{𝐶 = ∅} that is resulted from
the event 𝐶 = ∅ independent of 𝐻𝑝 = 𝐻1, since the trans-
mission of initial detection results will not be affected by the
primary user due to the fact the traditional cooperative sensing
scheme utilizes a dedicated reporting channel for reporting
the initial detection results to the fusion center. We can also
calculate the probability of overall false alarm of the presence
of PU at FC (referred to as overall false alarm probability)
for the “AND" based traditional cooperative sensing scheme as
Eq. (25), where Pf𝑖,1 = Pr{𝐻̂𝑖(1) = 𝐻1∣𝐻𝑝 = 𝐻0} indicates
the probability of individual false alarm of the presence of PU
at CU𝑖, called individual false alarm probability. Similarly,
from Eqs. (20) and (23), the probabilities of overall detection
and false alarm of the presence of PU for the “OR" based
traditional cooperative sensing scheme are given by

PdtraditionalOR =Pr{𝐶 = ∅}

+
2𝑀−1∑
𝑚=1

Pr{𝐶 = 𝐶𝑚}[1−
∏

𝑖∈𝐶𝑚

(1− Pd𝑖,1)]

(26)

and

PftraditionalOR =Pr{𝐶 = ∅}

+

2𝑀−1∑
𝑚=1

Pr{𝐶 = 𝐶𝑚}[1−
∏

𝑖∈𝐶𝑚

(1− Pd𝑖,1)].

(27)

Using the results of Appendix A, we can obtain

Pf𝑖,1 =

{
Pd𝑖,1, Pd𝑖,1 = 𝑄(−√

𝑁)

Pd𝑖,1 −𝑄(𝑄−1(Pd𝑖,1) +
1

𝜎2
𝑝𝑖𝜅𝑖
) exp(𝜉𝑖), otherwise

(28)
where 𝜅𝑖 = 𝛾𝑝𝑄

−1(Pd𝑖,1)+
√
𝑁𝛾𝑝, 𝜉𝑖 =

𝑄−1(Pd𝑖,1)

𝜎2
𝑝𝑖𝜅𝑖

+ 1
2𝜎4

𝑝𝑖𝜅
2
𝑖
,

and the number of samples should satisfy 𝑁 ≥ [𝑄−1(Pd𝑖,1)]
2.

Notice that random variables ∣ℎ𝑖𝑐∣2 follows an exponential
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PdtraditionalAND =Pr{𝐻̂𝑐 = 𝐻1∣𝐻𝑝 = 𝐻1}
=Pr{𝐻̂𝑐 = 𝐻1∣𝐻𝑝 = 𝐻1, 𝐶 = ∅}Pr{𝐶 = ∅∣𝐻𝑝 = 𝐻1}

+

2𝑀−1∑
𝑚=1

Pr{𝐻̂𝑐 = 𝐻1∣𝐻𝑝 = 𝐻1, 𝐶 = 𝐶𝑚}Pr{𝐶 = 𝐶𝑚∣𝐻𝑝 = 𝐻1}

=Pr{𝐶 = ∅}+
2𝑀−1∑
𝑚=1

Pr{𝐶 = 𝐶𝑚}
∏

𝑖∈𝐶𝑚

Pd𝑖,1

(24)

PftraditionalAND =Pr{𝐻̂𝑐 = 𝐻1∣𝐻𝑝 = 𝐻0}
=Pr{𝐻̂𝑐 = 𝐻1∣𝐻𝑝 = 𝐻0, 𝐶 = ∅}Pr{𝐶 = ∅∣𝐻𝑝 = 𝐻0}

+

2𝑀−1∑
𝑚=1

Pr{𝐻̂𝑐 = 𝐻1∣𝐻𝑝 = 𝐻0, 𝐶 = 𝐶𝑚}Pr{𝐶 = 𝐶𝑚∣𝐻𝑝 = 𝐻0}

=Pr{𝐶 = ∅}+
2𝑀−1∑
𝑚=1

Pr{𝐶 = 𝐶𝑚}
∏

𝑖∈𝐶𝑚

Pf𝑖,1

(25)

distribution with parameter 1/𝜎2
𝑖𝑐. Therefore, the term Pr(𝐶 =

∅) in Eqs. (24) - (27) are calculated from Eq. (19) as

Pr(𝐶 = ∅) =
𝑀∏
𝑖=1

[1− exp(− Δ
𝜎2
𝑖𝑐

)] (29)

where Δ = [21/(𝐵𝑑𝑇𝑑) − 1]/𝛾𝑇
𝑠 . Similarly, from Eq. (21),

Pr(𝐶 = 𝐶𝑚) is given by

Pr(𝐶 = 𝐶𝑚) =
∏

𝑖∈𝐶𝑚

exp(− Δ
𝜎2
𝑖𝑐

)
∏

𝑗∈𝐶𝑚

[1− exp(− Δ
𝜎2
𝑗𝑐

)].

(30)
2) Proposed Cooperative Sensing without a Dedicated Re-

porting Channel: Now, we start the ROC analysis for the
selective-relay based cooperative sensing scheme by consid-
ering two kinds of logic fusion rules, i.e., “AND" and “OR".
For the “AND" based proposed cooperative scheme scheme,
the probability of overall detection of the presence of primary
user at fusion center is calculated as

PdproposedAND = Pr{𝐻̂𝑐 = 𝐻1∣𝐻𝑝 = 𝐻1}
= Pr{ 𝑀⊗

𝑖=1
𝐻̂𝑖(2) = 𝐻1∣𝐻𝑝 = 𝐻1}

=

𝑀∏
𝑖=1

Pd𝑐,𝑖

(31)

where Pd𝑐,𝑖 = Pr{𝐻̂𝑖(2) = 𝐻1∣𝐻𝑝 = 𝐻1}. Also, from Eq.
(10), the probability of overall false alarm of the presence of
primary user at FC is given by

PfproposedAND = Pr{𝐻̂𝑐 = 𝐻1∣𝐻𝑝 = 𝐻0}
= Pr{ 𝑀⊗

𝑖=1
𝐻̂𝑖,2(2) = 𝐻1∣𝐻𝑝 = 𝐻0}

=
𝑀∏
𝑖=1

Pf𝑐,𝑖

(32)

where Pf𝑐,𝑖 = Pr{𝐻̂𝑖(2) = 𝐻1∣𝐻𝑝 = 𝐻0}. Considering an
“OR" logic fusion rule used, we can similarly obtain the prob-

abilities of overall detection and false alarm of the presence
of primary user from Eq. (11) as

PdproposedOR = 1−
𝑀∏
𝑖=1

(1 − Pd𝑐,𝑖) (33)

and

PfproposedOR = 1−
𝑀∏
𝑖=1

(1− Pf𝑐,𝑖). (34)

By using Eq. (8), Pd𝑐,𝑖 can be rewritten as

Pd𝑐,𝑖 = 1− Pr{𝐻̂𝑖(2) = 𝐻0∣𝐻𝑝 = 𝐻1}
= 1− Pr{Θ𝑖𝑐(2) = 0∣𝐻𝑝 = 𝐻1}.

(35)

Considering Eqs. (6) and (9), the preceding equation is further
rewritten as

Pd𝑐,𝑖 =1− (1− Pd𝑖,1)
× Pr

{
(1 − 𝛼)

𝑀
log2(1 +

∣ℎ𝑖𝑐∣2𝛾𝑠
∣ℎ𝑝𝑐∣2𝛾𝑝 + 1) >

1

𝐵𝑇

}
(36)

where Pd𝑖,1 is the probability of individual detection of the
presence of PU at CU𝑖. Notice that random variables ∣ℎ𝑖𝑐∣2 and
∣ℎ𝑝𝑐∣2 follow exponential distribution with parameters 1/𝜎2

𝑖𝑐

and 1/𝜎2
𝑝𝑐, respectively, and are independent from each other.

Hence, performing the probability integral, Eq. (36) can be
derived as

Pd𝑐,𝑖 = 1− 𝜎2
𝑖𝑐(1− Pd𝑖,1)
𝜎2
𝑝𝑐𝛾𝑝Λ + 𝜎2

𝑖𝑐

exp(− Λ

𝜎2
𝑖𝑐

) (37)

where Λ = [2𝑀/[(1−𝛼)𝐵𝑇 ] − 1]/𝛾𝑠. Following the same
procedures as in deriving Pd𝑐,𝑖, we can calculate Pf𝑐,𝑖 as
follows
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Pf𝑐,𝑖 = 1− Pr{𝐻̂𝑖(2) = 𝐻0∣𝐻𝑝 = 𝐻0}
= 1− Pr{Θ𝑖𝑐(2) = 0∣𝐻𝑝 = 𝐻0}
= 1− (1− Pf𝑖,1)Pr

{
(1− 𝛼)

𝑀
log2(1 + ∣ℎ𝑖𝑐∣2𝛾𝑠) > 1

𝐵𝑇

}

= 1− (1− Pf𝑖,1) exp(− Λ

𝜎2
𝑖𝑐

)

(38)

where Pf𝑖,1 is the probability of individual false alarm of the
presence of PU at CU𝑖. Notice that the relationship between
the individual detection probability Pd𝑖,1 and the individual
false alarm probability Pf𝑖,1 is given by Eq. (28).
Theorem 1: Considering the “AND" fusion rule and each
CU with the same detection performance, a unique optimal
signal detection overhead (0 < 𝛼 < 1) exists to minimize an
asymptotic overall false alarm probability in high SNR regions
given a target detection probability.
Proof: See Appendix B.
As is known, if the fusion center fails to detect the presence
of the primary user given that PU is active, it will notify
a cognitive source node to start traffic transmissions, which
would interfere the primary user. Accordingly, the overall
detection probability shall be set to a required threshold by
the cognitive system. Given a target value Pd𝑐,thr and assuming
each CU with the same detection performance, we can obtain
solutions Pd𝑐,𝑖 from Eqs. (31) and (33) as Pd𝑐,𝑖 = (Pdthr)

1/𝑀

and 1 − (1 − Pdthr)
1/𝑀 , respectively. Although the solutions

are not optimal for all scenarios, they has the advantage
of simple implementation and do not need any additional
resource for the channel state information feedback (from
CUs to FC) to find an optimal solution. This is attractive
especially for cognitive radio networks, since cognitive radio
is supposed to reuse the unoccupied licensed spectrum (also
called white space) without dedicated channel (or, with very
limited dedicated channel resources). Using this result and
following Eq. (37), the individual detection probability is given
by

Pd𝑖,1 = 1−
(1 − Pd𝑐,𝑖)(𝜎2

𝑝𝑐𝛾𝑝Λ + 𝜎2
𝑖𝑐)

𝜎2
𝑖𝑐

exp(
Λ

𝜎2
𝑖𝑐

). (39)

As discussed before, to limit the interference induced in the
phase of initial detection result reporting from CUs to FC, the
individual detection probability is constrained to the primary
outage probability requirement, Poutthr, as given by Eq. (17).
Meanwhile, the individual detection probability should satisfy
Eq. (39) to guarantee that the overall detection probability is
above a threshold value Pd𝑐,thr. Therefore, given a requirement
pair of (Poutthr, Pd𝑐,thr), the individual detection probability
Pd𝑖,1 is determined by

Pd𝑖,1 = 1−min{
𝛾𝑝𝜎

2
𝑝𝑑𝑀 [1− (1− Poutthr)

1/𝑀 ]

𝛾𝑠𝜎2
𝑖𝑑(1− Poutthr)1/𝑀 (2𝑅𝑝 − 1) ,

(1− Pd𝑐,𝑖)(𝜎2
𝑝𝑐𝛾𝑝Λ + 𝜎2

𝑖𝑐)

𝜎2
𝑖𝑐 exp(− Λ

𝜎2
𝑖𝑐
)

}.
(40)

Using Eq. (40), we illustrate in Table 1 the required individ-
ual detection probability Pd𝑖,1 under the different requirement
pairs (Poutthr, Pd𝑐,thr) with 𝛾𝑝 = 5 dB, 𝑅𝑝 = 1 bit/s/Hz, 𝛾𝑠 =

TABLE I
LIST OF THE REQUIRED INDIVIDUAL DETECTION PROBABILITIES UNDER

THE DIFFERENT REQUIREMENT PAIRS (Poutthr,Pd𝑐,thr).
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Fig. 3. The overall false alarm probability versus the overall detection
probability of the logic “OR" and “AND" based traditional and proposed coop-
erative spectrum sensing schemes with 𝑀 = 2, 𝛾𝑝 = 5 dB, 𝑅𝑝 = 1 bit/s/Hz,
Poutthr = 0.01, 𝑇 = 25 ms, 𝐵 = 50 kHz, 𝑓𝑠 = 100 kHz, 𝛾𝑇

𝑠 = 10 dB,
𝐵𝑑𝑇𝑑 = 1000, 𝛼 = 0.2, 𝜎2

𝑝𝑐 = 𝜎2
𝑖𝑑 = 0.2, and 𝜎2

𝑝𝑖 = 𝜎2
𝑝𝑑 = 𝜎2

𝑖𝑐 = 1.

−5 dB, 𝑀 = 1, 𝑇 = 25 ms, 𝐵 = 50 kHz, 𝑓𝑠 = 100 kHz,
𝛼 = 0.5, 𝜎2

𝑝𝑐 = 𝜎2
𝑖𝑑 = 0.5, and 𝜎2

𝑝𝑖 = 𝜎2
𝑝𝑑 = 𝜎2

𝑖𝑐 = 1. As
shown in Table 1, any given requirement pairs (Poutthr, Pd𝑐,thr)
can be satisfied by adjusting the individual detection probabil-
ity. Moreover, as the requirements of (Poutthr, Pd𝑐,thr) become
more stringent, the individual detection probability should be
set to a relatively higher value.

IV. NUMERICAL RESULTS AND ANALYSIS

In this section, we first show the ROC curves of the
traditional and proposed cooperative sensing schemes with
logic “AND" and “OR" rules by using Eqs. (24) - (27) and
(31) - (34). Fig. 3 illustrates the overall detection probability
versus the overall false alarm probability for the traditional and
proposed schemes, where the two ROC curve pairs correspond
to the logic “AND" and “OR" rules, respectively. As shown in
Fig. 3, the ROC performances of “AND" based traditional and
proposed cooperative sensing schemes are, respectively, better
than that of “OR" based cases. From Fig. 3, one can also
see that in the low detection probability regions, the overall
false alarm probabilities of the proposed scheme are larger
than that of the traditional scheme, no matter which fusion
rule is used. Moreover, as the overall detection probability
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Fig. 4. The overall false alarm probability versus the overall detection
probability of the logic “OR" and “AND" based traditional and proposed
cooperative sensing schemes for different primary outage probability require-
ments with 𝑀 = 2, 𝛾𝑝 = 5 dB, 𝑅𝑝 = 1 bit/s/Hz, 𝑇 = 25 ms, 𝐵 = 50 kHz,
𝑓𝑠 = 100 kHz, 𝛾𝑇

𝑠 = 10 dB, 𝐵𝑑𝑇𝑑 = 1000, 𝛼 = 0.2, 𝜎2
𝑝𝑐 = 𝜎2

𝑖𝑑 = 0.2,
and 𝜎2

𝑝𝑖 = 𝜎2
𝑝𝑑 = 𝜎2

𝑖𝑐 = 1.

decreases to be zero, the overall false alarm probabilities of
the proposed scheme do not decrease as expected. It even
increases surprisedly as shown from the ROC curve of the
proposed scheme with the logic “AND" fusion rule. This is
because that when the overall detection probability is overly
small, the secondary transmit power allowed as given by Eq.
(18) should be very low due to the primary outage probability
requirement, which will result in an unreliable reporting of
the initial spectrum sensing results from cognitive users to
the fusion center and thus increases the overall false alarm
probability. Such an adverse impact is more noticeable, as the
number of cognitive users increases, since the secondary trans-
mit power allowed will decrease with an increasing number
of cognitive users. On the other hand, in the higher detection
probability regions of Fig. 3, one can observe that the ROC
performance of the proposed scheme is nearly identical to the
traditional scheme, especially when using the logic “AND"
fusion. Notice that in practical cognitive radio systems, the
overall detection probability shall be guaranteed to be above
a relatively large value (e.g.,Pd𝑐 ≥ 0.9 [22]) for protecting the
primary users. In this sense, the proposed selective-relay based
cooperative sensing scheme can save the dedicate channel re-
sources without sacrificing ROC performance, which confirms
the advantage of the proposed scheme.

In Fig. 4, we show the overall false alarm probability versus
the overall detection probability of the traditional and proposed
cooperative sensing schemes under different primary outage
probability requirements. All cases in Fig. 4 demonstrate that
in the relatively high detection probability regions (i.e., Pd𝑐 ≥
0.9), the ROC performance of the proposed scheme is nearly
identical to the traditional dedicated channel based cooperative
sensing scheme. Moreover, as the primary outage probability
requirement loosens, the ROC curve of the proposed selective-
relay based cooperative sensing scheme becomes closer to
that of the traditional scheme. In addition, in low detection
probability regions, one can see that as the overall detection
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Fig. 5. The overall false alarm probability versus the signal detection
overhead of the proposed cooperative sensing scheme for different number of
CUs with 𝛾𝑝 = 5 dB, 𝑅𝑝 = 1 bit/s/Hz, (Poutthr, Pd𝑐,thr) = (10−3, 0.99),
𝛾𝑠 = −5 dB, 𝑇 = 25 ms, 𝐵 = 50 kHz, 𝑓𝑠 = 100 kHz, 𝜎2

𝑝𝑐 = 𝜎2
𝑖𝑑 = 0.5,

and 𝜎2
𝑝𝑖 = 𝜎2

𝑝𝑑 = 𝜎2
𝑖𝑐 = 1.

probability decreases toward zero, the overall false alarm
probabilities of the proposed scheme increase unexpectedly,
as shown from the ROC curves of the proposed scheme for
Poutthr = 0.005 and Poutthr = 0.01. This is because that
when the overall detection probability is overly small, the
secondary transmit power allowed as given by Eq. (18) should
be very low, which will result in an unreliable initial spectrum
sensing results reporting from cognitive users to the fusion
center and thus increases the overall false alarm probability.
Such an adverse impact becomes dominant and results in
an increasing overall false alarm probability, as the primary
outage probability requirement becomes more stringent.

Fig. 5 illustrates the overall false alarm probability versus
the signal detection overhead of the selective-relay based
cooperative sensing scheme for different number of cogni-
tive users, where the requirement pair is specified to be
(Poutthr, Pd𝑐,thr) = (10−3, 0.99). From Fig. 5, one can see
that there always exists an optimal signal detection overhead
to minimize the overall false alarm probability under a guar-
anteed overall detection probability Pd𝑐,thr = 0.99, i.e., a
minimum false alarm probability can be achieved through an
optimal allocation of the time durations between the signal
detection and reporting phases. As observed in Fig. 5, the
optimal value of the signal detection overhead decreases with
an increasing number of cognitive users. This is due to the fact
that, as the number of cognitive users increases, each sub-
channel assigned to a cognitive user for its initial detection
result reporting is allocated with less bandwidth resources
and thus a longer time duration is needed to meet a required
transmission quality for the reporting phase, resulting in the
decrease of the optimal signal detection overhead.

In Fig. 6, we show the overall false alarm probability versus
the signal detection overhead for different transmit SNR 𝛾𝑠
with the requirement pair (Poutthr, Pd𝑐,thr) = (10−3, 0.99).
From Fig. 6, one can see that a minimum false alarm prob-
ability can be obtained through an optimization of the signal
detection overhead and, moreover, a significant performance
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Fig. 6. The overall false alarm probability versus the signal detection over-
head of the proposed cooperative sensing scheme for different transmit power
of CUs with 𝛾𝑝 = 5 dB, 𝑅𝑝 = 1 bit/s/Hz, (Poutthr, Pd𝑐,thr) = (10−3, 0.99),
𝑀 = 3, 𝑇 = 25 ms, 𝐵 = 50 kHz, 𝑓𝑠 = 100 kHz, 𝜎2

𝑝𝑐 = 𝜎2
𝑖𝑑 = 0.5, and

𝜎2
𝑝𝑖 = 𝜎2

𝑝𝑑 = 𝜎2
𝑖𝑐 = 1.

improvement is achieved with the optimal signal detection
overhead. Besides, one can observe that, as the transmit SNR
𝛾𝑠 increases, the optimal signal detection overhead increases.
This is because that, with an increasing transmit SNR 𝛾𝑠, a
higher transmit power is used for the initial spectrum sensing
result reporting and thus a shorter time duration is required
for the reporting phase, leading to the increase of the optimal
signal detection overhead.

V. CONCLUSION

In this paper, we have proposed a selective-relay based
cooperative sensing scheme without the dedicated reporting
channel and presented a comprehensive analysis of the pro-
posed scheme by jointly considering both the signal detection
and reporting phases. Closed-form expressions of the proba-
bilities of overall detection and false alarm of the presence of
the primary user are derived for the traditional and proposed
cooperative sensing schemes over Rayleigh fading channels.
Compared with the traditional cooperative sensing scheme, the
proposed selective-relay based cooperative spectrum sensing
scheme can save the dedicated channel resources without
sacrificing ROC performance. In addition, we have shown
that an optimal signal detection overhead exists to minimize
the overall false alarm probability under a guaranteed overall
detection probability.

APPENDIX A
CALCULATION OF EQ. (28)

Without loss of generality, we consider that the primary
signal 𝑥𝑝 follows a complex symmetric Gaussian distribution.
According to the proposition 2 in [21], for a large number
𝑁 , random variable 𝑇 [𝑦𝑖(1)] given 𝐻𝑝 = 𝐻1 follows a
Gaussian distribution with mean (∣ℎ𝑝𝑖∣2𝛾𝑝+1)𝑁0 and variance
(∣ℎ𝑝𝑖∣2𝛾𝑝+1)2𝑁2

0 /𝑁 , where 𝛾𝑝 = 𝑃𝑝/𝑁0 and ℎ𝑝𝑖 is a fading
coefficient of the channel from PU to CU𝑖 at time slot 𝑘.
Hence, given the fading coefficient ℎ𝑝𝑖, the probability of

individual detection of the presence of PU, Pd𝑖,1, at time slot
𝑘 is calculated from Eq. (4) as

Pd𝑖,1 = 𝑄

(
𝜆𝑖

√
𝑁

𝑁0(∣ℎ𝑝𝑖∣2𝛾𝑝 + 1) −
√
𝑁

)
(A.1)

where 𝑄(⋅) is defined as

𝑄(𝑥) =
1√
2𝜋

∫ ∞

𝑥

exp(−𝑦2

2
)𝑑𝑦. (A.2)

Similarly, considering the central limit theorem, for a large
number 𝑁 , random variable 𝑇 [𝑦𝑖(1)] given 𝐻𝑝 = 𝐻0 follows
a Gaussian distribution with mean 𝑁0 and variance 𝑁2

0 /𝑁 .
Therefore, the probability of individual false alarm of the
presence of PU, Pf𝑖,1, at time slot 𝑘 is given by

Pf𝑖,1 = 𝑄

(
(
𝜆𝑖

𝑁0
− 1)

√
𝑁

)
. (A.3)

As discussed before, if a CU fails to detect the presence of
the primary user given that PU is active, it would interfere the
primary user. In order to guarantee the PU’s quality of service,
each individual detection probability Pd𝑖,1 should be set to a
target value. Therefore, for given target detection probability
Pd𝑖,1 and fading coefficient ℎ𝑝𝑖, Pf𝑖,1 is expressed, following
Eq. (A.1) and Eq. (A.3), as

Pf𝑖,1 = 𝑄
(
𝜅∣ℎ𝑝𝑖∣2 +𝑄−1(Pd𝑖,1)

)
(A.4)

where 𝜅 = 𝛾𝑝𝑄
−1(Pd𝑖,1) +

√
𝑁𝛾𝑝 and 𝑄−1(⋅) is an inverse

𝑄(⋅) function. Notice that random variable 𝑋 = ∣ℎ𝑝𝑖∣2 follows
an exponential distribution with parameter 1/𝜎2

𝑝𝑖. Hence, an
average probability of false alarm of the presence of PU, Pf𝑖,1,
can be calculated from Eq. (A.4) as

Pf𝑖,1 =

∫ ∞

0

𝑄
(
𝜅𝑥+𝑄−1(Pd𝑖,1)

) 1
𝜎2
𝑝𝑖

exp(− 𝑥

𝜎2
𝑝𝑖

)𝑑𝑥

=

∫∫
Ξ

1

𝜎2
𝑝𝑖

exp(− 𝑥

𝜎2
𝑝𝑖

)
1√
2𝜋
exp(−𝑦2

2
)𝑑𝑥𝑑𝑦

(A.5)

where Ξ = {(𝑥, 𝑦)∣0 < 𝑥 < ∞, 𝜅𝑥 + 𝑄−1(Pd𝑖,1) < 𝑦 <
∞}. Integrating Eq. (A.5) first with respect to 𝑥, then with
respect to 𝑦, we obtain Eq. (A.6), where 𝜅𝑖 = 𝛾𝑝𝑄

−1(Pd𝑖,1)+√
𝑁𝛾𝑝 and 𝜉𝑖 =

𝑄−1(Pd𝑖,1)

𝜎2
𝑝𝑖𝜅𝑖

+ 1
2𝜎4

𝑝𝑖𝜅
2
𝑖
. According to detection

theory, for any reasonable detector, the false alarm probability
is always smaller than or equal to the detection probability, or
else it is worse than tossing a coin. Therefore, the number of
samples 𝑁 should satisfy

𝑁 ≥ [𝑄−1(Pd𝑖,1)]
2 (A.7)

which is due to the fact that from central limit theorem,
the number of samples should be sufficiently large so that
the output statistic 𝑇 [𝑦𝑠(1)] of the energy detector can be
approximated to a Gaussian distribution. Combing Eq. (A.6)
and Eq. (A.7) yields

Pf𝑖,1 =

{
Pd𝑖,1, Pd𝑖,1 = 𝑄(−√

𝑁)

Pd𝑖,1 −𝑄(𝑄−1(Pd𝑖,1) +
1

𝜎2
𝑝𝑖𝜅𝑖
) exp(𝜉𝑖), otherwise

.

(A.8)
This is Eq. (28).
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Pf𝑖,1 =

⎧⎨
⎩
Pd𝑖,1 + [1−𝑄(𝑄−1(Pd𝑖,1) +

1
𝜎2
𝑝𝑖𝜅𝑖
)] exp(𝜉𝑖), 𝑄(−√

𝑁) < Pd𝑖,1 ≤ 1
Pd𝑖,1, Pd𝑖,1 = 𝑄(−√

𝑁)

Pd𝑖,1 −𝑄(𝑄−1(Pd𝑖,1) +
1

𝜎2
𝑝𝑖𝜅𝑖
) exp(𝜉𝑖), 0 ≤ Pd𝑖,1 < 𝑄(−√

𝑁)

(A.6)

APPENDIX B
PROOF OF THEOREM 1

Considering each CU with the same detection performance
and following Eq. (32), we can rewrite the overall false alarm
probability expression of the proposed selective-relay based
spectrum sensing scheme with “AND" fusion rules as

Pfproposed
AND = (Pf𝑐,𝑖)

𝑀 (B.1)

The second-order derivative of Eq. (B.1) with respective to
the signal detection overhead 𝛼 is given by

𝑑2(Pfproposed
AND )

𝑑𝛼2
=𝑀(𝑀 − 1)(Pf𝑐,𝑖)𝑀−2[

𝑑(Pf𝑐,𝑖)

𝑑𝛼
]2

× [1− 𝛿(𝑀 − 1)]
+𝑀(Pf𝑐,𝑖)

𝑀−1 𝑑
2(Pf𝑐,𝑖)

𝑑𝛼2

(B.2)

where 𝛿(𝑀 − 1) = 1 for 𝑀 = 1, otherwise 𝛿(𝑀 −
1) = 0. From Eq. (B.2), one can easily obtain 𝑀(𝑀 −
1)(Pf𝑐,𝑖)

𝑀−2[
𝑑(Pf𝑐,𝑖)

𝑑𝛼 ]2[1 − 𝛿(𝑀 − 1)] ≥ 0. Hence, if
𝑑2(Pf𝑐,𝑖)

𝑑𝛼2 > 0, the second-order derivative 𝑑2(Pfproposed
AND )

𝑑𝛼2 is
positive and thus a unique optimal signal detection overhead
𝛼 exists to minimize Pfproposed

AND . In the following, we proof
𝑑2(Pf𝑐,𝑖)

𝑑𝛼2 > 0 in high SNR regions. Considering 𝛾𝑠 → ∞ and
using Taylor series, we can expand Eq. (38) as

Pf𝑐,𝑖 = 1− (1 − Pf𝑖,1)[1 − Λ

𝜎2
𝑖𝑐

+𝑂(
1

𝛾𝑠
)]

∼= Pf𝑖,1 + (1− Pf𝑖,1) Λ
𝜎2
𝑖𝑐

(B.3)

where Λ = [2𝑀/[(1−𝛼)𝐵𝑇 ]− 1]/𝛾𝑠. Similarly, letting 𝛾𝑝 → ∞
and applying Taylor approximation to Eq. (28) yield

Pf𝑖,1 ∼= Pd𝑖,1−Pd𝑖,1[1+𝑄−1(Pd𝑖,1)

𝜎2
𝑝𝑖𝜅𝑖

] = −Pd𝑖,1𝑄
−1(Pd𝑖,1)

𝜎2
𝑝𝑖𝜅𝑖

(B.4)
where 𝜅𝑖 = 𝛾𝑝𝑄

−1(Pd𝑖,1) +
√
𝑁𝛾𝑝 and 𝑁 = 𝛼𝑇𝑓𝑠.

In obtaining (B.4), we have ignored the term 1/(2𝜎4
𝑝𝑖𝜅

2
𝑖 ),

since it is a higher-order infinitesimal compared to the term
𝑄−1(Pd)/(𝜎

2
𝑝𝑖𝜅𝑖) for 𝛾𝑝 → ∞. Substituting Eq. (B.4) into

Eq. (B.3) gives

Pf𝑐,𝑖 = −Pd𝑖,1𝑄
−1(Pd𝑖,1)

𝜎2
𝑝𝑖𝜅𝑖

+ (1 +
Pd𝑖,1𝑄

−1(Pd𝑖,1)

𝜎2
𝑝𝑖𝜅𝑖

)
Λ

𝜎2
𝑖𝑐

∼= Λ

𝜎2
𝑖𝑐

− Pd𝑖,1𝑄
−1(Pd𝑖,1)

𝜎2
𝑝𝑖𝜅𝑖

(B.5)

where term Pd𝑖,1𝑄
−1(Pd𝑖,1)

𝜎2
𝑝𝑖𝜅𝑖

Λ
𝜎2
𝑖𝑐

is ignored since it is a higher-
order infinitesimal compared to other terms for 𝛾𝑠, 𝛾𝑝 → ∞.

Following Eq. (B.5), we can obtain 𝑑2(Pf𝑐,𝑖)
𝑑𝛼2 as

𝑑2(Pf𝑐,𝑖)

𝑑𝛼2
=
1

𝜎2
𝑖𝑐

𝑑2Λ

𝑑𝛼2
− 2Pd𝑖,1𝑄

−1(Pd𝑖,1)

𝜎2
𝑝𝑖𝜅

3
𝑖

(
𝑑𝜅𝑖

𝑑𝛼
)2

+
Pd𝑖,1𝑄

−1(Pd𝑖,1)

𝜎2
𝑝𝑖𝜅

2
𝑖

𝑑2𝜅𝑖

𝑑𝛼2

(B.6)

where 𝑑2Λ
𝑑𝛼2 and 𝑑2𝜅𝑖

𝑑𝛼2 are given by

𝑑2Λ

𝑑𝛼2
=
2𝑀/[(1−𝛼)𝐵𝑇 ]𝑀 ln 2

𝐵𝑇𝛾𝑠
[

2

(1− 𝛼)3
+

𝑀 ln 2

(1− 𝛼)4𝐵𝑇
]

> 0
(B.7)

and
𝑑2𝜅𝑖

𝑑𝛼2
= −

√
𝑇𝑓𝑠𝛾𝑝
4

𝛼− 3
2 < 0 (B.8)

In general, a required detection probability Pd𝑖,1 should
be above 0.5 for the primary user protection, implying
𝑄−1(Pd𝑖,1) < 0. Thus, using 𝑄−1(Pd𝑖,1) < 0 and substi-
tuting Eqs. (B.7) and (B.8) into Eq. (B.6), one can easily con-

clude 𝑑2(Pf𝑐,𝑖)
𝑑𝛼2 > 0, resulting in 𝑑2(Pfproposed

AND )

𝑑𝛼2 > 0. Therefore,
a unique optimal signal detection overhead 𝛼 exists and the
proof of Theorem 1 is completed.
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