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Abstract— We propose a multi-selective sensing scheme
where the primary user activity is detected in cognitive radio
through cooperation among the different sensing nodes and
the fusion center. The proposed cooperative sensing scheme
is based on order statistics of the reporting links between
the cooperative nodes and fusion center where the links with
high signal-to-noise ratios (SNRs) are selected as reliable
reporting links. The performance of the proposed scheme is
compared to other existing schemes in terms of the probability
of detection and probability of false alarm over independent
identical distributed (i.i.d.) and independent non-identical dis-
tributed (i.n.d.) Rayleigh fading channels. Both simulations
and analytical results show that the proposed scheme outper-
forms conventional sensing schemes under different system
parameters. Furthermore, we examine the optimum N-out-
of-K rule of our scheme under different detection threshold
and SNR. Our results show that the proposed multi-selective
scheme offers improvement in terms of the probability of
detection when compared with other existing schemes such
as selection combining (SC), square-law selection (SLS) and
general N-out-of-K rule.

Index Terms—Cooperative spectrum sensing, fusion center,
selection combining.

I. INTRODUCTION

Cognitive radio technology provides secondary user (SU)
with temporary access to under-utilized licensed bands origi-
nally assigned to primary user (PU) (licensed user). Recently
many works have been proposed to leverage the large potential
gain of cognitive radios in wireless networks (e.g., [1]-[5]).
There has been One key aspect to enable spectrum sharing is
based on spectrum sensing strategies where SU detects the PU
activity through spectrum sensing and monitoring techniques
[6]-[8]. Once unoccupied, the SU utilizes the spectrum hole
as long as the PU is absent. Thus spectrum sensing techniques
are proposed to detect unoccupied licensed bands and to
avoid interference to the PU. Energy detection, which is
based on the received signal power [9], is preferred due
to its low implementation complexity and simple structure
compared with other current spectrum sensing techniques, e.g.,
matched filter detection based on coherent detection through

This research was supported by the Natural Sciences and Engineering
Research Council of Canada (NSERC) Grants N008861 and N01268.

The authors are with the Department of Electrical and Computer Engi-
neering, Concordia University, Montreal, Quebec, H3G 1M8, Canada (e-
mail:(qin_song,hamouda)@ece.concordia.ca).

maximization of the signal-to-noise ratio (SNR) [2],[10], the
cyclostationary feature detection realized by exploitation of the
inherent periodicity of PU signal [2],[11]. However, energy de-
tection is not reliable in scenarios where multipath fading and
shadowing exist. To overcome these problems, cooperative en-
ergy detection schemes are proposed to improve the detection
probability through SUs’ cooperation [12], [13]. In a cognitive
radio network, cognitive users/nodes report to a fusion center
their observations on PU activity. In such a network setting,
two techniques are used; i) decision fusion, where cognitive
users observe the PU activity and send their hard decisions
(1 bit) to the fusion center which in turn employs an N-out-
of-K rule to decide on the PU activity [14], ii) data fusion,
where cognitive users send their soft observations to the fusion
center for combining followed by PU detection. In this case,
combining techniques such as, square-law combining (SLC)
[9], square-law selection (SLS) [9], selection combining (SC)
[15] and maximal ratio combining (MRC) [16] can be used at
the fusion center.

With the advantages offered by cooperative/relay communi-
cations in providing reliable information and high throughput
in wireless environments, many works have investigated the
performance of such networks over different system configu-
rations (e.g., [17]-[19] and references therein). Considering co-
operative spectrum sensing, square-law selection and square-
law combining are known to offer high detection performance
while requiring low bandwidth usage among the different data
fusion schemes [20]. Although the N-out-of-K rule is more
bandwidth efficient, its performance is not superior to the
performance of square-law combining [14], [21]. In the litera-
ture, researchers have focused on improvements of square-law
combining and MRC and only few works have considered
the performance of selection combining. Also most of the
existing works have only considered a homogenous case where
the channels are modeled as i.i.d. and few works considered
heterogeneous case where the channels are modeled as i.n.d..
(e.g., [22] and [23]). For instance, the performance of spectrum
sensing over i.i.d. fading channels based on detection threshold
has been studied in [4], [24]-[26]. In more realistic environ-
ments, the signals from the different relays travel through
different propagation paths to the destination, which results in
non-identical fading statistics and signal strengths (i.e., i.n.d).
Thus, [22] and [23] considered an i.n.d. fading channel model
for cooperative spectrum sensing by involving local results
from all relay links, regardless of the reliability of these links.
The general optimization of the N-out-of-K rule in terms of



general error rate is also investigated in [13].
In this paper, and different from previous works, we propose

a selection combining scheme named multi-selective cooper-
ation which incorporates the low bandwidth advantage of the
N-out-of-K rule in addition to superior performance compared
with selection combining. Our multi-selective scheme consid-
ers the condition of all relay links where the concept of order
statistics is employed to select K links with the highest SNR
for cooperative spectrum sensing over i.i.d. and i.n.d. Rayleigh
fading channels. The probabilities of detection and false alarm
of the proposed scheme are derived for both channel models.
Our results show significant performance improvement rela-
tive to general N-out-of-K scheme, square-law selection and
selection combining schemes. Furthermore, the performance
of our scheme is investigated through optimization of the N-
out-of-K rule in terms of general error rate when considering
different system parameters. We also assume that the PU
activity is modeled using the ON/OFF activity model (i.e., ON
and OFF represent respectively the active and absence states of
the PU). This model is commonly employed as it represents
many realistic PU scenarios [27]. In addition, the ON/OFF
model is commonly used by other models such as the two-
state Markov model where the BUSY/IDLE states correspond
to the ON/OFF states. Therefore, we will further analyze the
performance of the proposed scheme under different ON/OFF
model parameters and their effect on the total error rate.

The paper is organized as follows. In Section II, we first
introduce the energy detection model in each relay over
Rayleigh fading channels. Then, the multi-selective scheme
is introduced and the probabilities of detection and false
alarm are derived over i.i.d. and i.n.d. channels. Section III
compares the performance of the multi-selective scheme with
other current schemes. In section IV, the optimization of the
N-out-of-K rule used in the proposed scheme is introduced
and examined under different system parameters. Also we
consider the effect of the ON/OFF model parameters on the
performance of the proposed scheme. Finally, conclusions are
drawn in Section V.

II. MULTI-SELECTIVE COOPERATIVE SENSING SYSTEM
MODEL

We consider a cooperative cognitive network where at any
time a SU can be a source, relay, or destination. The number
of links including the P-R (primary to relay) and P-D (primary
to destination) is denoted by L. Also to simplify the analysis,
we first consider the R-D (relay to destination) links are error-
free. Then we relax this assumption by modeling the R-D
links as AWGN channels. This assumption can be justified in
scenarios where the destination and relays are in the vicinity
of each other forming a cluster. In the sequel, without loss
of generality, in some instances the fusion center is referred
to as the destination where the cognitive network is of ad-
hoc structure. On the other hand, in a centralized cognitive
network the base station can be considered as the fusion center
with some powerful processing. In either network settings, our
proposed scheme applies equally with no loss in performance.

Before adopting multi-selective cooperative scheme in re-
lays, let us first introduce the operation of energy detection

in each relay. In each relay, detection problem of unknown
signal is a binary hypothesis test [28]. PU signal s(t) is
transmitted via fading channel with channel gain h. The signal
β(t) received at the detector follows a binary hypothesis: H0

and H1 representing the absence and presence of PU activity
respectively, expressed as

β(t) =

{
a(t), H0,
hs(t) + a(t), H1.

(1)

where a(t) is the zero-mean additive white Gaussian noise
(AWGN) with variance N01W where W and N01 represent the
single-sided signal bandwidth and noise power spectral den-
sity, respectively [29]. After filtering, squaring, and integration
over time interval T , the received signal can be represented as
β , 2

N01

´ T
0
|β(t)|2dt. The probabilities of detection and false

alarm over AWGN channel are given according to [15], as

Pf =
Γ(q, λ

2 )

Γ(q)
, (2)

Pd = Qq

(√
2γ,

√
λ
)

(3)

where Γ(.) is the gamma function, Γ(q, λ
2 ) is the upper

incomplete gamma function given by Γ(q, λ
2 ) =

´∞
λ
2

tq−1t−tdt

with Qq(., .) representing the qth order generalized Marcum-
Q function [30], λ is the energy threshold of the detector,
q = TW is the time bandwidth product, and γ represents the
SNR defined as γ = |h|2Es

N01
, where Es is the energy of the PU

signal.
Over Rayleigh fading channel, the probability of detection

is expressed according to [9], as

PdR = e−
λ
2

q−2∑
c=0

1

c!
(
λ

2
)2 + (

1 + γ

γ
)q−1×

[
e−

λ
2(1+γ) − e−

λ
2

q−2∑
c=0

1

c!

λγ

2(1 + γ)

] (4)

where γ is the average SNR over the Rayleigh fading channel.
Considering a block-fading channel, the SNRs remain con-

stant for the duration of one observation time (i.e., block) and
vary independently from one block to another. Given this,
the destination receives local SNR information on the P-R
and local decision on PU activity from each relay link. The
destination then selects K links with the highest SNRs as final
report links. The destination makes a final decision on the state
of PU based on these reporting links’ local decisions through
an N-out-of-K rule. In this case, at least N report links out
of K selected ones are considered for final decision at the
destination. For instance, the OR rule corresponds to the case
of N = 1; AND rule corresponds to the case of N = K; and
Majority rule corresponds to the case of N = ⌈N/2⌉ [14]. It
is worth mentioning that the difference between the proposed
scheme and the general N-out-of-K scheme is that our scheme
considers only K links with the highest SNRs out of the L
available links while the general N-out-of-K scheme considers
all L links (i.e., K = L) in forming the final decision about
the PU activity.
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To assess the performance of our detection scheme, in
what follows, we derive the receiver operating characteristics
(ROC) and analyze the overall probabilities of false alarm and
detection.

Probability of False Alarm over both i.i.d. and i.n.d.
Rayleigh Fading Channels: Under the multi-selective cooper-
ation scheme, the destination selects K links with the highest
SNRs for final decision. However, in the case of H0 in (1),
the detector receives noise alone. Therefore, under H0, the
destination picks K links randomly irrespective of the SNRs.
The overall probability of false alarm incorporating the N-out-
of-K rule over both i.i.d. and i.n.d. Rayleigh fading Channels
is given by

Qf =
K∑

j=N

(
K

j

)
Pf

j(1− Pf )
K−j , (5)

where Pf represents the local probability of false alarm of each
link over i.i.d. Rayleigh fading channels and Pf = Pf,i(i =
1, 2, , L). Here, Pf,i represents the local probability of false
alarm of the ith link over i.n.d. Rayleigh fading channels.

A. Probability of Detection over i.i.d. Rayleigh Fading Chan-
nels

Over i.i.d. Rayleigh fading channels, the probability density
function (PDF) and cumulative distribution function (CDF) of
the SNR γ, are given by [31, Table 9.5]

f(γ) =
1

γ
e−γ/γ (6)

F (γ) = 1− e−γ/γ . (7)

The destination first orders the R-D and P-D links in terms
of their SNRs to form the set U = {γ(1), γ(2), ..., γ(L)},
considered strictly decreasing set. The destination then selects
the K (1 6 K 6 L) links corresponding to the K highest
SNRs as reporting links from set U to form the sub-set
SK = {γ(1), γ(2), ..., γ(K)} as the one that represents these
report links. In what follows, the PDF of the γ(k) (1 6 k 6 K)
in the set U and the joint PDF of the elements in the set SK

are first evaluated and then used to derive the probability of
detection.

Since the multi-selective scheme selects K links from the
set U as report links, we need to derive the PDF of γ(k) (1 6
k 6 K) in the set U . As the SNRs of the L links are i.i.d., the
probability of any link being in the γ(k) in the set U is equal
to (1/L) and the corresponding PDF of the SNR is given by

f (k)(γ(k))

= L

(
L− 1

k − 1

)
FL−k(γ(k))[1− F (γ(k))]k−1f(γ(k))

=
L!FL−k(γ(k))

(k − 1)!(L− k)!
[1− F (γ(k))]k−1f(γ(k))

(8)

where F (γ(k)) and f(γ(k)) are given respectively by (6) and
(7) with F (γ(k)) representing the CDF of any link’s SNR

smaller than γ(k). Substituting (6) and (7) in (8), this PDF
can be rewritten as

f (k)(γ(k))

=
L!

(k − 1)!(L− k)!γ

(
1− e−γ(k)/γ

)L−k(
e−γ(k)/γ

)k

=
L!

(k − 1)!(L− k)!

L−k∑
i=0

(−1)i

k + i

(
L− k

i

)
e−

γ(k)

γ/(k+i)

γ/(k + i)
.

(9)

Since the multi-selective scheme adopts N-out-of-K rule,
we derive the joint PDF of any N elements, regarded as
z1, z2, ..., zN , in the set SK . According to (8), this joint
PDF, represented by {γ(z1), γ(z2), ..., γ(zN )} (1 6 z1 <
z2, .., < zN 6 K; 1 < N 6 K) for γ(z1) > ... > γ(zN ),
f (z1,z2...,zN )(γ(z1), ..., γ(zN )), is given as [32, Section 2.2]

f (z1,z2...,zN ) =

L!

(z1 − 1)!(z2 − z1 − 1)!...(L− zN )!
[1− F (γ(z1))]z1−1

× f(γ(z1))[F (γ(z1))− F (γ(z2))]z2−z1−1f(γ(z2))...

× FL−zN (γ(zN ))f(γ(zN )).

(10)

Considering the probability of detection of γ(k), from (3)
and (9), and by making the change of variable x =

√
2γ in

[30, Eq.(30)], one can show that

Pd
(k)

=

ˆ
fk(γ

(k))Qq(
√
2γ(k),

√
λ)dγ(k)

=
L!

(k − 1)!(L− k)!

L−k∑
i=0

(−1)i

k + i

(
L− k

i

)
PdR

( γ

k + i

) (11)

where PdR is given by (4) with replacing γ by γ
k+i .

Now, the joint probability of detection corresponding to
f (z1,z2...,zN ) in the set U is given by (3) and (10) as

Pd
(z1,z2...,zN )

=ˆ ∞

γ(z1)

...

ˆ γ(zN )

0

f (z1,z2...,zN )(γ(z1), ..., γ(zN ))

×Qq

(√
2γ(zN ),

√
λ
)
...Qq

(√
2γ(z1),

√
λ
)

dγ(zN )...dγ(z1)

(12)

Finally, the total probability of detection is evaluated using
(11) and (12).

Since the multi-selective scheme selects K links with high-
est SNRs as final report links from the set U , the probability
of detection is equal to the overall probability of detection in
the set SK . Now adopting the N-out-of-K rule for the overall
probability of detection in the set SK (i.e., signal is present
when at least any N of the reporting links from γ(1) to γ(K)

having detected the PU signal), the joint probability of any N
elements in the set SK has been derived in (11). Note that
after ordering, the elements in SK are no longer independent.
Therefore, the overall probability of detection of N elements
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in SK is given by

Qd =


( ∑

SK,N

Pd
(z1,z2,...,zN )

)
− PN

com if N < K

Pd
(z1,z2,...,zN )

if N = K

(13)

where SK,N is the set of all combinations of N indices
chosen from the set SK . For example, when K = 3 and
N = 2, SK,N =

{
(γ(1), γ(2)), (γ(1), γ(3)), (γ(2), γ(3))

}
.

Pd
(z1,z2,...,zN )

represents the joint probability of any N el-
ements, regarded as {γ(z1), γ(z2), ..., γ(zN )}, in the SK,N set.
Also Pd

(z1,z2,...,zN )
is calculated using (11) when N > 1.

For the case of N = 1 corresponding to the OR rule,
Pd

(z1,z2,...,zN )
is calculated using (9). In (12), PN

com represents
the joint probability of detection of the N+g (1 6 g 6 K−N )
elements in SK for the N-out-of-K rule with N 6 N+g 6 K.
For instance, when K = 3 and N = 1, PN

com = Pd
(1,2)

+

Pd
(1,3)

+Pd
(2,3)−Pd

(1,2,3)
. In general, the expression of PN

com

is written as

PN
com =

K−N∑
g=1

∑
SK,N+g

(−1)(g+1)Pd
(z1,z2,...,zN+g) (14)

where SK,N+g is the set of all combinations of N +g indices
chosen from the set SK , and Pd

(z1,z2,...,zN+g) represents
the joint probability of any N + g elements, regarded as
{γ(z1), γ(z2), ..., γ(zN+g)}, in the set SK and is also evaluated
using (11).

B. Probability of Detection over i.n.d. Rayleigh Fading Chan-
nels

Given that the SNR of the PU signal follows exponential
distribution for all P-R and P-D links, for any i link (1 6 i 6
L), the corresponding PDF and CDF are given by [31, Table
9.5, Section 9.8]

fi(γ) =
1

γi
e
− γ

γi (15)

Fi(γ) = 1− e
− γ

γi (16)

where γi represents the average SNR of the ith link. Similar
to the i.i.d. case, the destination first orders the R-D and
P-D links in terms of their SNRs to form the set U =
{γ(1), γ(2), ..., γ(L)} in a descending manner. By combining
(15) and (16), the PDF of γ(k) (1 6 k 6 K) in the U set is
expressed as

f (k)(γ(k))

=
L∑

x1=1

fx1(γ
(k))

∑
RL,k,x1

( L−k+1∏
m=2

Fxm(γ(k))×

L∏
v=L−k+2

(1− Fxv (γ
(k)))

)

=

L∑
x1=1

1

γx1

e
− γ

γx1

∑
RL,k,x1

L−k+1∏
m=2

Fxm(γ(k))

×
L∏

v=L−k+2

e
− γ(k)

γxv

(17)

where RL,k,x1 is the set of all combinations of L− k indices
chosen from the difference set {1, 2, ...L} − {x1} with 1 6
x1 6 L. For instance, when L = 4, k = 2 and x1 = 1,
RL,k,x1 = {(2, 3), (2, 4), (3, 4)}. fx1 is given by (15), Fxm

and Fxv are given by (16). It is to be noted that the term∏L−k+1
m=2 Fxm(γ(k)) in (17) can be expressed as [33, Eq.(11)]

L−k+1∏
m=2

Fxm(γ(k))

=

L−k∑
w=0

(−1)w
∑

2≤b1<b2<...<bw≤L−k+1

w∏
p=1

e
− γ(k)

γxbp .

(18)

Therefore, the PDF f (k)(γ(k)) in (17) is simplified as

f (k)(γ(k))

=
L∑

x1=1

1

γx1

∑
RL,k,x1

L−k∑
w=0

(−1)w

×
∑

2≤b1<b2<...<bw≤L−k+1

e−δwγ(k)

(19)

with

δw =
w∑

p=1

1

γxbp

+
L∑

v=L−k+2

1

γxv

+
1

γx1

. (20)

The joint PDF of any N elements in the set SK , regarded
as {γ(z1), γ(z2), ..., γ(zN )} (1 6 z1 < z2, .., < zN 6 K; 1 <
N 6 K) for γ(z1) > ... > γ(zN ), is given by

f (z1,z2...,zN ) =

1

(z1 − 1)!(z2 − z1 − 1)!...(zN − zN−1)!(L− zN )!

×
∑
P

[(
1− Fr1(γ

(z1))
)
...
(
1− Fr(z1−1)

(γ(z1))
)

× frz1 (γ
(z1))

(
Fr(z1+1)

(γ(z1))− Fr(z1+1)
(γ(z2))

)
...

×
(
Fr(z2−1)

(γ(z1))− Fr(z2−1)
(γ(z2))

)
frz2 (γ

(z2))...

× frzN (γ(zN ))Fr(zN+1)
(γ(zN ))...FrL(γ

(zN ))

]
(21)

where the set P includes all L! permutations
(r1, r2, ..., rL) of (1, 2, ..., L). For example, when L = 3,
P =

{
(1, 2, 3), (1, 3, 2), (2, 1, 3), (2, 3, 1), (3, 2, 1), (3, 1, 2)

}
and (r1, r2, ..., r3) can be any element in P .

Now, the probability of detection of γ(k) in the set U can
be obtained by averaging (3) over (19) while performing the
change of variable x =

√
2y and making use of [30, Eq.(30)]

to yield

Pd
(k)

=
L∑

x1=1

1

γx1

∑
RL,k,x1

L−k∑
w=0

(−1)w
∑

2≤b1<b2<...<bw≤L−k+1

1

δw
exp

(
− λ

2

){(δw + 1

δw

)q−1
[
exp

( λ

2δw + 2

)
−

q−2∑
t=0

1

t!

( λ

2δw + 2

)t
]
+

q−2∑
t=0

1

t!

(λ
2

)t
}
.

(22)
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Finally, the overall probability of detection using the joint
PDF f (z1,z2...,zN ) can be obtained by averaging (3) over (21).
The structure of the overall probability of detection over i.n.d.
channels is the same as (12) and (13) while replacing the
probability of detection of γ(k) in the set U by (21) and the
joint probability of detection of any N elements in the set SK

by the expression averaged (3) over (20).

III. PERFORMANCE RESULTS

In this section, we compare the proposed multi-selective
scheme with some current schemes (SC [15], SLS [9] and
general N-out-of-K rule [14]) via receiver operating charac-
teristics (ROC) over i.i.d. and i.n.d. Rayleigh fading channels
scenarios. Without loss of generality, for simulation conve-
nient, we assume that the one-sided bandwidth W is 1000Hz,
the observation time Tob is 0.005s, the time bandwidth product
q is 5, the number of SUs L = 6, multi-selective cooperation
scheme selects K=3 reporting links for cooperation where it
adopts an OR rule for final decision on PU activity. For the
homogenous (i.i.d.) case, the average SNR γ is set to 5dB
while the average SNR γ in all links ranges from 3dB to 8dB
for the heterogeneous (i.n.d.) case. We first consider the case
of error-free R-D links and then present results for the case
with channel errors.

In Fig. 1, the ROC of the multi-selective cooperation scheme
is compared to other combining schemes where it is shown
that it outperforms all schemes. It is known that the SLS
scheme only selects the link with the highest signal power
to make final decision on the PU activity, while the SC
scheme only selects the link with the highest instantaneous
SNR for detection. On the other hand, our proposed scheme
selects several links with high instantaneous SNR to make
final decision on the PU activity. Compared with SLS and SC,
our proposed scheme not only guarantees that selected links
have high detection performance but also has higher spatial
diversity. The same remarks can be drawn for the case of
i.n.d. Rayleigh fading channels as evident from Fig. 2.
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Figure 1. ROC curves for SC, SLS, general N-out-of-K rule and multi-
selective over i.i.d Rayleigh fading channels, γ=5 dB, L = 6, K = 3,
N = 1.
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Figure 2. ROC curves for SC, SLS, general N-out-of-K rule and multi-
selective over i.n.d. Rayleigh fading channels, L = 6, K = 3, N = 1 and
the γ in L links are arranging from 3 dB to 8 dB.

To relax the error-free assumption on the R-D links, we
consider the case where the links between the relays and
destination suffer from AWGN. Since the R-D links are not
error-free any more, selection combining and the proposed
multi-selective scheme consider each relay channel condition
consisting of the P-R and R-D links. In this case the multi-
selective cooperation requirement is modified to SNRpr−rd ≥
SNRpd while selection combining picks out the link with the
largest SNR among SNRpr−rd and SNRpd. Without loss of
generality, for simulation convenient, we assume that L = 6,
Pf = 0.3, the average SNR (γPR = γPD = 5dB) for the
i.i.d. scenario. These results are shown in Fig. 3 where the
proposed scheme still offers the best performance compared
to other detection schemes. As seen from Fig. 3, we notice
that both SC and our proposed scheme perform better than
SLS when γPR is low. This is mainly due to the fact that
SC selects the link with the highest instantaneous SNR to
make final decision and our proposed scheme selects several
links with high instantaneous SNR for detection. However, as
γPR increases, the performance of SLS approaches the SC
whereas our scheme offers better detection performance due
to the higher spatial diversity.

IV. OPTIMIZATION OF MULTI-SELECTIVE SCHEME OVER
I.I.D. AND I.N.D. CHANNELS

Since the proposed scheme selects K reporting links to
form the final decision on the PU activity by using N-out-
of-K rule, there exists optimal values for N and K that allow
for optimum performance results. In this section, we consider
such an investigation and find the optimal N and K.

When the threshold λ and N from the N-out-of-K rule are
given, the probability of detection Qd and false alarm Qf

increase with the number of selected links K according to
(5) and (12). Thus, the total probability of miss detection
Qm = 1 − Qd decreases as K increases. In this case, a
performance metric that can be used to assess the performance
of the receiver is the total error rate Qf+Qm proposed in [13].
In what follows, we use the total error rate as the performance
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Figure 3. Multi-selective and current schemes (SC, general N-out-of-K rule,
SLS) under the variation of γRD , γPR = γPD=5 dB, L = 6, Pf = 0.3,
K = 3, N = 1.

metric to find the optimal K that achieves target error bound
Qf +Qm ≤ ρ for the multi-selective scheme.

Given the detection threshold λ, according to (5) and (12),
the number of selected links K directly affects the total error
rate. However when K is fixed, the performance of the multi-
selective scheme is dominated by the N-out-of-K rule chosen
according to (12). Therefore, we first solve for the optimal
N for a given K. Then we evaluate the optimal number of
selected links K that achieves a target error bound Qf+Qm ≤
ρ for a given optimal N .

A. Decision Rule

We first examine the performance of the multi-selective
cooperation scheme under different N-out-of-K rules, i.e., OR,
majority, and AND rules. The results of this investigation are
presented in Fig. 4 showing the total error rate Qf+Qm versus
threshold with different N-out-of-K rules varying from N = 1
to N = 6 when the multi-selective scheme selects K = 6
reporting links among L = 10 SU links. As Fig. 4 shows,
when the detection threshold is small, i.e., λ = 6, the OR
rule N = 1 outperforms all other rules. Meanwhile, the AND
rule N = 6 offers the best performance when the threshold
is large, i.e., λ = 21. Therefore, the optimal N in N-out-of-K
rule, Nopt, is different under different thresholds λ when K
is fixed.

We express the total error rate using a function H(N) as
follows:

Qf +Qm = Qf + 1−Qd = 1 +H(N)

= 1 +
K∑

j=N

(
K

j

)
Pf

j(1− Pf )
K−j

−
∑
SK,N

Pd
(z1,z2,...,zN ) − PN

com

when N < K

(23)

After some simplifications, the optimal N is reached when
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Figure 4. Total error rate of multi-selective with K=6 in Rayleigh channels:
selected relays are N=1,2,3,4,5,6 of L=8, average SNR=5 dB.

∂H(N)
∂N = 0.

∂H(N)

∂N
≈ H(N + 1)−H(N)

=
∑
SK,N

Pd
(z1,z2,...,zN )

+ 2
K−N∑
g=1

(−1)gPd
(z1,z2,...,zN+g)

−
(
K

N

)
Pf

N (1− Pf )
K−N = 0

when N < K.

(24)

Since the number of selected links K is fixed, Pd
(z1,z2,...,zN )

varies with N . Now let us define a function G(N) ={∑
SK,N

Pd
(z1,z2,...,zN )

+ 2
∑K−N

g=1 (−1)gPd
(z1,z2,...,zN+g)

}
.

Thus, Nopt is obtained when it satisfies the following function

G(Nopt) =

(
K

N

)
Pf

Nopt(1− Pf )
K−Nopt . (25)

According to (2),(3) and (11), Pd
(z1,z2,...,zN )

and Pf decrease
with the threshold λ (this was also proved in [15]). Therefore,
when the threshold is small enough, the right hand side of
(24) increases with N . From (12), since the left hand side of
(24) decreases with N , Nopt = 1 when the threshold is small
and Nopt = K when the threshold is large.

B. Optimal Number of Selected Links (K)

In the multi-selective scheme, the local decisions of K
selected links are used for final decision at the destination.
Our objective here is to find the optimal Kopt(1 ≤ Kopt ≤ L)
that achieves a total error rate target bound, Qf +Qm ≤ ρ for
a given detection threshold λ.

We first evaluate the corresponding optimal N-out-of-K rule
for each K, optimal voting rule (Nopt

K ), by using (24). Then
we define a new function T (., .) in terms of the variable K as

T (K,Nopt
K ) = Qf +Qm − ρ = 1 +Qf −Qd − ρ (26)

where K is the number of selected links used for final decision.
Note that the probabilities of false alarm Qf and detection Qd
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are functions of K and Nopt
K is given by (24). The optimal K

is the one that satisfies the following conditions

T (Kopt, N
opt
Kopt

) ≤ 0 (27)

T (Kopt − 1, Nopt
Kopt−1) > 0. (28)

From (27) and (28), Kopt is the first crossing zero of the
function T (K,Nopt

K ) plotted against K. For example, consider
L = 20 available links to the destination with average SNR
γ =5dB over all links, and a target error rate bound Qf +
Qm ≤ 0.1 with a given detection threshold λ = 18. From
Figs. 7,8, two important remarks are noted, (i) Increasing the
number of selected links K results in lower probability of
miss detection Qm while increasing the number of nodes N
in the N-out-of-K rule results in higher Qm. (ii) As the number
of selected links K goes high, the probability of false alarm
Qf also goes high with K and while as N goes high Qf

decreases. From these remarks, one can achieve a target error
rate bound Qf + Qm ≤ 0.1 for a given detection threshold
through (27) and (28). Fig. 5 shows Qf (K,N) +Qm(K,N)
versus K applied with optimal N-out-of-K rule, N = Nopt

K .
As the results in Fig. 5 show, Qf + Qm ≤ 0.1 is achieved
when Kopt = 4 under a corresponding optimal voting rule
Nopt

Kopt
= 2 which is shown in Fig. 6. It is to be noted that the

due to the inverse dependence of K and N with Qf and Qm

as given by from (5) and (12), the total error rate Qf + Qm

performance in Fig. 5 is justified.
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Figure 5. Total error rate of multi-selective scheme as a function of the
number of selected nodes K in a network with L = 20 with average SNR =
5dB, optimal voting rule applied for each K, λ = 18.

As a final investigation, we consider the case of i.n.d.
Rayleigh fading channels. The optimization analysis is similar
to the i.i.d. case where the probability of detection is given by
(21) for the i.n.d. case. Let us consider the performance of the
multi-selective scheme over i.n.d. Rayleigh fading channels
with L = 14 where the SNR of the different P-R links ranges
from 2dB to 15dB, and the target error rate Qf +Qm ≤ 0.02
with a given threshold λ = 18. As Figs. 9, 10 show, the
required total error rate is achieved when Kopt = 2 with a
corresponding optimal voting rule Nopt

Kopt
= 2.
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Figure 6. Corresponding optimal voting rule for each K, detection threshold
λ = 18, L = 20 and average SNR =5dB.
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Figure 7. Total average probability of miss detection of multi-selective as a
function of K and N in N-out-of-K rule in a network with L = 20, average
SNR =5dB, detection threshold λ = 18.
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Figure 8. Total average probability of false alarm of multi-selective versus
number of selected nodes K and N in N-out-of-K rule in a network with
L = 20, average SNR = 5dB, detection threshold λ = 18.
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Figure 9. Total error rate of multi-selective energy detection versus number
of selected nodes K in a network with L = 14, average SNR for all links
arranged from 2dB to 15dB, optimal voting rule is applied for each K and
λ = 18.
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Figure 10. Corresponding optimal voting rule for each K, detection threshold
λ = 18, L = 14 and with average SNR for each link from 2dB to 15dB
respectively.

C. PU Activity model

Now we will apply one typical PU activity model, ON/OFF
model, to the proposed multi-selective scheme for the i.i.d.
Rayleigh fading case. The aim here is to study the effect of the
ON/OFF model parameters on the total error rate performance.
In ON/OFF model, the ON and OFF states correspond to H1

and H0, respectively. Without loss of generality, we assume
that the probability of PU presence (ON state) denoted by α
[27] to vary from 0.1 to 0.9. The overall PU operation time,
including the ON and OFF states, is represented by T. Other
parameters are as the same as the i.i.d. case discussed in Sec.
III. Hence, the OFF state relates to Qf and ON state relates
to Qd. In this case, the total error rate corresponding to T can
be expressed as:

Tα(1−Qd) + T (1− α)Qf

T
= Qf +α(1−Qf −Qd). (29)

Fig. 11 shows the performance of the proposed multi-
selective scheme as a function of Qf , α, and the achieved
total error rate. The same simulation parameters as before

are considered, the average SNR=5dB for a system with
L = 6 SUs, K=3 selected/reporting links for cooperation, and
adopting the OR rule (i.e., N=1) for the final decision on PU
activity. The effect of the primary user activity on the total
error rate and probability of false alarm is evident from these
results. As shown, when the probability of the primary user
being active goes high, the total error rate decreases for a given
probability of false alarm. Also comparing (23) and (29), we
can notice that the ON/OFF model does not affect the general
optimization method of the proposed multi-selective scheme
in terms of the total error rate.
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Figure 11. Total error rate as a function of Qf and α over i.i.d. Rayleigh
fading channels, γ= 5dB, L = 6, K = 3, N = 1.

V. CONCLUSIONS

We proposed a new cooperative sensing scheme which
incorporates the low bandwidth advantage of the N-out-of-K
rule with superior performance compared with the selection
combining scheme. The probabilities of detection and false
alarm are derived for both i.i.d. and i.n.d. Rayleigh fading
channels. Through optimization, we have evaluated the optimal
decision rule N and the number of selected links K under a
total error rate requirement. Simulation results have shown that
the multi-selective scheme can offer a significant performance
improvement in detecting the PU activity compared with other
existing detection schemes.
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