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Abstract In a cooperative spectrum sensing (CSS) scheme, the detection of the pres-
ence of activity of a primary user (PU) is improved by the fact that several cognitive
radio (CR) users send, through reporting channels (R-channels), their sensed infor-
mation on the activity of this PU to a common base station (BS). The benefits are
particularly relevant in scenarios where the sensing channels (S-channels) towards
the PU of interest of CR users are affected by severe fading or shadowing. How-
ever, in a CSS scheme with R channels affected by fading or shadowing as well,
there may be erroneous reception, at the BS, of decisions from CR users: this can
be counter-acted by using censoring of CR users. In this chapter, we discuss the
performance of CSS with censoring of CR users based on their R-channels’ sta-
tuses. Two schemes of censoring are considered: (i) rank-based censoring, where a
pre-defined number of CR users, associated with the best R-channels, are selected;
and (ii) threshold-based censoring, where CR users, whose R-channel fading coef-
ficients exceed a pre-determined threshold, are selected. The performance of both
censoring schemes is evaluated considering two different R-channel fading condi-
tions: (i) Rayleigh fading and (ii) Nakagami-m fading. In both cases, majority logic
fusion is considered at the BS (also denoted re-interpreted as fusion center, FC). The
impact of various network parameters—such as censoring threshold, number of CR
users, average S- and R-channels’ SNRs, channel estimation (CE) quality, and fad-
ing severity—on the performance of the considered CSS schemes will be evaluated
in terms of missed detection and total error probabilities.
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1.1 Introduction

Cognitive radio (CR) has been proposed [1] as a promising technique to solve the
conflicts between spectrum scarcity and spectrum under utilization. CR systems
allow CR users1 to share the spectrum with primary users (PUs) either opportunis-
tically or without creating any intolerable interference to PU. Spectrum sensing is
an important feature of CR technology since it is necessary to detect the presence
of PUs accurately and quickly in order to find availability of unused spectrum, i.e.,
the spectrum holes. Accurate sensing of spectrum holes is a hard task because of the
time-varying nature of wireless channels [2], including fading and shadowing. Due
to severe multipath fading in sensing channel (S-channel) between a PU and a CR
user, the CR user may fail to detect the presence of the PU. The detection/sensing
performance can be improved, by limiting the negative impact of fading, if differ-
ent CR users are allowed to cooperate by sharing their detected information on the
activity status of PUs: this is the essence of cooperative spectrum sensing (CSS).
Therefore, CSS improves the detection performance when all CR users sense the
PU individually and send their sensing information in the form of 1-bit binary de-
cisions (1 or 0) via ideal (noiseless) reporting channels (R-channels) to a fusion
centre (FC)—the FC corresponds to the base station (BS). In CSS schemes, the lo-
cal decisions on PUs’s activity status sent by several CR users are combined at FC
to obtain a global decision. In general, the sensing information reported to the FC
by several CR users can be combined in two different ways: through (i) soft or (ii)
hard combining. According to a soft combining approach, CR users transmit the
entire local sensing samples or the complete local test statistics which are combined
using any one of possible diversity combining technique such as likelihood ratio
test (LRT), maximal ratio combining (MRC), and equal gain combining (EGC) [3]-
[5]. In [3] the authors consider soft information combining of the signals received
via multiple antennas of a single CR. In [4], the LRT fusion is discussed in case
of wireless sensor networks. In [6], an optimal soft combination scheme based on
neyman-pearson (NP) criterion is proposed to combine the weighted local observa-
tions. The proposed scheme reduces to EGC at high SNR and reduces to MRC at
low SNR. In the presence of hard combining, CR users make a local decision (hard
decision on the PU activity status) and transmit the one bit decision for hard com-
bining. A hard decision combining fusion rule—such as OR-logic, AND-logic, and
majority-logic—is implemented at FC to make the final decision on the presence or
absence of a PU [7]-[9].

In many wireless applications, it is of great interest to check the presence and
availability of an active communication link when the signal is unknown. In such
scenarios, one appropriate choice consists in using an energy detector (ED) which
measures the energy in the received waveform over an observation time win-
dow [10]-[11]. The existing literature energy detector-based on single CR user [11]-
[12] and cooperative CR users [13]-[16] spectrum sensing, typically assumes pop-

1 Note that with the generic term CR we also refer to a secondary (cognitive) user (SU). The
context eliminates any ambiguity.
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ular fading models such as Rayleigh and Nakagami-m (m being the fading severity
parameter). In these cases, R-channels are assumed to be ideal and S-channels are
considered as Rayleigh and Nakagami-m fading channels. However, in many practi-
cal situations R-channels may not be noiseless (ideal) channels. Though most works
on spectrum sensing assume noiseless R-channels [7]-[9], [12]-[16], the presence of
fading in R-channels is likely to affect the decisions sent by CR users where the FC
is far from CR users. If the R-channel connecting a CR user to the FC is heavily
faded, the decision received at the FC is likely to be erroneous with respect to that
transmitted by the CR user. If this is the case, it is better to stop transmitting deci-
sions from such CR user and, thus, the use of censoring is expedient. The CR users
whose R-channels are estimated as reliable by the FC are censored, i.e., they are
allowed to transmit. The CR users which are not participating in improving the de-
tection performance may be stopped, so that the system complexity can be reduced
and the detection performance can be improved. This will further reduce the energy
consumption for an energy-constrained network. Therefore, censoring of CR users
is necessary to improve the performance of CSS. The R-channels are considered
as noisy and Rayleigh faded in [17]-[18], in the context of a sensor network where
sensors report their decisions to a FC. Censoring of sensors, as proposed in [19]-
[20], and channel-aware censoring of sensors, as discussed in [21]-[21], can be well
applied in the context of energy detection based CSS.

In our present discussion, we consider both R-channel and S-channel to be (i)
Rayleigh faded and (ii) Nakagami-m faded. Similar fading scenario is considered
in S-channel and R-channel i.e., both S-channel and R-channel as Rayleigh faded
or Nakagami-m faded. Though all the CR users detect PUs using energy detec-
tors, only those CR users censored based on quality of R-channels are allowed to
transmit. The censoring decision is taken by FC based on estimation of R-channel.
In [23], the performance of CSS systems with censoring of CR users under both
majority-logic fusion and maximal ratio combining (MRC) fusion has been evalu-
ated only in Rayleigh faded environments, considering CR users’ censoring on the
basis of the qualities of their R-channels. Using minimum mean square estimation
(MMSE)-based estimation of the R-channels, the FC selects the subset of CR users
among all the available ones (say K out of N) which have the highest channel co-
efficients, i.e., the CR users associated with best estimated channel coefficients are
selected. However, in an alternative censoring scheme, based on channel thresh-
olding, is considered and analyzed in [24] in the context of distributed detection
in a (non-cognitive) sensor network where a number of sensors observe a com-
mon binary phenomenon. In [25], the performance of CSS schemes with channel
thresholding-based censoring of CR users with Rayleigh fading and majority-logic
fusion at the FC is evaluated. The investigation of majority-logic fusion schemes
where both S- and R-channels are Nakagami-m faded is an interesting research ex-
tension. The Nakagami-m distribution provides flexibility in describing the fading
severity of the channel and encompasses special cases such as Rayleigh fading (for
m=1) [5].

In the current chapter, we consider the same system model of [23] and [25] and
evaluate the performance of CSS with censoring of CR users based on quality of
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R-channels. More precisely, we analyze the performance of CSS schemes with cen-
sored CR users in Nakagami-m faded environments (with special case given by
Rayleigh faded environment), considering a network of N CR users. Each CR user
makes local observation on the activity of the PU using energy detectors. We con-
sider two schemes on channel quality-based censoring. The first scheme consists
of rank-based censoring: using MMSE-based estimation of the R-channels, the FC
selects the subset of CR users among all the available ones (say K out of N) which
have the highest channel coefficients, i.e., the CR users associated with best esti-
mated channel coefficients are selected. The second censoring scheme is threshold-
based: a CR user is selected to transmit its decision if the estimated R-channel fading
coefficient exceeds a given threshold (denoted as censoring threshold and indicated
as Cth). The channel estimation is either perfect (no estimation error) or imperfect
(with an estimation error). Accordingly, for each censoring strategy, there are two
possibilities, namely perfect or imperfect channel estimation. The FC employs co-
herent reception to fuse the binary local decisions received from the censored CR
users, in order to obtain a final decision regarding the presence or absence of PUs.
Low complexity majority-logic fusion of the decisions received from the selected
CR users is considered in present case. The overall probability of missed detection
is selected as the key performance metric and is evaluated, through simulations,
under several channel and network conditions.

The main contributions of this chapter can be summarized as follows.

• Closed-form expressions of the estimation error variances for Rayleigh and
Nakagami-m fading channels are presented. These expressions are expedient to
evaluate the performance of CSS with censoring based on imperfect channel es-
timation.

• The performance, in terms of missed detection and total error probabilities under
both perfect and imperfect channel estimation strategies, is investigated. The ef-
fects of Nakagami-m fading, S- and R-channel SNRs on the performance of the
considered CSS schemes are investigated.

• The impact of the R-channel estimation error on the detection performance in the
considered fading scenarios is evaluted.

• Direct performance comparisons between perfect and imperfect channel estima-
tion schemes, for various values of the main channel and network parameters,
are carried out.

• In threshold-based censoring scenarios, novel analytical expressions, as func-
tions of the censoring threshold Cth, for the selection of CR users are derived in
Rayleigh and Nakagami-m fading channels. In particular, the probability mass
functions (PMF) of the number of censored CR users is analyzed.

• The impact of the number of available CR users and of the average R-channel
SNRs on the average missed detection and average total error probabilities of
CSS schemes is investigated.

• In threshold-based censoring schemes, the impact of the censoring threshold on
the average missed detection and average total error probability, with the deriva-
tion of an optimized censoring threshold.
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• The performances of several hard-decision fusion strategies are also evaluated
and compared with each other under various fading channels.

The rest of the chapter is organized as follows. In Section 1.2, the basics of
CSS are introduced. In Section 1.3, the performance of CSS in faded environments
(Rayleigh and Nakagami-m) under several hard decision fusion rules is studied. In
Section 1.4, two different censoring methods such as Rank-based and threshold-
based censoring have been analyzed under both perfect and imperfect channel esti-
mation schemes. Finally, conclusions are drawn in Section 1.5.

1.2 Cooperative Spectrum sensing

Detection of PU by a single CR user may not be accurate due to impairment in S-
channel or hidden node problem which necessitates the use of cooperation among
many CR users. In such cases, as anticipated in Section 1.1, detection/sensing per-
formance can be improved, by alleviating the effects of fading, if different CR users
are allowed to cooperate by sharing their detection information, i.e., considering
CSS. Therefore, CSS improves the detection performance where all CR users em-
ploy identical EDs and sense the PU individually and send their sensing information
in the form of 1-bit binary decisions (1 or 0) via R-channels to FC. The hard decision
combining fusion rule (OR, AND, and majority-logic fusion rules) is performed at
FC using a counting rule to make the final decision regarding the presence or ab-
sence of a PU [7]-[9], [12], [15]. In case of soft decision combining, the CR users
can transmit the entire local sensing samples or the complete local test statistics to
FC. Existing receiver diversity techniques [3]-[5], such as LRT, EGC, and MRC, can
be utilized at the FC for soft combining of local observations or test statistics. The
performance of CSS with hard decision fusion in faded environments is investigated
in the next section.

1.3 Impact of Fading on Cooperative Spectrum Sensing

The energy detection method is the common method for detection of unknown sig-
nals in noise [10]-[11]. The block diagram of an energy detector is shown in [10]-
[11] which consist of one band pass filter (BPF), one signal squarer, one integrator
and one decision device. The input BPF selects the center frequency and the cor-
responding bandwidth of interest (with width W ). The output of the BPF filter is
passed to a squaring device to measure the received energy. Then an integrator is
placed to determine the observation interval, T . Finally, the output of the integra-
tor, denoted as Y , is compared with a detection threshold to decide on the pres-
ence/absence of a PU signal. We assume that all CR users use the same energy
detector and the identical threshold (denoted as λ ). The received signal xi(t) at the
input of the i-th CR user can be expressed as
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xi(t) =

{
n(t) : H0

hi(t)s(t)+n(t) : H1
(1.1)

where s(t) is the PU signal with energy Es and n(t) is the noise waveform. The noise
n(t) is modeled as a zero-mean white Gaussian random process. The Rayleigh faded
S-channel coefficient for the i-th CR user is denoted as hi(t). H1 and H0 are the two
hypotheses associated with presence and absence of a PU respectively. Each CR
user has an energy detector to detect on the presence or absence of a useful signal.
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Fig. 1.1 Cooperative spectrum sensing network: illustrative scenario.

We consider a network of N CR users sensing the spectrum of a PU, as shown
in Fig. 1.1. Each CR user makes its own decision regarding the presence of the PU,
and forwards the binary decision (1 or 0) to FC for data fusion. We consider only
one FC and all CR users are equipped with single antenna. The PU is located far
away from all CR users. All CR users are assumed to be relatively close to each
other. The distance between any two CR users is shorter than the distance between
a PU and a CR user and the distance between a CR user and the FC. For simplicity,
we assume that the average SNR in the S-channel is the same for each CR user.
We consider that the S-channels are faded, while the R-channels are ideal channels
(noiseless). According to the sampling theorem, the noise process can be expressed
as follows [26]:

n(t) =
∞

∑
j=−∞

n j sinc(2Wt− j) (1.2)

where sinc(x) = sin(πx)/(πx) and n j = n( j/(2W )). One can easily show that

n j ∼N (0,N01W );∀ j (1.3)
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where N01is the one-sided noise power spectral density,W is the one-sided bandwidth
and N (µ,σ2) is a Gaussian distribution with mean µ and variance σ2.

When the PU is absent (i.e., H0 is true), each CR user receives only the noise
signal at the input of the ED and the noise energy can be approximated, over the
time interval (0,T ), as follows [10]-[11]:

∫ T

0
n2(t)dt =

1
2W

2u

∑
j=1

n2
j (1.4)

where u is the time-bandwidth product. If we define n′j = n j/
√

N01W , the decision
statistic at i-th CR user, denoted as Yi in case of H0, can be written as [10]-[11]:

Yi =
2u

∑
j=1

n′2j . (1.5)

In particular, Yi is the sum of the squares of 2u standard Gaussian variates with zero
mean and unit variance. Therefore, Yi has a central χ2 distribution with 2u degrees
of freedom.

The same approach can be applied in the presence of the signal s(t) of a PU,
by replacing {n j} in (1.4) with n j + s j, where s j = s( j/(2W )). In this case, the
decision statistic Yi has a non-central χ2 distribution with 2u degrees of freedom
and non-centrality parameter 2γs,i [10]-[11]. More precisely:

Yi ∼

{
χ2

2u : H0

χ2
2u(2γs,i) : H1

(1.6)

In a non-faded environment, the detection and false alarm probabilities for the
i-th CR user can be expressed as follows [16]-[7]:

Pd,i = Pr[Yi > λ |H1] = Qu

(√
2γs,i,

√
λ

)
(1.7)

Pf ,i = Pr[Yi > λ |H0] = Γ (u,λ/2)/Γ (u) (1.8)

where γs,i is the instantaneous S-channel SNR, Γ (·) is the incomplete gamma func-
tion [27], and Qu(·, ·) is the generalized Marcum Q-function of order u [28]. The
expression for the probability of false alarm (Pf ,i) for the i-th CR user, as given in
equation (1.8), remains the same when fading is considered in the S-channel, owing
to the independence of Pf ,i from the SNR γs,i. For a chosen value of Pf ,i, the cor-
responding detection threshold λ can be set following equation (1.8). The ED thus
compares Yi with its preset detection threshold λ and takes a hard binary decision
about the presence of a PU.

When hi is time-varying, because of fading, equation (1.7) returns the probability
of detection as a function of the instantaneous SNR γs,i. In this case, the average
probability of detection at the i-th CR user can be derived by averaging (1.7) over
fading statistics [7]-[9] and can be given the following expression:
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P̄d,i =
∫

∞

0
Qu

(√
2x,
√

λ

)
fγ(x)dx (1.9)

where fγ(x) is the probability density function (pdf) of γ under fading.

1.3.1 Rayleigh Fading Channel

If the received signal amplitude at the i-th CR user has a Rayleigh distribution, then
the SNR (γs,i) has the following exponential pdf [5], [11]:

fγ(γs,i) =
1
γ̄s

exp
(
−

γs,i

γ̄s

)
;γs,i ≥ 0 (1.10)

where γ̄s is the average SNR of the S-channel. The average Pd at the i-th CR user in
this case, P̄d,i,Ray can now be evaluated by substituting (1.10) in (1.9), thus obtaning:

P̄d,i,Rayl = exp
(
−λ

2

)u−2

∑
k=0

1
k!

(
λ

2

)k

+

(
1+ γ̄s

γ̄s

)u−1

×

(
exp
(
− λ

2(1+ γ̄s)

)
− exp

(
−λ

2

) u−2

∑
k=0

1
k!

(
λ γ̄s

2(1+ γ̄s)

)k
)
. (1.11)

1.3.2 Nakagami-m Fading Channel

If the received signal amplitude at the i-th CR user follows a Nakagami-m distribu-
tion, then γs,i has the following gamma pdf [5], [11]:

fγ(γs,i) =

(
m
γ̄s

)m γ
m−1
s,i

Γ (m)
exp
(
−

mγs,i

γ̄s

)
;γs,i ≥ 0 (1.12)

where m is the Nakagami fading parameter. The average probability of detection at
the i-th CR user in the case of Nakagami-m channel P̄d,i,Nak can be evaluated by
substituting (1.12) in (1.9), obtaining:

P̄d,i,Naka = α

[
G1 +β

u−1

∑
n=1

(λ/2)n

2n! 1F1

(
m;n+1;

λ γ̄s

2(m+ γ̄s)

)]
(1.13)

where 1F1(·; ·; ·) is the confluent hypergeometric function [27, Sec. 9.2]

α =
1

Γ (m)2m−1

(
m
γ̄s

)m

(1.14)
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β = Γ (m)

(
2γ̄s

m+ γ̄s

)m

exp
(
−λ

2

)
(1.15)

and

G1 =
2m−1(m−1)!(

m
γ̄s

)m
γ̄s

m+ γ̄s
exp
(
− mλ

2(m+ γ̄s)

)[(
1+

m
γ̄s

) (
m

m+ γ̄s

)m−1

×Lm−1

(
− λ γ̄s

2(m+ γ̄s)

)
+

m−2

∑
n=0

(
m

m+ γ̄s

)n

Ln

(
− λ γ̄s

2(m+ γ̄s)

)]
(1.16)

where Ln(·) is the Laguerre polynomial of degree n [27, Sec. 8.970]. We can also
obtain an alternative expression for P̄d,i,Ray by setting m=1 in (1.13)—this expression
is numerically equivalent to the one in (1.11). As already discussed in Section 1.3,
all CR users in the network use identical EDs (with the same threshold λ ) which
make hard binary decisions and transmit them to the FC via noiseless R-channels.

Assuming independent decisions, the fusion rule according to which k-out of-N
CR users are needed to make a final decision on the presence/absence of a PU can
be characterized by a binomial distribution based on Bernoulli trials, where each
trial represents the decision process of each CR user. The generalized formula for
the overall probability of detection, according to a generic k-out of-N rule, is given
by [8], [29]:

Qd =
N

∑
l=k

(
N
l

)
P̄l

d(1− P̄d)
N−l (1.17)

where P̄d is the average probability of detection for each individual CR user as
defined by generalized equation (1.9). The overall probability of detection under
OR-fusion rule (i.e., 1 out of N rule) can be evaluated by setting k = 1 in equation
(1.17):

Qd,OR =
N

∑
l=1

(
N
l

)
P̄l

d(1− P̄d)
N−l = 1− (1− P̄d)

N . (1.18)

The performance with AND-fusion rule (i.e., N out of N rule) can be evaluated by
setting k = N in equation (1.17):

Qd,AND =
N

∑
l=N

(
N
l

)
P̄l

d(1− P̄d)
N−l = P̄N

d . (1.19)

Finally, for the case of majority-fusion rule, or simply for (N/2+1) out of N rule,
the probability of detection, denoted as Qd,Ma j, can be evaluated by setting k =
bN/2c in equation (1.17).

The overall probability of false alarm (Q f ) for the considered fusion rules (OR,
AND, and Majority fusion rules) can be evaluated by replacing P̄d with Pf in equa-
tions (1.17), (1.18), and (1.19), respectively. It is of interest to observe that the prob-
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ability of false alarm (Pf ) is independent of the SNR (γs), so that it remains same
for all fading channels. It may also be observed that in order to evaluate Qd for
a specific fading channel, we need to consider the appropriate expression for P̄d
(namely, P̄d,i,Ray or P̄d,i,Naka in equations (1.17) to (1.19)) to obtain the performance
in Rayleigh or Nakagami-m channels, respectively.

In Fig. 1.2, the probability of detection Qd is shown, as a function of the S-
channel SNR, considering AND, OR, and majority logic hard decision fusion rules.
For each fusion rule, Nakagami-m fading channel is considered. The OR and ma-

0 5 10 15 20
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

SNR (dB)

P
ro

ba
bi

lit
y 

of
 d

et
ec

tio
n 

(Q d)

 

 

OR−logic, Rayleigh

OR−logic, Nakagami (m=3)

AND−logic, Nakagami (m=3)

Majority−logic, Rayleigh

Majority−logic, Nakagami (m=3)

Fig. 1.2 Probability of detection as a function of the average S-channel SNR (γ̄s), considering
various fusion rules (OR, AND, majority logic). Both Rayleigh and Nakagami-m fading scenarios
are considered. In all cases, N=3 CR users, Q f =0.1, and u=5.

jority fusion rules for Rayleigh fading channel are also shown for comparison pur-
poses. In all cases, there are N=3 cooperating CR users, Q f =0.1, and u=5. In the
case of CSS in a Nakagami-m fading channel, for a particular value of the average
SNR (namely, 6 dB), the probability of detection is above 0.82, 0.36 and 0.01 for
the OR, majority logic, and AND fusion rules, respectively. We can say that OR
fusion rule performs better than the AND and the majority logic fusion rules. In the
presence of Rayleigh fading, the CSS with OR fusion rule outperforms the schemes
with the other fusion rules. Furthermore, in all cases of logic fusions we observe
that the performance of CSS in Nakagami-m fading channel is better than the per-
formance in Rayleigh fading channel—this is expected, as the Nakagami-m (with
m = 3) fading is less severe than Rayleigh fading. Therefore, in the presence of such
a Nakagami-m fading, the number of reliable S-channels is higher than the number
in the Rayleigh fading case.
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1.4 Censoring of CR user

As already discussed in Section 1.3, the performance of CSS, considering S-
channels as noisy-faded and R-channels as ideal, has been well studied. How-
ever, in many practical situations R-channels may not be noiseless (ideal) channels.
Though most works on spectrum sensing assume noiseless R-channels [7]-[9], [12]-
[16], [29], the presence of fading in R-channels is likely to affect the decisions sent
by CR users where the FC is far from CR users. If the R-channel connecting a CR
user to the FC is heavily faded, the decision received at the FC is likely to be an
erroneous version of that transmitted by the CR user. In such cases, it is better to
stop transmitting decisions from this CR user and, thus, censoring is expedient in
these scenarios. The CR users whose R-channels are estimated as reliable by the
FC are censored, i.e., they are allowed to transmit. The CR users which are not
participating in improving the detection performance may be stopped, so that sys-
tem complexity can be reduced and the detection performance can be improved.
Therefore, censoring of CR users is necessary to improve the performance of CSS.
The cooperative spectrum sensing network with censoring of CR users is shown in
Fig. 1.3. We assume that both S- and R-channels are modeled as noisy and faded.
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Fig. 1.3 Cooperative spectrum sensing network with censoring: illustrative scenario.

As anticipated in Section 1.1, in this section we study the performance of two
censoring schemes, namely: (i) rank-based censoring and (ii) threshold- based cen-
soring. The FC employs coherent reception to fuse binary local decisions received



12 S. Nallgonda, S. Dhar Roy, S. Kundu, G. Ferrari, and R. Raheli

from censored CR users to obtain a final decision regarding the presence or absence
of PUs. The overall probabilities of missed detection and total error are selected as
the key performance metrics and are evaluated, through simulations, under several
channel and network conditions. In [29], it is shown that the total error probabil-
ity (given as the sum of the probabilities of missed detection and false alarm) is a
decreasing function of number of available CR users in the network when majority-
logic fusion is performed at the FC. One can easily expect that as the number of
available CR users in the network increases, the performance of majority-logic fu-
sion, in terms of total error probability, is better than that with AND-logic (where
the probability of missed detection is a decreasing function of the probability of
false alarm) and OR-logic (where the missed probability of detection is a decreas-
ing function of the probability of false alarm) fusions. This is why, in the current
section, low-complexity majority-logic fusion of the decisions received from the se-
lected CR users is considered. A CR user takes an individual hard binary decision
and, if censored, transmits its decision, using binary phase shift keying (BPSK) as
modulation format, to the FC over the corresponding faded R-channel.

Transmissions between the CR users and the FC are carried out in two phases.
In the first transmission phase, each CR user sends one training symbol to enable
the FC to estimate all fading channel coefficients between FC and N number of CR
users corresponding to N participating CR users. Minimum mean square estimation
(MMSE) of the R-channel coefficients is obtained at the FC using training symbols
sent by the CR users to the FC. The signal from the k-th CR user received at the FC
is:

yk = skhk +nk; k ∈ {1,2, · · ·,N} (1.20)

where Sk is BPSK symbol (
√

Eb, -
√

Eb) indicating H1 and H0, respectively. The
R-channel fading coefficient is denoted as hk and ni ∼ CN(0,σ2

n ) is the sample of
AWGN. The complex Gaussian channel noise samples {nk} and faded R-channel
coefficients {hk} are mutually independent. We assume that the FC estimates the
k-th CR user’s fading coefficient hk according to an MMSE estimation strategy on
the basis of the observable yk as follows [22]-[24]:

ĥk = E [hk|yk] =

√
Eb

Eb +σ2
n

yk. (1.21)

We model the k-th R-channel estimation error (h̃k) as the difference between the
actual and the estimated k-th R-channel coefficients, i.e., h̃k = hk− ĥk, where hk is
the actual k-th R-channel coefficient while ĥk is its estimate. The channel estima-
tion is either perfect (with no estimation error) or imperfect (with estimation error).
Accordingly, two censoring schemes are considered: one is based on perfect chan-
nel estimation (ĥk = hk) while the other is based on imperfect channel estimation
(ĥk = hk− h̃k). After the first phase, K (out of N) CR users, selected on the basis
of rank-based censoring (the selected CR users are associated with the best K esti-
mated channel coefficients) and threshold-based censoring (the selected K CR users
have estimated channel coefficients exceeding the predefined threshold Cth). The
FC informs the selected CR users via one-bit feedback (we assume that feedback
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channels are error-free). In the second transmission phase, the K selected CR users
send their local binary BPSK modulated decisions to the FC over the corresponding
R-channels. The fading coefficients of R-channels are assumed to be fixed over a
symbol transmission time, as the channel is assumed to be slowly faded.

The signal, received from the k-th selected CR user, at the FC is [22]-[24]:

yk,d = mkhk +nk,d ; k ∈ {1,2, · · ·,K} (1.22)

where the channel noise nk,d ∼ CN(0,σ2
n ) and mk ∈ {

√
Eb,−

√
Eb} is the BPSK

modulated binary decisions.
Since the communication channel is noisy and affected by fading, a decision

received by the FC might differ from the one sent by the corresponding CR user.
The decision received from the k-the selected CR user is

uk =

{
1
0

if
if

the
the

received
received

decision
decision

in
in

favor
favor

of
of

H1
H0

(1.23)

where k ∈ {1,2, · · · ,K}. The FC finally makes a global decision according to the
following general majority logic-like fusion rule u0 = Γ (u1, · · · ,uK) [17]:

u0 = Γ (u1, · · ·,uk) =



H1 i f
K
∑

k=1
uk >

K
2

H0 i f
K
∑

k=1
uk <

K
2

H0 or H1 i f
K
∑

k=1
uk =

K
2 .

(1.24)

In other words, if the number of decisions in favor of H1 is larger than the number
of decisions in favor of H0, the FC takes a global decision in favor of H1 and vice
versa. Sometimes, if the number of decisions in favor of H1 is equal to the number
of decisions in favor of H0, then the FC flips a coin and takes a decision in favor of
either H0 or H0.

1.4.1 Rank-based Censoring

According to this censoring scheme, K (out of N) CR users—those with the best
estimated channel coefficients (i.e., the highest ones)—are selected, as already dis-
cussed above section.

1.4.1.1 Rank-based Censoring in Rayleigh Faded Channel

The R-channel coefficient hk (for the k-th selected CR user) is modeled as a zero-
mean complex Gaussian random variable with variance σ2 = 1 (hk ∼ CN(0,σ2)),



14 S. Nallgonda, S. Dhar Roy, S. Kundu, G. Ferrari, and R. Raheli

as in [22], and nk ∼CN(0,σ2
n ). The complex Gaussian channel noise samples {nk}

and Rayleigh faded R-channel coefficients {hk} are mutually independent. For the
k-th Rayleigh faded R-channel, the fading coefficient (hk = αkexp( jθk), where θk ∼
U(−π,π) can be expressed, in terms of hkI and hkQ, as

hk = hkI + jhkQ (1.25)

where hkI = αk cosθk and hkQ = αk cosθk.
The amplitude |hk| is Rayleigh distributed only when hkI ,hkQ ∼CN(0,σ2

n /2) [5].
The estimated k-th R-channel coefficient can be obtained by substituting (1.20) in
(1.21), obtaining:

ĥk =

√
Eb

Eb +σ2
n

(√
Ebhk +nk

)
=

Eb

Eb +σ2
n

hk +

√
Eb

Eb +σ2
n

nk (1.26)

where hk = hkI +hkQ, with hkI ,hkQ ∼N (0,1/2) given by (1.26) (assuming normal-
ized fading power E(α2) = 1), and nk is also complex Gaussian, i.e., nk = nkI +nkQ
where nkI ,nkQ ∼N (0,σ2

n /2). From (1.26), the estimation error coefficient for the
k-th R-channel h̃k = hk− ĥk can be expressed as

h̃k = hk

(
1− Eb

Eb +σ2
n

)
−
√

Eb

Eb +σ2
n

nk

= hk
σ2

n

Eb +σ2
n
−
√

Eb

Eb +σ2
n

nk. (1.27)

As seen from (1.27), the term h̃k is a complex quantity and can also be written in
terms of real and imaginary parts, i.e.,

h̃k = h̃kI + jh̃kQ (1.28)

where

h̃kI =
σ2

n

Eb +σ2
n

hkI−
√

Eb

Eb +σ2
n

nk,I

h̃kQ =
σ2

n

Eb +σ2
n

hkQ−
√

Eb

Eb +σ2
n

nk,Q.

From the theory of Gaussian random variables, it is well known that if Z = aX +bY
where X ∼N (mX ,σ

2
X ) and Y ∼N (mY ,σ

2
Y ) then

Z ∼N (mZ ,σ
2
Z); mZ = amX +bmY ,σ

2
Z = a2

σ
2
X +b2

σ
2
Y . (1.29)

This implies that both h̃kI and h̃kQ that appear in (1.28) can be written in terms of
their means and variances as follows:
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h̃kI ∼ N

(
0,
(

σ2
n

Eb +σ2
n

)2 1
2
+

Eb

(Eb +σ2
n )

2
σ2

n

2

)
(1.30)

h̃kQ ∼ N

(
0,
(

σ2
n

Eb +σ2
n

)2 1
2
+

Eb

(Eb +σ2
n )

2
σ2

n

2

)
. (1.31)

The mean and variance of h̃k are 0 and σ2
h̃,Rayl , respectively, i.e., h̃k∼N (0,σ2

h̃,Rayl) [21]-
[22], where

σ
2
h̃,Rayl = 2

[(
σ2

n

Eb +σ2
n

)2 1
2
+

Eb

(Eb +σ2
n )

2
σ2

n

2

]

=
σ4

n +Ebσ2
n

(Eb +σ2
n )

2 =
σ2

n

Eb +σ2
n

=

(
1+

Eb

σ2
n

)−1

=
1

1+ γ̄R
. (1.32)

The k-th Rayleigh faded R-channel estimation error coefficient can be generated
using the following distribution:

|h̃k|=
√

h̃2
kI + h̃2

kQ; h̃kI ∼N

(
0,

σ2
h̃,Rayl

2

)
, h̃kQ ∼N

(
0,

σ2
h̃,Rayl

2

)
.

(1.33)
The following results are obtained using MATLAB-based simulations for both

perfect and imperfect channel estimation schemes. S-channels and R-channels are
both considered to be Rayleigh faded. The missed detection (Qm) and the total error
(Qm +Q f ) probabilities are evaluated considering the impact of several network
parameters, such as the probability of false alarm (Pf ) in each CR user, the average
R-channel SNR (γ̄R), and the average S-channel SNR (γ̄s).

In Fig. 1.4, the probability of missed detection is shown as a function of K. The
performance of CSS with censoring under both perfect and imperfect channel esti-
mation schemes is evaluated. Two values of S-channel average SNR (15 dB, 20 dB)
and two values of R-channel average SNR (-5 dB, -7 dB) are considered. With both
perfect and imperfect channel estimation, the probability of missed detection re-
duces for increasing values of the number of selected CR users, as well as of the
S- and R-channel SNRs. The probability of incorrect reception from CR users at
the FC reduces with higher R-channel SNR. As expected, for a given value of the
R-channel SNR, Qm is higher with imperfect channel estimation, as channel-based
censoring leads to the selection of a group of CR users which may not be the best
ones due to error in channel estimation. Furthermore, according to (1.32), an in-
crease in the R-channel SNR leads to a decrease in estimation error variance and
this, in turn, reduces the average estimation error. A reduced estimation error leads
to a further reduction of Qm. In particular, in the case of imperfect channel esti-
mation with K= 10, Qm decreases by 25.77% when the R-channel SNR increases
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Fig. 1.4 Performance of CSS network with censoring of CR users under perfect and imperfect
channel estimation for various values of average R-channel SNR (γ̄R) and average S-channel SNR
(γ̄s) in Rayleigh fading (CE stands for channel estimation, N=20, Pf =0.05 and u=5).

from -7 dB to -5 dB. Similarly, in the case of perfect channel estimation, Qm de-
creases by 17.80% for the same values of K and R-channel SNR. Higher values of
the S-channel SNRs improves the detection of the PU at the CR user. For example,
as the S-channel SNR increases from 15 dB to 20 dB, and K=10, Qm decreases by
58.57%, and 49.15% in case of perfect and imperfect channel estimation, respec-
tively. Under perfect channel estimation, by censoring, the FC selects CR users with
best R-channel coefficients which means that decisions sent by selected CR users
to the FC have low probability of getting flipped. As the FC uses a majority-logic
fusion, it achieves a floor in the missed detection performance at a certain number
of CR users, i.e., no further improvement in detection performance is obtained by
increasing the number of CR users beyond this.

In Fig. 1.5, the total error probability is shown as a function of the number of
selected CR users for various values of the probability of false alarm (Pf ), and R-
channel SNR. The number of available CR users is 20 and S-channel SNR is fixed
at 20 dB. As the R-channel SNR increases from -7 dB to -5 dB, the total error
probability reduces for both the cases of perfect channel and imperfect channel es-
timation. Higher R-channel SNR reduces probabilities of incorrect reception from
CR users at the FC. As expected, for a given value of the R-channel SNR, the total
error probability is higher with imperfect channel estimation, as channel-based cen-
soring leads to the selection of a group of CR users which may not be the best ones
due to error in channel estimaton. Furthermore, according to (1.32), an increase in
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Fig. 1.5 Total error probability versus the number of selected CR users (K) under perfect and
imperfect channel estimation for various values of (γ̄R) and Pf in Rayleigh fading (γ̄s=20 dB,
N=20, and u=5).

the R-channel SNR leads to a decrease in the estimation error variance σ2
h̃,Rayl and

this, in turn, reduces the average estimation error. A reduced estimation error leads
to a further reduction of the total error probability as CR users with higher reliabil-
ity in R-channels are selected. In particular, in case of perfect channel estimation,
when the selected number of CR users is 10 and the R-channel SNR increases from
-7 dB to -5 dB, the total error probability reduces by 18.28%. However, in case of
imperfect channel estimation, the total error probability decreases by 26.97% for
the same values of network parameters. Further the impact of Pf is also depicted in
Fig. 1.5. Different Pf corresponds to setting of different threshold levels (λ ) at an
energy detector. In all cases, two values of Pf , namely 0.05 and 0.0005, are consid-
ered. As Pf increases from 0.0005 to 0.05, the total error probability decreases for
both perfect and imperfect channel estimation. This is because as Pf increases from
0.0005 to 0.05 the value of detector threshold is lowered from 31 to 18. Thus num-
ber of decisions of CR users in favor of hypothesis H1 increases. So the total error
probability decreases. For example, in case of imperfect channel estimation, as Pf
increases from 0.0005 to 0.05 with the number of selected CR users is 10, the total
error probability decreases by 3.84%, while in case of perfect channel estimation,
the total error probability decreases by 6.86%.
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1.4.1.2 Rank-based Censoring in Nakagami-m Faded Channel

The Nakagami-m distribution can be obtained from the Gamma distribution [3].
More precisely, if X ∼ gamma(r,s) then the k-th CR users’ Nakagami-m fading
channel coefficient (hk) is obtained by setting r = m, s = Ω/m (Ω is the Nakagami-
m fading power which is normalized to unity, i.e., Ω=1) and considering hk =

√
X .

The estimated k-th Nakagami-m faded R-channel coefficient can be expressed as
ĥk = hk− h̃k and, taking into account the independence between hk and h̃k, it fol-
lows that σ2

ĥ,Naka
= σ2

h,Naka + σ2
h̃,Naka, where σ2

ĥ,Naka
is the estimated variance of

Nakagami-m fading coefficient (ĥk), σ2
h,Naka is the actual variance of hk and σ2

h̃,Naka

is the error variance of h̃k. The analytical expressions for actual, estimated and error
variance of Nakagami-m distribution can be derived using σ2

h,Naka as

σ
2
h,Naka = Ω

1− 1
m

(
Γ (m+ 1

2 )

Γ (m)

)2
 (1.34)

σ
2
ĥ,Naka = Ω̂

1− 1
m

(
Γ (m+ 1

2 )

Γ (m)

)2
 (1.35)

where Ω̂ is the estimated Nakagami-m fading power (which is not equal to 1). It can
be shown that the error variance for Nakagam-m fading channel (σ2

h̃,Naka) is given
as:

σ
2
h̃,Naka =

1

(1+ γ̄R)
2

Ω + γ̄R−
Ω

m

(
Γ (m+ 1

2 )

Γ (m)

)2
 . (1.36)

Setting m=1 and assuming Γ (m+1/2)∼= 1 in (1.36), one derives the expression for
estimated error variance in Rayleigh channel (σ2

h̃,Rayl), which matches with equation
(1.32).

From (1.34), (1.35), and (1.36), it follows that

Ω̂ =

1+
(

1
1+γ̄R

)
− 1

m

(
1+
(

1
1+γ̄R

)2
)(

Γ (m+ 1
2 )

Γ (m)

)2

1− 1
m

(
Γ (m+ 1

2 )

Γ (m)

)2 . (1.37)

The estimated Nakagami-m faded coefficient for the k-th CR user, in the case of

imperfect channel estimation, can be generated using ĥk =
√(

gamma(m,Ω̂/m)
)
.

The following results are obtained using MATLAB-based simulations for both
perfect and imperfect channel estimation schemes. The performance of CSS has
been evaluated in Nakagami-m faded environment. S-channel and R-channel fading
are considered to be same, i.e., Nakagami-m fading in S-channel and Nakagami-m
fading in R-channel with same Nakagami parameter. The missed detection probabil-
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ity (Qm) is evaluated by varying the Nakagami fading parameter m and the average
R-channel SNR γ̄R.

In Fig. 1.6, the missed detection probability is analyzed as a function of the num-
ber of selected sensors. The impact of the Nakagami fading parameter (m) and of

1 5 10 15 20 25 30

10
−2

10
−1

10
0

Number of selected CRs (K)

M
is

se
d 

de
te

ct
io

n 
pr

ob
ab

ili
ty

 

 
R−ch SNR= −7dB, m=3, Perfect CE,

R−ch SNR= −7dB, m=3, Imperfect CE

R−ch SNR= −5dB, m=3, Perfect CE

R−ch SNR= −5dB, m=3, Imperfect CE
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Fig. 1.6 Performance of CSS with censoring of CR users under perfect and imperfect channel
estimation for various values of average R-channel SNRs (γ̄R) in Nakagami-m faded environment,
impact of fading parameter (m) on imperfect channel estimation is also depicted (γ̄s=20 dB, N=30,
Pf =0.05 and u=5).

the average R-channel SNR, with both perfect and imperfect channel estimation, is
analyzed. Two values of R-channel SNR (-5 dB and -7dB) and three different val-
ues of m (1, 2 and 3) are considered for this figure. The performance with m = 1
corresponds to that of Rayleigh fading as in Fig. 1.4. For increasing values of K, of
the R-channel SNR, and of the parameter m, the missed detection probability (Qm)
decreases at the FC significantly, for both perfect and imperfect channel estimation.
When the R-channel SNRs increase, the noise effect reduces in the R-channel so that
the FC receives a larger number of correct decisions and this leads to a reduction
in the missed detection probability. Higher values of the R-channel SNR reduces
the probability of incorrect reception from CR users at the FC. As seen earlier in
Fig. 1.4, for a given value of the R-channel SNR, the missed detection probability is
higher with imperfect channel estimation than with perfect channel estimation. Fur-
thermore, according to (1.36), an increase in the R-channel SNR leads to a decrease
in the estimation error variance σ2

h̃,Naka and this, in turn, reduces the average esti-
mation error. A reduced estimation error leads to a further reduction of the missed



20 S. Nallgonda, S. Dhar Roy, S. Kundu, G. Ferrari, and R. Raheli

detection probability. When fading parameter increases from 1 to 3, the fading sever-
ity in the channel decreases so that the FC receives more correct decisions which
lead to further reduction in missed detection probability.

1.4.2 Threshold-based Censoring

In this censoring scheme, a CR user (say the k-th) is selected for transmission if the
amplitude of the corresponding estimated R-channel fading coefficient ĥk is above
Cth. This approach involves two transmission phases: in the first phase, the FC es-
timates the R-channel corresponding to each CR user; in the second phase, the FC
censors a CR user if the corresponding estimated channel coefficient exceeds a cho-
sen threshold.

1.4.2.1 Threshold based Censoring in Rayleigh Faded Channel

If the amplitude of the estimated R-channel fading coefficient is a Rayleigh dis-
tributed random variable with parameter σ . The probability of selecting a CR user
is [24]-[25]:

p = Pr
(
|ĥk|>Cth

)
= exp

(
−

C2
th

2σ2

)
. (1.38)

The probability of selecting K CR users from N available CR users can then be
expressed as follows [24]-[25]:

P(K) =

(
N
K

)
pk(1− p)N−K (1.39)

where p is the probability of selecting a CR user which is obtained from equations
(1.38).

Let Pm(error|K) indicate the conditional missed detection probability when de-
cisions from K CR users are fused. Given P(K), the probability of selecting K CR
users in (1.39), the average probabilities of missed and false detection can be ex-
pressed as follows [24]-[25]:

Q̄m = P(missed detection) =
N

∑
K=0

Pm(error|K)P(K) (1.40)

Q̄ f = P(false detection) =
N

∑
K=0

Pf (error|K)P(K). (1.41)

Therefore, the average total error probability (an error occurs either with a missed
detection or a false detection) can be expressed as follows:

Q̄ = Q̄m + Q̄ f . (1.42)
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The average missed detection probability (Q̄m) and the average false alarm proba-
bility (Q̄ f ) are functions of the chosen censoring threshold Cth, as the PMF {P(K)}
of the number of censored CR users depends on Cth.

The following results are obtained, as in the previous sections, using MATLAB-
based simulations. The performance of CSS for both perfect and imperfect channel
estimation cases been evaluated in Rayleigh faded environments considering the
impact of various network parameters, such as the censoring threshold (Cth), the
number of available CR users (N), and the average R-channel SNRs (γ̄R).

In Fig. 1.7, the binomially distributed PMF of the number of selected CR users
is shown, for various values of the censoring threshold Cth, under both cases of per-
fect and imperfect channel estimation schemes in Rayleigh faded channel. It can
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Fig. 1.7 PMF of the number of censored CR users for different censoring thresholds (Cth) under
both perfect and imperfect channel estimation in Rayleigh faded channel.

be observed that for small values of the censoring threshold a larger number of CR
users are likely to be selected, while the PMF tends to concentrate on small values
for higher values of the censoring threshold for both the channel estimation (CE)
cases. For example, for a censoring threshold of 0.8, it is seen that K= 16 CR users
have highest probability (0.13) of being selected under perfect channel estimation
scheme. Similarly, in case of imperfect channel estimation scheme it is found that
K=21 CR users have highest probability (0.16) of being selected for the same value
of Cth. It can also be observed that as the censoring threshold increases, the PMF
moves towards the origin for both channel estimation schemes. This is due to the
fact that increasing the censoring threshold decreases the number of selected CR
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users. The obtained results show that the PMF of the number of selected CR users
under imperfect channel estimation shifts to the right side of the PMF of the num-
ber of selected CR users under perfect channel estimation for a particular value of
censoring threshold. According to equation (1.32), in the case of imperfect channel
estimation, depending on the estimation error a larger number of CR users can be
selected, for a fixed value of R-channel SNR, with respect to the case with perfect
channel estimation. The binomially distributed PMF of the number of selected CR
users, as obtained through simulations, matches exactly with result obtained based
on the analytical expression given in equation (1.38) and equation (1.39).
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Fig. 1.8 Average missed detection probability as a function of Cth for various values of N and γ̄R
under perfect and imperfect channel estimation in Rayleigh fading channel (γ̄s =20 dB, Pf =0.05,
and u=5).

Fig. 1.8 shows the impact of censoring threshold on the average missed detection
probability, under perfect and imperfect channel estimation. Two different values
of the average R-channel SNR (-5 dB and -7 dB) and two values of the available
number of CR users (i.e. N=10 and 30) are considered. It can be seen from the
figure that as the censoring threshold increases, the average missed detection prob-
ability attains a minimum value in corespondence to an “optimal” censoring thresh-
old, beyond which it increases and finally saturates to 0.5. The optimum censoring
threshold is found to be different for the cases with perfect and imperfect channel
estimation strategies and it depends on the number N of CR users and on the aver-
age R-channel SNR. For example, in the case of perfect channel estimation, as seen
from the figure that an optimum censoring threshold is found to exist near 0.5 for
N=10 and average R-channel SNR=-7 dB. Similarly, in case of imperfect channel



1 Cooperative Spectrum Sensing with Censoring of Cognitive Radios.... 23

estimation as seen from the figure an optimum censoring threshold is found to exist
near 0.4 for N=10 and average R-channel SNR=-7 dB. This behavior of the average
missed detection probability is due to the changing PMF of the number of censored
CR users for various values of the censoring threshold. For very small values of
the threshold, even unreliable links tend to be selected, and the average probability
of missed detection is rather high. On the other hand, as the censoring threshold is
increased to a very high level, no CR user is selected to transmit, i.e. P(0) = 1, and
the FC takes a decision by flipping a fair coin resulting in an average missed de-
tection probability of 0.5. Therefore, there exists an optimal value of the censoring
threshold, in correspondence to which the average probability of missed detection
is minimized. Further, as expected, it can be seen that a larger number of CR users,
as well as a higher average R-channel SNR, leads to a reduced average missed de-
tection probability in correspondence to the optimized censoring threshold.
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Fig. 1.9 Average total error probability as a function of Cth for various values of N and γ̄R under
perfect and imperfect channel estimation in Rayleigh fading channel (γ̄s=20 dB, Pf =0.05, and u=5).

Fig. 1.9 shows the impact of censoring threshold on the average total error prob-
ability (sum of average missed detection and average false alarm probabilities) un-
der perfect and imperfect channel estimation. As censoring threshold increases, the
average total error probability attains a minimum value at an ‘optimal’ censoring
threshold level and thereafter increases with further increase in censoring threshold
to finally attain a value of 1.0 (average missed detection probability reaches a value
of 0.5 and average false alarm probability reaches a value of 0.5). There exists an
optimal value of the censoring threshold, in correspondence to which the average
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total error probability is minimized. It can be seen that a high value of R-channel
SNR as well as higher number of CR users leads to a reduced average total error
probability in correspondence to the optimized Cth for both perfect and imperfect
channel estimation cases. The optimum censoring threshold is found to be different
for perfect and imperfect cases. For example, in perfect channel estimation case,
the optimum censoring threshold is found to exist near 0.3 for N=30 and average
R-channel SNR of 5 dB. Similarly, in imperfect channel estimation case, the opti-
mum censoring threshold is found to exist near 0.4 for N=30 for the same value of
R-channel SNR.

1.4.2.2 Threshold-based Censoring in Nakagami-m Faded Channel

If the amplitude of estimated R-channel fading coefficient is a Nakagami-m-distributed
random variable, the probability of selecting a CR user can be expressed as follows:

p = Pr
(
|ĥk|>Cth

)
= 1−

γ
(
m, m

Ω
C2

th
)

Γ (m)
(1.43)

where γ(s,x) =
∫ x

0 ts−1 e−t dt is the lower incomplete gamma function. The perfor-
mance in Nakagami-m faded R-channels can be evaluated by substituting the ex-
pression of p given by (1.43) into (1.39), (1.40), (1.41), and (1.42). More details are
presented in the following.

As before, the following results are obtained using MATLAB-based simulations.
The performance of CSS has been evaluated for both perfect and imperfect channel
estimation schemes in Nakagami-m faded environments for various network param-
eters, such as the Nakagami fading parameter, the censoring threshold (Cth), the
number of available CR users (N), and the average R-channel SNRs (γ̄R).

In Fig. 1.10, the binomially-distributed PMF of the number of selected CR users
is shown for various values of the censoring threshold Cth. The impact of the Nak-
agami fading parameter m on the PMF is investigated. It can be observed that for
small values of the censoring threshold, larger numbers of CR users are likely to be
censored, while the PMF tends to concentrate on small values for higher values of
the censoring threshold as observed in case of Rayleigh fading case in Fig. 1.7. It
is also observed that when m increases, larger numbers of CR users are likely to be
censored. The binomially distributed PMF of the number of selected CR users as ob-
tained based on our simulation testbed matches exactly with result obtained based
on the analytical expression given in equations (1.39) and (1.43), which validates
our simulation testbed. The binomially distributed PMF of the number of selected
CR users as obtained for m=1 matches exactly with result obtained for Rayleigh
(Fig. 1.7) under perfect channel estimation.

Fig. 1.11 shows the effects of Nakagami fading parameter, number of available
CR users in the network, and R-channel SNR on the average missed detection prob-
ability under both perfect and imperfect channel estimations. We observe that for a
fixed value of Cth when fading parameter as well as R-channel SNR increase, the
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Fig. 1.10 PMF of the number of censored CR users for different censoring thresholds (Cth) under
perfect channel estimation in Nakagami-m faded channel.

average probability of missed detection decreases for both perfect channel estima-
tion and imperfect channel estimation. When R-channel SNR increases, the effect
of noise reduces in the channel so that the FC receives more correct decisions which
leads to reduction in average missed detection probability. As expected, for a given
value of the R-channel SNR, the total error probability is higher with imperfect
channel estimation. Furthermore, according to (1.36), an increase in the R-channel
SNR leads to a decrease in the estimation error variance σ2

h̃,Naka and this, in turn,
reduces the average estimation error. A reduced estimation error leads to a further
reduction of the average missed detection probability. When fading parameter in-
creases from 1 to 3, the fading severity in the R-channel as well as in S-channel
decreases so that the FC receives more correct decisions which leads to reduction in
average missed detection probability. We observe that the results obtained for fad-
ing parameter m=1 match exactly with the results obtained for Rayleigh fading as
shown in Fig. 1.8. As in the case of Rayleigh faded channel, an optimal censoring
threshold exists in present Nakagami-m fading case also, which minimizes the av-
erage probability of missed detection. Further this optimum threshold also depends
on the number of CR users, fading parameter (m), average R-channel SNR, and
channel estimation schemes i.e., perfect and imperfect estimation.

In Fig. 1.12, the impact of censoring threshold, number of available CR users
and R-channel SNR on the average total error probability (sum of average missed
detection and average false alarm probabilities) is shown for Nakagami-m fading.
The performance comparison between perfect and imperfect channel estimation is
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Fig. 1.11 Average missed detection probability as a function of Cth for various values of N, m
and γ̄R under perfect and imperfect channel estimation in case of Nakagami-m fading (γ̄s=20 dB,
Pf =0.05, and u=5).

evaluated. It is seen from the figure that as Cth increases, the average total error prob-
ability attains a minimum value at an optimal Cth level and thereafter increases with
further increase in Cth to finally attain a value of 1.0 (both average missed detection
probability and average false alarm probability reach a value of each 0.5). The op-
timal value of Cth, in correspondence to minimum average total error probability is
found to depend on channel and network parameters.

1.5 Conclusions

In this chapter, the performance of cooperative spectrum sensing (CSS) using energy
detection with and without censoring in Rayleigh and Nakagami-m faded channels
has been investigated. The performance of a few hard decision fusion rules (OR-
logic, AND-logic, and majority-logic) has been analyzed in a comparative way,
considering meaningful performance metrics and evaluating the impact of several
system parameters. Our results show that the CSS using energy detection and no
censoring achieves highest probability of detection with OR-logic fusion, with re-
spect to majority-logic and AND-logic fusions, under the same average SNR con-
ditions in both Rayleigh and Nakagami-m fading channels. We have also investi-
gated the performance of CSS with CR users censored on the basis of the quality
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Fig. 1.12 Average missed detection probability as a function of Cth for various values of N, and
γ̄R under perfect and imperfect channel estimation in case of Nakagami-m fading (γ̄s=20 dB, m=3,
Pf =0.05, and u=5).

of the R-channels, considering both Rayleigh and Nakagami-m faded channels. The
performance with perfect and imperfect channel estimation has been analyzed, in
a comparative way, under majority-logic fusion. Our results show that missed de-
tection and total error probabilities reduce for increasing values of the number of
selected CR users, regarless of the channel estimation quality (perfect or imperfect).
However, in the presence of perfect channel estimation no further improvement, in
terms of missed detection and total error probabilities, is obtained by increasing the
number of CR users beyond a given limit. The Nakagami-m fading parameter and
the R-/S-channel SNRs have a significant impact on the missed detection probabil-
ity. With Rayleigh fading and majority-logic fusion, as the false alarm probability
at each CR user increases, the total error decreases for both perfect and imperfect
channel estimation. The censoring threshold for the selection of CR users has a
significant impact on the average missed detection probability. Depending on the
configuration of relevant network parameters, such as the available number of CR
users and the average R-channel SNRs, there exists an optimal censoring threshold,
which corresponds to the minimum average missed detection and total error proba-
bilities, for both perfect and imperfect channel estimation. The framework presented
in this paper is useful in designing a cooperative spectrum sensing scheme able to
prolong, by minimizing the number of “useless” transmission acts, the lifetime of
an energy-constrained cognitive radio network.
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