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Abstract— In this paper, we investigate the performance of
energy detection-based spectrum sensing over F composite
fading channels. To this end, an analytical expression for
the average detection probability is first derived. This expres-
sion is then extended to account for collaborative spectrum
sensing, square-law selection diversity reception, and noise
power uncertainty. The corresponding receiver operating char-
acteristics (ROC) are analyzed for different conditions of the
average signal-to-noise ratio (SNR), noise power uncertainty,
time-bandwidth product, multipath fading, shadowing, number
of diversity branches, and number of collaborating users. It is
shown that the energy detection performance is sensitive to the
severity of the multipath fading and the amount of shadowing,
whereby even small variations in either of these physical phe-
nomena can significantly impact the detection probability. As a
figure of merit to evaluate the detection performance, the area
under the ROC curve (AUC) is derived and evaluated for dif-
ferent multipath fading and shadowing conditions. Closed-form
expressions for the differential entropy and cross entropy are also
formulated and assessed for different average SNR, multipath
fading, and shadowing conditions. Then, the relationship between
the differential entropy of F composite fading channels and
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the corresponding ROC/AUC is examined where it is shown
that the average number of bits required for encoding a signal
becomes small (i.e., low differential entropy) when the detection
probability is high or when the AUC is large. The difference
between composite fading and traditional small-scale fading is
emphasized by comparing the cross entropy for Rayleigh and
Nakagami-m fading. A validation of the analytical results is
provided through a careful comparison with the results of some
simulations.

Index Terms— Area under curve, diversity reception, energy
detection, entropy, F composite fading channel, noise power
uncertainty, receiver operating characteristics.

I. INTRODUCTION

THE detection of unknown signals is an important issue in
many areas of wireless communications such as carrier-

sense multiple access based networks, radio detection and
ranging (RADAR) systems and cognitive radio systems [1].
Also, it is expected to be useful in numerous emerging wireless
technologies, such as in vehicle-to-vehicle communications,
as well as in Internet-of-Things (IoT) based applications,
where numerous devices are expected to perform sensing in
order to communicate with each-other, or with other systems
or networks [2]–[4]. As a result, there have been a number
of signal detection techniques proposed in the literature,
e.g., matched filter detection (MFD), cyclostationary feature
detection (CFD) and energy detection (ED) [5]–[8]. Compared
to the MFD and CFD techniques, ED is quite attractive as it
does not require a priori knowledge of the primary signal,
i.e., it is a non-coherent detection method. Thus, ED simply
measures the received signal energy level over an observation
interval and compares it with a pre-determined threshold to
determine the presence or absence of the primary signal.
Due to its ease of implementation, ED has understandably
gained much attention and has been widely used [8]–[10].
In particular for cognitive radio, ED is commonly used as
a spectrum sensing mechanism in order for the secondary
users (SUs) to determine whether a primary user (PU) is
present or absent in a given frequency band.

Since the effectiveness of ED-based spectrum sens-
ing is greatly impacted by the fading conditions experi-
enced within the operating environment, its performance
has been investigated for a number of commonly encoun-
tered fading channels [11]–[16]. For example, the behav-
ior of ED-based spectrum sensing over traditional fading
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channels, such as Rayleigh [11], [12], Rician [11], [12] and
Nakagami-m [11]–[15], has been studied in terms of the
false alarm probability (Pf ) and detection probability (Pd)
or equivalently missed-detection probability (Pm = 1 − Pd).
While all of the aforementioned studies have provided impor-
tant contributions to the understanding of the performance
of ED-based spectrum sensing over fading channels, they
are restricted to multipath fading channels only. However,
in practice, the wireless signal may not only undergo multipath
fading but also simultaneous shadowing.

To take into account concurrent multipath fading and
shadowing, several composite fading models have been pro-
posed for conventional and emerging communications chan-
nels. Accordingly, the performance of ED-based spectrum
sensing has also been evaluated over these composite fading
channels [1], [17]–[21]. For example, in [17]–[19], the detec-
tion performance was investigated within the context of
lognormal-based composite fading channels. However, due to
the intractability of the lognormal distribution, the Rayleigh /
lognormal [18] and Nakagami-m / lognormal [19] composite
fading models were approximated using the semi-analytic
mixture gamma (MG) distribution. Moreover, a comprehensive
performance analysis of ED-based spectrum sensing over
generalized K (KG) composite fading channels [1] and
gamma-shadowed Rician fading channels [20] has been con-
ducted for both single-branch and diversity reception cases.
More recently, the performance of ED-based spectrum sensing
over κ-μ, η-μ and α-μ fading channels and their respective
generalized composite fading channels, namely κ-μ / gamma,
η-μ / gamma and α-μ / gamma, has been studied in [16]
and [21], respectively. In the latter, again due to the inherent
mathematical complexity of the formulations, an MG distri-
bution was employed to approximate semi-analytically these
three composite fading models.

More recently, Yoo et al. [22] have proposed the use of
the Fisher-Snedecor F distribution to model composite fading
channels in which the root mean square (rms) power of a
Nakagami-m signal is assumed to be subject to variations
induced by an inverse Nakagami-m random variable (RV).
In [22], it was demonstrated that in most cases the F compos-
ite fading model provides a better fit to real-world composite
fading channels compared to the KG composite fading model.
Most importantly, when comparing the analytical forms of the
key statistical metrics and performance measures, the F com-
posite fading model shows significantly less complexity than
the KG composite fading model. Motivated by these observa-
tions, in this paper, we analyze the performance of ED-based
spectrum sensing over F composite fading channels.1

1During the revision process associated with this manuscript, the authors
became aware of an another simultaneous and independent work which has
partially studied ED-based spectrum sensing over F composite fading chan-
nels, addressing a subset of the present contribution [23]. It is worth highlight-
ing that in the present manuscript, different to the work performed in [23],
we introduce a slight modification to the underlying inverse Nakagami-m
PDF used to formulate the PDF of the F composite fading model. This
approach ensures stability across the ensuing performance analysis whereas
the expressions proposed in [23] require constrained consideration of the SNR
PDF of the F composite fading model to achieve the same.

Based on the fact that the entropy of the received sig-
nal depends on whether the primary signal is present or
absent [24], we also evaluate the differential entropy and
cross entropy over F composite fading channels. In particular,
differential entropy constitutes a core part of information
theory as varying the involved parameters, i.e., multipath
fading, shadowing and average signal-to-noise ratio (SNR),
is useful for studying the corresponding impact on the infor-
mation content. To help with the understanding of the rela-
tionship between energy detection and differential entropy,
in this paper, the evaluation of differential entropy is carried
out in parallel with the quantification of these effects on
the detectability of unknown signals in cognitive radio and
RADAR systems. This relationship provides important insights
on how the energy detection of these signals and their respec-
tive information content are simultaneously affected by the
incurred composite fading conditions. In addition, the differ-
ential entropy is considered a useful criterion when comparing
the ROC and AUC measures as interesting insights can be
developed on their behavior and sensitivity on how the differ-
ential entropy varies for specific values of ROC and AUC. The
main contributions of this paper are summarized as follows:

1) We derive a computationally tractable analytic expres-
sion for the average detection probability (P̄d) for
ED-based spectrum sensing over F composite fading
channels.

2) We then extend this to the cases of collaborative spec-
trum sensing and square-law selection (SLS) diversity
to improve the detection performance.

3) We analyze the performance of ED-based spectrum
sensing over F composite fading channels using the
receiver operating characteristic (ROC) curves. Compre-
hensive numerical results provide useful insights into the
performance of ED over F composite fading channels
for different average SNR levels, time-bandwidth prod-
uct, multipath fading conditions, shadowing conditions,
number of diversity branches and number of collabo-
rative users. Furthermore, we investigate the effect of
noise power uncertainty on the detection performance.
All of these results will be useful in the design of
energy-efficient cognitive radio systems for emerging
wireless applications.

4) We derive a closed-form expression for the area under
the ROC curve (AUC) and evaluate this for different
multipath fading and shadowing conditions.

5) We derive closed-form expressions for the differential
entropy and cross entropy over F composite fading
channels.

6) The behavior of the differential entropy and cross
entropy is then evaluated for different conditions of
the average SNR levels, multipath fading and shadow-
ing conditions. Most importantly, we provide important
insights into the relationship between the differential
entropy and energy detection performance, i.e., how
different fading conditions affect the sensing of the sig-
nal energy and its information content. Useful insights
are also provided when comparing the ROC and AUC
measures as a function of the differential entropy.
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The remainder of the paper is organized as follows.
In Section II, we briefly review the principle of ED and the
statistical characteristics of the F composite fading model.
In Section III, we present analytical expressions for the P̄d

over F composite fading channels for the cases of single
user spectrum sensing, collaborative spectrum sensing, SLS
diversity reception and noise power uncertainty. Subsequently,
a closed-form expression for the corresponding AUC is pre-
sented in Section IV. In Section V, we also provide exact
closed-form expressions for the differential entropy and cross
entropy over F composite fading channels. Section VI pro-
vides some numerical and simulation results while Section VII
presents some concluding remarks.

II. ENERGY DETECTION AND THE F
COMPOSITE FADING MODEL

A. Energy Detection
The received signal r(t) at the output of an ED circuit can

be described as [11]

r(t) =

{
n(t), H0

h(t)s(t) + n(t), H1

(1)

where s and n denote the transmitted signal and noise2

respectively, h represents the complex channel gain and t is
the time index. The hypothesis H0 and H1 signify the absence
of the signal and the presence of the signal, respectively.
As shown in Fig. 1, a typical ED set-up consists of a noise pre
filter (NPF), squaring device, integrator and threshold unit. The
received signal is first filtered by an ideal bandpass filter within
a pre-determined bandwidth (W ) and then the output of the
filter is squared and integrated over an observation interval (T )
to produce the test statistic (Y ). The corresponding test statistic
is compared with a pre-determined threshold (λ).

The test statistic Y can be modeled as a central chi-square
RV where the number of degrees of freedom is equal to twice
the time-bandwidth product (u = TW ), i.e., 2u degrees of
freedom, under hypothesis H0 [11]. On the other hand, under
hypothesis H1, it is modeled as a non-central chi-square RV
with 2u degrees of freedom and non-centrality parameter 2γ,
where γ = |h|2Es/N0 is the SNR with Es and N0 denoting
the signal energy and single-sided noise power spectral density,
respectively. As a result, the corresponding probability density
function (PDF) of the test statistic Y can be expressed as [11]

fY (y) =

⎧⎪⎪⎨
⎪⎪⎩

yu−1

2uΓ (u)
exp

(
−y

2

)
, H0

1
2

(
y

2γ

)u−1
2

exp
(
−2γ + y

2

)
Iu−1

(√
2γy

)
, H1

(2)

where Γ[·] denotes the gamma function [25, eq. (8.310.1)]
and Iv(·) represents the modified Bessel function of the first
kind and order v [26, eq. (9.6.20)]. Based on the test statistic
above, the Pf and Pd of ED over AWGN channels are given
by [11]

Pf = Pr (Y > λ|H0) =
Γ (u, λ/2)

Γ (u)
(3)

2For the purposes of modelling, the noise is assumed to be additive white
Gaussian noise (AWGN).

Fig. 1. System model of energy detection [8].

and

Pd = Pr (Y > λ|H1) = Qu

(√
2γ,

√
λ
)

(4)

where Γ(·, ·) and Qu(·, ·) represent the upper incomplete
gamma function [25, eq. (8.350.2)] and the generalized Mar-
cum Q-function [27, eq. (1)], respectively.

B. The F Composite Fading Model

Similar to the physical signal model proposed for the
Nakagami-m fading channel, the received signal in an F
composite fading channel is composed of separable clusters
of multipath, in which the scattered waves have similar delay
times, with the delay spreads of different clusters being
relatively large. However, in contrast to the Nakagami-m
signal, in an F composite fading channel, the rms power
of the received signal is subject to random variation induced
by shadowing. Following this description, the received signal
envelope, R, can be expressed as

R2 =
m∑

n=1

A2I2
n +A2Q2

n (5)

where m represents the number of clusters; In and Qn are
independent Gaussian RVs with E[In] = E[Qn] = 0 and
E[I2

n] = E[Q2
n] = σ2, with E[·] denoting the statistical expec-

tation. Here, In and Qn denote the in-phase and quadrature
phase components of the cluster n, respectively. In (5), A is
a normalized inverse Nakagami-m RV where ms is the shape
parameter and E[A2] = 1, such that

fA(α) =
2 (ms − 1)ms

Γ (ms)α2ms+1
exp

(
−ms − 1

α2

)
. (6)

Using the same approach as [22], we can obtain the corre-
sponding PDF of the received signal envelope, R, in an F
fading channel as follows

fR(r) =
2mm(ms − 1)ms Ωmsr2m−1

B (m,ms) [mr2 + (ms − 1)Ω]m+ms
, ms > 1

(7)

where B(·, ·) denotes the beta function [25, eq. (8.384.1)].
It is worth highlighting that in this paper, we have slightly
modified the underlying inverse Nakagami-m PDF from that
used in [22] and subsequently the PDF for the F composite
fading model.3 The form of the PDF in (7) is functionally

3While the PDF given in [22] is completely valid for physical channel
characterization, unfortunately we have not been able to determine the
parameter range over which the entropy and energy detection performance
are computable. On the other hand, the redefined PDF for the F composite
fading model given in (7) is well consolidated.
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equivalent to the F distribution.4 In terms of its physical
interpretations, m denotes the fading severity whereas ms

controls the amount of shadowing of the rms signal power.
Moreover, Ω = E[r2] represents the mean power. As ms → 1,
the scattered signal component undergoes heavy shadowing
conditions. In contrast, as ms → ∞, there exists no shadowing
in the channel and therefore it corresponds to a Nakagami-m
fading channel. Furthermore, as m→ ∞ and ms → ∞, the F
composite fading model becomes increasingly deterministic,
i.e., an AWGN channel.

The corresponding PDF of the instantaneous SNR, γ, in an
F composite fading channel can be straightforwardly obtained
using the transformation of variable γ = γ̄r2/Ω, such that

fγ(γ) =
mm(ms − 1)ms γ̄msγm−1

B (m,ms) [mγ + (ms − 1)γ̄]m+ms
(8)

where γ̄ = E[γ] is the average SNR.

III. ENERGY DETECTION OVER F
COMPOSITE FADING CHANNELS

A. Single User Spectrum Sensing

When the signal undergoes fading, the average false alarm
probability of ED-based spectrum sensing does not change
as Pf is independent of the SNR fading statistics, while the
P̄d of ED can be obtained by averaging over the corresponding
SNR fading statistics as follows

P̄d =
∫ ∞

0

Pdfγ (γ)dγ. (9)

To this end, the P̄d of ED-based spectrum sensing over F
composite fading channels can be obtained by substituting (4)
and (8) into (9), such that

P̄d =
∫ ∞

0

Qu

(√
2γ,

√
λ
)

× mm(ms − 1)ms γ̄msγm−1

B (m,ms) [mγ + (ms − 1)γ̄]m+ms
dγ. (10)

Recognizing that the generalized Marcum Q-function in (10)
can be equivalently expressed as [28, eq. (29)], namely

Qu

(√
2γ,

√
λ
)

= exp (−γ)
∞∑

n=0

γnΓ (n+ u, λ/2)
Γ (n+ 1)Γ (n+ u)

(11)

then substituting (11) into (10), the P̄d of ED-based spectrum
sensing over F composite fading channels can be equivalently
rewritten as

P̄d =
mm(ms − 1)ms γ̄ms

B (m,ms)

∞∑
n=0

Γ (n+ u, λ/2)
Γ (n+ 1)Γ (n+ u)

×
∫ ∞

0

γn+m−1 exp (−γ)
[mγ + (ms − 1)γ̄]m+ms

dγ. (12)

4Letting r2 = x, m = d1/2, ms = d2/2, Ω = d2/(d2 − 2) and
performing the required transformation yields the F distribution, fX(x), with
parameters d1 and d2.

With the aid of [25, eq. (3.383.5)] and making use of the gen-
eralized Laguerre polynomials [29, eq. (07.03.02.0001.01)],5

then P̄d can be expressed as (13), at the bottom of the next
page. In (13), 1F1 (·; ·; ·) represents the Kummer confluent
hypergeometric function [25, eq. (9.210.1)]. It is worth noting
that [25, eq. (3.383.5)] is only valid when m + ms is not a
positive integer number, i.e., m+ms �= N. Nonetheless, this
potential singularity can be straightforwardly circumvented by
introducing an infinitely small perturbation term that can be
added to m + ms, if required. Furthermore, with the aid of
[29, eq. (07.20.16.0006.01)], (13) can be rewritten as (14)
which is shown at the bottom of the next page, where
U (·; ·; ·) denotes the confluent hypergeometric function of the
second kind.

It is noted that the infinite series representation in (14) is
convergent and only a few terms are required in practice for its
truncation. However, in the analysis of digital communications
over fading channels, it is essential to determine the exact
number of truncation terms to guarantee target performance
or quality of service requirements. Based on this, we derive
an upper bound for the truncation error of (14), which can be
computed straightforwardly because it is expressed in closed-
form in terms of known functions commonly included in
commercial software packages. Based on this, the truncation
error, T , for the infinite series in (14) if it is truncated after
T0 − 1 terms, is given as

T =
∞∑

n=T0

Γ (n+ u, λ/2)Γ (n+m)
Γ (n+ 1)Γ (n+ u)

×U

(
m+ms;ms − n+ 1;

(ms − 1)γ̄
m

)
. (15)

Since the confluent hypergeometric function of the second
kind is monotonically decreasing with respect to n, T can
be bounded as

T ≤ U

(
m+ms; ms − T0 + 1;

(ms − 1)γ̄
m

)

×
∞∑

n=T0

Γ (n+ u, λ/2)Γ (n+m)
Γ (n+ 1)Γ (n+ u)

. (16)

With the aid of the monotonicity properties of the upper
incomplete gamma function, Γ(a, x) < Γ(a, 0) = Γ(a),
the above expression can be upper bounded as follows

T <U
(
m+ms;ms − T0 + 1;

(ms − 1)γ̄
m

) ∞∑
n=T0

Γ (n+m)
Γ (n+ 1)

.

(17)

Since we add up strictly positive terms, the summation above

can be rewritten as
∞∑

n=T0

Γ(n+m)
Γ(n+1) ≤

∞∑
n=0

Γ(n+m)
Γ(n+1) . To this

effect and by also recalling the Pochhammer symbol identities,

5Although the main title of [29] is Wolfram Research, the page title
depends on the id specified along with the reference. In the case of [29,
eq. (07.03.02.0001.01)], (07.03.02.0001.01) indicates the id. Conseqeuntly,
http://functions.wolfram.com/07.03.02.0001.01 indicates that the title of the
page is LaguerreL (Generalized Laguerre function).
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it follows that

T <U
(
m+ms;ms − T0 + 1;

(ms − 1)γ̄
m

) ∞∑
n=0

(m)nΓ(m)
n!

.

(18)

It is evident that the above infinite series representations can
be expressed in closed-form as

T <U
(
m+ms;ms − T0 + 1;

(ms − 1)γ̄
m

)
Γ(m)1F0(m; ; 1)

(19)

where 1F0(·; ·; ·) is the generalized hypergeometric function.

B. Collaborative Spectrum Sensing
The detection performance of ED-based spectrum sensing

can be significantly improved using collaborative spectrum
sensing [30], [31] which exploits the spatial diversity among
SUs (i.e., sharing their sensing information). For simplicity,
we assume that all N collaborative SUs experience indepen-
dent and identically distributed (i.i.d.) fading and employ the
same decision rule (i.e., the same threshold). For the OR-rule
or equivalently 1-out-of-n rule, the final decision is made
when at least one SU shares a local decision. In this case,
the collaborative detection probability (POR

d ) and false alarm
probability (POR

f ) under AWGN can be written as follows

POR
d = 1 − (1 − Pd)

N (20)

and

POR
f = 1 − (1 − Pf )N

. (21)

On the other hand, for the AND-rule, the final decision is
made when all SUs share their local decision. In this case,
the PAND

d and PAND
f under AWGN can be written as follows

PAND
d = Pd

N (22)

and
PAND

f = Pf
N . (23)

Based on this, the average detection probability of an ED
system operating over F composite fading channels with N
collaborative SUs can be obtained by substituting (14) into
(20) and (22) for the OR- and AND-rule respectively, yielding
the following analytical representations given in (24) and (25),
which are shown at the top of next page.

C. Square-Law Selection Diversity Reception
Using diversity reception techniques is one of the most well-

known methods which can be used to mitigate the deleterious
effects of fading in wireless communication systems. Among
other competing schemes, SLS diversity reception is efficient
and highly regarded due to its simplicity. As shown in Fig. 2,
in an SLS scheme, the energy detection process is performed

Fig. 2. System model of energy detection for an L-branch SLS diversity
scheme [32].

before combining. Consequently, an SLS scheme selects the
branch with the highest resultant test statistic, i.e., Y SLS =
max {Y1, Y1, . . . YL} [15]. Under hypotheses H0, the false
alarm probability for an SLS scheme (P SLS

f ) over AWGN
channels can be determined as follows

P SLS
f = 1 −

[
1 − Γ (u, λ/2)

Γ (u)

]L

(26)

where L represents the number of diversity branches. On the
contrary, under hypothesis H1, the detection probability for an
L-branch SLS scheme (P SLS

d ) over AWGN channels can be
expressed as

P SLS
d = 1 −

L∏
i=1

[
1 −Qu

(√
2γi,

√
λ
)]
. (27)

Consequently, for an L-branch SLS system operating over
i.i.d. F composite fading channels, the average detection
probability, P SLS

d , can be obtained as

P̄ SLS
d = 1 −

L∏
i=1

∫ ∞

0

[
1 −Qu

(√
2γi,

√
λ
)]
fγi (γi)dγi

= 1 −
L∏

i=1

[∫ ∞

0

fγi (γi)dγi

−
∫ ∞

0

Qu

(√
2γi,

√
λ
)
fγi (γi)dγi

]

= 1 −
L∏

i=1

[
1 − P̄d (γi)

]
. (28)

By substituting (14) into (28), an analytical expression for
P SLS

d is obtained as (29), at the top of the next page.

P̄d =
1

B (m,ms)

∞∑
n=0

Γ (n+ u, λ/2)Γ (n−ms)
Γ (n+ 1)Γ (n+ u)

[(
(ms − 1)γ̄

m

)ms

1F1

(
m+ms;ms − n+ 1;

(ms − 1)γ̄
m

)

+
(

(ms − 1)γ̄
m

)n
B (n+m,ms − n)

Γ (n−ms)
1F1

(
n+m;n−ms + 1;

(ms − 1)γ̄
m

)]
(13)

P̄d =
(ms − 1)ms γ̄ms

B (m,ms)mms

∞∑
n=0

Γ (n+ u, λ/2)Γ (n+m)
Γ (n+ 1)Γ (n+ u)

U

(
m+ms;ms − n+ 1;

(ms − 1)γ̄
m

)
(14)
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P̄OR
d = 1 −

[
1 − (ms − 1)ms γ̄ms

B (m,ms)mms

∞∑
n=0

Γ (n+ u, λ/2)Γ (n+m)
Γ (n+ 1)Γ (n+ u)

U

(
m+ms;ms − n+ 1;

(ms − 1)γ̄
m

)]N

(24)

P̄AND
d =

[
(ms − 1)ms γ̄ms

B (m,ms)mms

∞∑
n=0

Γ (n+ u, λ/2)Γ (n+m)
Γ (n+ 1)Γ (n+ u)

U

(
m+ms;ms − n+ 1;

(ms − 1)γ̄
m

)]N

(25)

P̄ SLS
d = 1 −

L∏
i=1

[
1 − (msi − 1)msi γ̄

msi

i

B (mi,msi)mi
msi

∞∑
n=0

Γ (n+ u, λ/2) Γ (n+mi)
Γ (n+ 1) Γ (n+ u)

U

(
mi +msi ;msi − n+ 1;

(msi − 1)γ̄i

mi

)]
(29)

D. Noise Power Uncertainty

In all of the previous cases considered, the detection prob-
ability has been grounded on the assumption that the noise
power is accurately known. However, in practice, noise power
varies with time and location, which is often referred to as
the noise power uncertainty [33]. Clearly, any change in the
noise power will affect the detection performance, with the
main sources of this uncertainty including the non-linearity
and the thermal noise of the components in the receiver and
environmental noise caused by the transmissions of other
wireless users [34]–[36]. Therefore, in practice, it is very
difficult to obtain a precise knowledge of the noise power.

Assuming that the uncertainty in the noise power estimation
can be characterized by the term β (which is expressed
in decibels), the noise power uncertainty in energy detec-
tion can be appropriately modeled as existing in the range
[σW /α, ασW ] where σW denotes the nominal noise power and
α = 10β/10 > 1 quantifies the size of the uncertainty [33].
Therefore, when the noise power is overestimated as
σ̄W = ασW (i.e., for the worst case scenario), the detection
probability can be obtained as [37]

PNU
d = Qu

(√
2γ,

√
α2λ

)
. (30)

Hence, to evaluate the performance of (30) over F composite
fading channels, the average detection probability, P̄NU

d , can
be directly obtained by scaling the detection threshold with
the noise uncertainty, i.e., λ is replaced by α2λ in (14).

IV. AVERAGE AREA UNDER THE ROC CURVE FOR F
COMPOSITE FADING CHANNELS

The ROC curve is usually employed to evaluate the detec-
tion performance. However, for multiple energy detectors, it is
difficult to visually compare their performance based on their
ROC curves. Following the Area Theorem presented in [38],
the AUC can be used as an alternative measure of detection
capability, where the AUC is simply defined as the area
covered by the ROC curve. This represents the probability of
choosing the correct decision at the detector is more likely than
choosing the incorrect decision [39], [40]. As the threshold
used in the detector varies from ∞ to 0, the AUC varies from
0.5 (poor performance) to 1 (good performance).

A. AUC for the Instantaneous SNR

Let A (γ) denote the AUC which is a function of instan-
taneous SNR value γ. For the ROC curve of Pd versus Pf ,

A (γ) can be evaluated as [41]

A (γ) =
∫ 1

0

Pd (γ, λ) dPf (λ). (31)

As both Pd (γ, λ) and Pf (λ) are functions of the threshold λ,
we can use the threshold averaging method [42] to calculate
the AUC. When the value of Pf (λ) varies from 0 to 1
(0 → 1), it is equivalent to λ ranging from ∞ to 0 (∞ → 0).
Consequently, (31) can be rewritten as

A (γ) = −
∫ ∞

0

Pd (γ, λ)
∂Pf (λ)
∂λ

dλ (32)

where ∂Pf (λ)
∂λ denotes the partial derivative of Pf with respect

to λ, which is obtained from (3)

∂Pf (λ)
∂λ

= − λu−1

2uΓ (u)
exp

(
−λ

2

)
. (33)

By substituting (4) and (33) into (32), A (γ) is expressed as

A (γ) =
∞∑

n=0

γn exp (−γ)
2uΓ (u) Γ (n+ 1)Γ (n+ u)

×
∫ ∞

0

λu−1 exp
(
−λ

2

)
Γ (n+ u, λ/2)dλ (34)

which with the aid of [43, eq. (12)], it can be obtained as

A (γ) = 1 −
u−1∑
l=0

l∑
i=0

(
l + u− 1
l − i

)
γi

i!2l+u+i
exp

(
−γ

2

)
(35)

where
(
a
b

)
represents the binomial coefficient.

B. Average AUC for F Composite Fading Channels

The corresponding average AUC (Ā) for F composite
fading channels can be evaluated through averaging (35) by
the corresponding SNR fading statistics, such that [41]

Ā =
∫ ∞

0

A (γ) fγ (γ)dγ. (36)

Substituting (8) and (35) into (36), Ā can be expressed as

Ā = 1 −
u−1∑
l=0

l∑
i=0

(
l + u− 1
l − i

)
mm(ms − 1)ms γ̄ms

i!2l+u+iB(m,ms)

×
∫ ∞

0

γm+i−1 exp
(
−γ

2

)
[mγ + (ms − 1)γ̄]m+ms

dγ. (37)
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Since the integral in (37) is the same form as that given in (12),
Ā can be similarly obtained with the aid of [25, eq. (3.383.5)]
and [29, eq. (07.20.16.0006.01)], such that

Ā = 1 −
u−1∑
l=0

l∑
i=0

(
l + u− 1
l − i

)
(ms − 1)ms γ̄msΓ(m+ i)
i!2l+u+msmmsB(m,ms)

×U

(
m+ms;ms − i+ 1;

(ms − 1)γ̄
2m

)
(38)

which is an exact closed-form expression that involves known
functions that are built-in in popular software packages such
as Maple, Matlab and Mathematica.

V. ENTROPY FOR F COMPOSITE FADING CHANNELS

A. Differential Entropy

It is recalled that the differential entropy denotes the amount
of information contained in a signal and indicates the average
number of bits required for encoding this information. For
continuous RVs with PDF, pX(x), it is given by H(p) =
−

∫ ∞
0
pX(x) log2 (pX(x))dx [44]. Thus, for the case of F

composite fading channels, it can be expressed by substitut-
ing (8) into pX(x), such that

H(p) = −
∫ ∞

0

mm(ms − 1)ms γ̄msγm−1

B (m,ms) [mγ + (ms − 1)γ̄]m+ms

× log2

(
mm(ms − 1)ms γ̄msγm−1

B (m,ms) [mγ + (ms − 1)γ̄]m+ms

)
dγ.

(39)

Using the logarithmic identities and after some algebraic
manipulations, (39) can be rewritten as (40) which is shown
at the bottom of the next page, Performing a simple transfor-
mation of variables and applying [25, eq. (4.293.14)] along
with some algebraic manipulation, (40) can be expressed in
closed-form, such that

H(p) =
(m+ms)ψ(m+ms)−(m−1)ψ(m)−(ms+1)ψ(ms)

ln(2)

+ log2

[
B (m,ms)(ms − 1)γ̄

m

]
(41)

where ψ (·) represents the psi (polygamma)
function [25, eq. (8.360)]. Similar to the average detection
probability and AUC, as shown in (41), the differential
entropy is also expressed in terms of the m, ms and γ
parameters. It should be noted that a similar expression to
(41) was presented [45] and [46]. Nevertheless, (41) provides
useful insights as it is based on the physical parameters of
the F composite fading model, i.e., m (multipath fading
severity), ms (shadowing severity) and γ (average SNR).

B. Cross Entropy

The cross entropy measures the average number of bits
required to encode a message when a distribution pX(x)
is replaced by a distribution qX(x). The cross entropy
between two continuous RVs with PDFs pX(x) and qX(x) is
given by H(p, q) = −

∫ ∞
0
pX(x) log2 (qX(x))dx [44]. In the

present analysis, pX(x) represents the F distribution while

the Rayleigh and Nakagami-m distributions are considered for
qX(x). To understand what happens when composite fading
is not taken into account, the corresponding cross entropy
with respect to the Rayleigh and Nakagami-m distributions
are respectively given by

HRay(p, q) = −
∫ ∞

0

mm(ms − 1)ms γ̄msγm−1

B (m,ms) [mγ + (ms − 1)γ̄]m+ms

× log2

(
1
γ̄R

exp
(
− γ

γ̄R

))
dγ (42)

and

HNak(p, q) = −
∫ ∞

0

mm(ms − 1)ms γ̄msγm−1

B (m,ms) [mγ + (ms − 1)γ̄]m+ms

× log2

(
m̂m̂γm̂−1

Γ(m̂)γ̄m̂
N

exp
(
−m̂γ
γ̄N

))
dγ (43)

where γ̄R is the average SNR of the Rayleigh distribution,
m̂ and γ̄N denote the fading severity parameter and aver-
age SNR of the Nakagami-m distribution, respectively. In a
similar manner to Section V.A, by performing the necessary
transformation of variables and applying [25, eq. (3.194.3)]
and [25, eq. (4.293.14)] along with some algebraic manipula-
tion, (42) and (43) can be expressed in closed-form as follows

HRay(p, q) = log2 (γ̄R) +
γ̄

ln (2) γ̄R
(44)

and

HNak(p, q) =
m̂γ̄

ln(2)γ̄N
− log2

(
m̂m̂

Γ (m̂) γ̄m̂
N

)
+
m̂− 1
ln(2)

×
[
ln

(
m

(ms−1)γ̄

)
−ψ (m)+ψ (ms)

]
. (45)

It is noted that (42) and (46) can be computed straightfor-
wardly since ψ(·) is included as a built-in function in most
popular scientific software packages.

VI. NUMERICAL AND SIMULATION RESULTS

Capitalizing on the derived analytic results, we next quantify
the effects of F composite fading conditions for different
communication scenarios and fading severity conditions. It is
worth remarking that the number of terms utilized to obtain
the numerical results was 101.6

A. Energy Detection

We firstly analyze the performance of ED-based spectrum
sensing over F composite fading channels in terms of the
corresponding ROC curves. As an example, Fig. 3 shows the
ROC curves for different values of the average SNR (γ̄), time-
bandwidth product (u), multipath fading (m) and shadow-
ing (ms) parameters. It can be seen that the performance of
ED-based spectrum sensing improves when the average SNR
increases (higher values of γ̄), or when the time-bandwidth
product decreases (lower values of u), or when the severity
of multipath fading and shadowing decreases (higher values

6With 101 truncation terms, the numerical results provided a good accuracy.
For instance, when compared to the P̄d values computed using (10) and (14),
the truncation error was found to be approximately 2.31704 × 10−12 .
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Fig. 3. ROC curves for F composite fading channels considering different
γ̄, m, ms and u values.

Fig. 4. ROC curves for some special cases of the F composite fading
channel: Rayleigh (asterisks) and Nakagami-m (circles).

of m and ms). It is worth remarking that we have also
included the results of some simulations (shown as symbols)
in Fig. 3, which were performed to validate the derived
analytic expressions. Owing to the simplicity of the F com-
posite fading model, these simulated sequences, each consist-
ing of 100,000 realizations, were straightforwardly generated
in MATLAB through the calculation of the ratio of two
gamma RVs.

Fig. 5. ROC curves for collaborative ED-based spectrum sensing with OR
and AND rules over F composite fading channels, with m = 3.5, ms = 4.3,
γ̄ = 3 dB, u = 2, and N collaborating users with N = 2, 4, and 8.

The F composite fading model inherits all of the generality
of the Nakagami-m fading model [11] and therefore includes
as special cases the Nakagami-m and Rayleigh fading models.
More specifically, in the absence of shadowing in the channel
(i.e., ms → ∞), the F composite fading model coincides with
the Nakagami-m fading model. Likewise, the Rayleigh fading
model is readily obtained by setting m = 1 and ms → ∞.
Consequently, some of the special cases of the ROC curves
which coincide with those for the Rayleigh and Nakagami-m
fading channels are illustrated in Fig. 4 as further validations
of the obtained analytic results. It is evident that the considered
composite model is more versatile as it can effectively account
for the difference between Rayleigh and Nakagami-m fading
conditions, leading to more accurate and reliable results. The
versatility is further evident by the fact that this model can
also account for shadowing, unlike the standard Nakagami-m
and Rayleigh fading models.

Fig. 5 illustrates the ROC curves for collaborative ED-based
spectrum sensing with N = 2, 4, 8 using the OR and AND
rules with m = 3.5, ms = 4.3, γ̄ = 3 dB and u = 2.
For comparison, the ROC curve for non-collaborative
ED-based spectrum sensing (i.e., single user spectrum sensing)
is also shown in Fig. 5. As expected, the energy detection
performance improves as the number of collaborative SUs
increases. It is also observed that the OR rule provides a
better performance compared to the AND rule. Fig. 6 shows
the detection performance variation with increasing number
of diversity branches (L) and time-bandwidth product (u)

H(p) = −log2

[
mm(ms − 1)ms γ̄ms

B (m,ms)

]
− mm(ms − 1)ms γ̄ms

B (m,ms) ln(2)

×

⎡
⎣∫ ∞

0

γm−1 ln
(
γm−1

)
[mγ + (ms − 1) γ̄]m+ms

dγ −
∫ ∞

0

γm−1 ln
(
[mγ + (ms − 1) γ̄]m+ms

)
[mγ + (ms − 1) γ̄]m+ms

dγ

⎤
⎦ (40)
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Fig. 6. ROC curves for an L-branch SLS system with L = 1, 2, and 4 over
i.i.d. F composite fading channels, with m = 5.6, ms = 1.1, γ̄ = 7 dB,
and u ={1, 3}.

Fig. 7. Average detection probability (P̄NU
d ) versus average SNR (γ̄) over F

composite fading channels, with m = 1.3, ms = 2.7, u = 2, and λ = 7.78
under different conditions of noise power uncertainty.

for an L-branch SLS scheme. It is clear that lower u and
higher L provides a better performance. Furthermore, when
L = 1 the ROC curves for an L-branch SLS scheme become
equivalent to those for F composite fading channel. Again,
the simulation results provide a perfect match to the analytical
results presented in Fig. 5 and Fig. 6.

Fig. 7 demonstrates how the detection performance varies
with γ̄ over F composite fading channels with m = 1.3,
ms = 2.7, u = 2 and λ = 7.78 under a number of different
conditions of noise power uncertainty. It is apparent that the
detection performance decreases as noise uncertainty increases
and the effects of noise uncertainty are non negligible. For
example, the value of P̄NU

d for γ̄ = 6 dB and β = 0 dB
(i.e., perfect noise power estimation) was approximately
0.52 while the value of P̄NU

d for β = 2 dB was found to
be approximately 0.15. Furthermore, to achieve P̄NU

d = 0.9,
the ED-based spectrum sensing with β = 2 dB requires an
additional 5 dB compared to when β = 0 dB. To illustrate both

Fig. 8. Average AUC in an F composite fading channel as a function of
the multipath fading (m) and shadowing (ms) parameters, with u = 2 and
γ̄ = 2 dB.

Fig. 9. Differential entropy in an F composite fading channel as a function
of its key parameters: multipath fading (m), shadowing (ms), and average
SNR (γ̄).

the isolated and combined effects of multipath and shadowing
on the AUC for F composite fading channels, Fig. 8 shows the
estimated AUC values for different multipath fading (1.0 ≤
m ≤ 15) and shadowing (2.0 ≤ ms ≤ 15) conditions,
with u = 2 and γ̄ = 2 dB. It is clear that smaller values
of the AUC (close to 0.5) occurred when the channel was
subject to simultaneous heavy shadowing (ms → 2) and severe
multipath fading (m → 1), i.e., intense composite fading,
whereas the higher AUC values (close to 1) appeared when
both the multipath and shadowing parameters became large
(m,ms → 15), i.e., light composite fading.

B. Entropy

Fig. 9 shows the estimated differential entropy for different
multipath fading and shadowing intensities of F composite
fading channels, i.e., 3 ≤ m ≤ 10, 3 ≤ ms ≤ 10 and
0 dB ≤ γ̄ ≤ 20 dB. It is obvious that higher values of
the differential entropy appear at higher γ̄, lower m and
lower ms. This suggests that more bits are required to encode
the corresponding message when the channel is subject to
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Fig. 10. Behavior of the differential entropy and ROC curves as a function
of (a) average SNR (γ̄), (b) multipath fading (m), and (c) shadowing (ms)
parameters, respectively.

higher average SNR, severer multipath fading and heavier
shadowing. As already shown in Fig. 3 and Fig. 8, the ROC
curves and AUC are also highly dependent upon multipath
fading and shadowing conditions experienced in F composite
fading channels. Motivated by this, we compare the behavior
of the differential entropy and ROC curves.

Fig. 10 shows the estimated differential entropy and ROC
curves as a function of (a) average SNR (γ̄) with fixed fading
parameters m = ms = {2, 10} and u = 2; (b) multipath
fading (m) with γ̄ = {5, 15} dB, ms = 3 and u = 2;

Fig. 11. Behavior of the differential entropy and AUC as a function of
multipath fading (m) and shadowing (ms) parameters at γ̄ = {2, 5} dB.

(c) shadowing (ms) with γ̄ = {5, 15} dB, m = 3 and
u = 2. It is worth noting that realistic values of Pf in
the range 0 to 0.3 (i.e., low false alarm probability) were
mainly considered in Fig. 10. Similarly, Fig. 11 compares the
behavior of the differential entropy and AUC for different
values of the multipath fading (m) and shadowing (ms)
parameters at γ̄ = 2 and 5 dB. It can be easily seen that the
value of the differential entropy increases when the average
SNR increases (higher γ̄), or when the severity of multipath
fading increases (lower m), or when the shadowing conditions
become heavier (lower ms). On the other hand, the values
of the average detection probability and AUC increase when
the average SNR increases (higher γ̄), or when the severity
of multipath fading decreases (higher m), or when the shad-
owing conditions become lighter (higher ms). Consequently,
it can be inferred that higher detection capability requires
less number of bits for encoding the signal at the same
value of γ̄.

Table I depicts the estimated differential entropy and cross
entropy for different values of the fading parameters at γ̄ = 5,
15 and 25 dB. The corresponding average detection prob-
ability (when Pf = 0.1 and u = 2) and AUC are also
presented in Table I for further investigation of the impact
of multipath fading, shadowing and average SNR on the
energy detection and information content of unknown signals.
To obtain the Nakagami-m and Rayleigh fading parameters
of the distributions used to encode the F distribution, we first
generated a set of F RVs and used the maximum likelihood
estimation (MLE). The corresponding parameter estimates are
also presented in Table I. Interestingly, irrespective of the
multipath fading (m) and shadowing (ms) conditions, the esti-
mated γ̄R and γ̄N are the same as γ̄. Consequently, the cross
entropy between the F and Rayleigh distributions, i.e., (44),
is dependent upon the average SNR only. When comparing the
cross entropy for Rayleigh and Nakagami-m, for all of the
cases, the Nakagami-m distribution provided lower entropy
than the Rayleigh distribution.

From Table I, it is also evident that the differential entropy
was smaller than the cross entropy for all of the considered
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TABLE I

DIFFERENTIAL ENTROPY AND CROSS ENTROPY FOR DIFFERENT FADING PARAMETERS (m, ms) AND AVERAGE SNR (γ̄) ALONG WITH THE AVERAGE

DETECTION PROBABILITY(P̄d), AUC AND THE CORRESPONDING PARAMETER ESTIMATES OF THE RAYLEIGH AND NAKAGAMI-mDISTRIBUTIONS

cases. Overall this demonstrates the importance of consid-
ering composite fading models when characterizing wireless
transmission in conventional and emerging communication
systems. For light shadowing conditions (e.g., ms = 30), the
cross entropy for Nakagami-m distribution is almost the same
as the differential entropy. This is due to the fact that the F
distribution coincides with the Nakagami-m distribution when
ms → ∞. Consequently, its relative entropy7 (also known
as the Kullback-Leibler divergence), which is a statistical
measure of the distance between two distributions, was shown
to be close to zero.

VII. CONCLUSION

In this paper, a comprehensive performance analysis of ED-
based spectrum sensing over F composite fading channels
has been carried out. A novel analytic expression for the
average energy detection probability was derived and then
extended to account for collaborative spectrum sensing, SLS
diversity reception and noise power uncertainty. Additionally,
as a figure of merit to determine the performance of ED-based
spectrum sensing, a closed-form expression for the AUC
was also derived. It was shown that the detection perfor-
mance increased when the average SNR increased, the time-
bandwidth product decreased, or when the multipath fading
and shadowing severity decreased. As anticipated, the detec-
tion performance was significantly improved as the number of
diversity branches increased. Furthermore, when more collab-
orative users shared their local decision information, a better
detection performance was achieved for both the OR- and
AND-rules. Among these rules, the OR-rule was observed to
provide a better detection performance compared to the AND-
rule. To validate the analytical expressions presented in the
paper, simulation results were also presented.

Most importantly though, it is noted that the analytical
form of the average detection probability for ED-based

7The relative entropy is given by D(p||q) � H(p, q) − H(p) [47].

spectrum sensing over the generalized K fading channels
given in [1, eq. (7)] is only valid for integer values of
m. However, the analytical expression presented in the
paper is valid for any m value meaning that ED-based
spectrum sensing may now be tested over a much greater
range of multipath fading conditions, which is essential in
demanding scenarios such as ED-based spectrum sensing
and RADAR systems. Additionally, the analytical expression
presented in this paper shows much less complexity due to
the computation of a smaller number of special functions and
a rapidly converging infinite series.

Novel expressions for the differential entropy and cross
entropy were also derived in closed-form. The behavior of the
differential entropy was evaluated for different values of the
key parameters of F composite fading channels. Similar to the
average detection probability and AUC, the differential entropy
is expressed in terms of the multipath, shadowing and average
SNR parameters. Hence, there is a relationship between the
energy and the information content of a signal and how these
are affected by the incurred fading conditions. As a result,
we compared the differential entropy with the behavior of
ROC and AUC, offering useful insights on the relationship of
these measures, i.e., how different fading conditions affect the
sensing of the energy of the signal and its information content.
More specifically, this can account for the information content
difference for small or large variations of the ROC and AUC
measures. For example, in critical values of these measures,
e.g., around 0.95, small variations can show the direct change
of the differential entropy. Conversely, it can indicate how even
slight variations of the differential entropy affect the ROC and
AUC. Given that these measures are functions of the involved
fading parameters and average SNR, these insights are useful
in enabling an accurate and robust detector decision. Moreover,
it was shown that more bits were required to encode the
corresponding message when the channel was subject to higher
average SNR, severer multipath fading and heavier shadowing.
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Lastly, the cross entropy with the Rayleigh and Nakagami-m
distributions demonstrated the information loss encountered
when the composite fading was not taken into account.

REFERENCES

[1] S. Atapattu, C. Tellambura, and H. Jiang, “Performance of an energy
detector over channels with both multipath fading and shadowing,”
IEEE Trans. Wireless Commun., vol. 9, no. 12, pp. 3662–3670,
Dec. 2010.

[2] S. Koteshwara and K. K. Parhi, “Incremental-precision based feature
computation and multi-level classification for low-energy Internet-of-
Things,” IEEE J. Trans. Emerg. Sel. Topics Circuits Syst., vol. 8, no. 4,
pp. 822–835, Dec. 2018.

[3] Z. Li, B. Chang, S. Wang, A. Liu, F. Zeng, and G. Luo, “Dynamic
compressive wide-band spectrum sensing based on channel energy
reconstruction in cognitive Internet of Things,” IEEE Trans. Ind. Infor-
mat., vol. 14, no. 6, pp. 2598–2607, Jun. 2018.

[4] L. Yi, X. Deng, M. Wang, D. Ding, and Y. Wang, “Localized confident
information coverage hole detection in Internet of Things for radioac-
tive pollution monitoring,” IEEE Access, vol. 5, pp. 18665–18674,
2017.

[5] S. Shukla, A. K. Rao, and N. Srivastava, “A survey on energy detec-
tion schemes in cognitive radios,” in Proc. ICETEESES, Mar. 2016,
pp. 223–228.

[6] M. Sardana and A. Vohra, “Analysis of different spectrum sensing
techniques,” in Proc. Comptelix, Jul. 2017, pp. 422–425.

[7] P. D. Sutton, K. E. Nolan, and L. E. Doyle, “Cyclostationary signatures
in practical cognitive radio applications,” IEEE J. Sel. Areas Commun.,
vol. 26, no. 1, pp. 13–24, Jan. 2008.

[8] H. Urkowitz, “Energy detection of unknown deterministic signals,” Proc.
IEEE, vol. 55, no. 4, pp. 523–531, Apr. 1967.

[9] A. Ghasemi and E. S. Sousa, “Spectrum sensing in cognitive radio net-
works: Requirements, challenges and design trade-offs,” IEEE Commun.
Mag., vol. 46, no. 4, pp. 32–39, Apr. 2008.

[10] Y.-C. Liang, K.-C. Chen, G. Y. Li, and P. Mahonen, “Cognitive radio
networking and communications: An overview,” IEEE Trans. Veh. Tech-
nol., vol. 60, no. 7, pp. 3386–3407, Sep. 2011.

[11] F. F. Digham, M.-S. Alouini, and M. K. Simon, “On the energy
detection of unknown signals over fading channels,” in Proc. IEEE ICC,
May 2003, pp. 3575–3579.

[12] F. B. S. de Carvalho, W. T. A. Lopes, and M. S. Alencar, “Performance of
cognitive spectrum sensing based on energy detector in fading channels,”
Procedia Comput. Sci., vol. 65, pp. 140–147, 2015. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S1877050915029257

[13] D. Horgan and C. C. Murphy, “Fast and accurate approximations for the
analysis of energy detection in Nakagami-m channels,” IEEE Commun.
Lett., vol. 17, no. 1, pp. 83–86, Jan. 2013.

[14] S. Hussain and X. N. Fernando, “Closed-form analysis of relay-based
cognitive radio networks over Nakagami-m fading channels,” IEEE
Trans. Veh. Technol., vol. 63, no. 3, pp. 1193–1203, Mar. 2014.

[15] F. F. Digham, M.-S. Alouini, and M. K. Simon, “On the energy detection
of unknown signals over fading channels,” IEEE Trans. Commun.,
vol. 55, no. 1, pp. 21–24, Jan. 2007.

[16] P. C. Sofotasios, A. Bagheri, T. A. Tsiftsis, S. Freear, A. Shahzadi,
and M. Valkama, “A comprehensive framework for spectrum sensing in
non-linear and generalized fading conditions,” IEEE Trans. Veh. Technol,
vol. 66, no. 10, pp. 8615–8631, Oct. 2017.

[17] H. Rasheed, F. Haroon, and N. Rajatheva, “Performance analy-
sis of Rice-Lognormal channel model for spectrum sensing,”
in Proc. ECTI-CON, May 2010, pp. 420–424.

[18] S. Atapattu, C. Tellambura, and H. Jiang, “Energy detection based
cooperative spectrum sensing in cognitive radio networks,” IEEE Trans.
Wireless Commun., vol. 10, no. 4, pp. 1232–1241, Apr. 2011.

[19] N. Reisi, S. Gazor, and M. Ahmadian, “Distributed cooperative spectrum
sensing in mixture of large and small scale fading channels,” IEEE Trans.
Wireless Commun., vol. 12, no. 11, pp. 5406–5412, Nov. 2013.

[20] K. P. Peppas, G. Efthymoglou, V. Aalo, M. Alwakeel, and S. Alwakeel,
“Energy detection of unknown signals in Gamma-shadowed Rician
fading environments with diversity reception,” IET Commun., vol. 9,
no. 2, pp. 196–210, Jan. 2014.

[21] H. Al-Hmood and H. S. Al-Raweshidy, “Unified modeling of composite
κ-μ/gamma, η-μ/gamma and α-μ/gamma fading channels using a
mixture gamma distribution with applications to energy detection,” IEEE
Antennas Wireless Propag. Lett., vol. 16, pp. 104–108, Feb. 2017.

[22] S. K. Yoo, S. L. Cotton, P. C. Sofotasios, M. Matthaiou, M. Valkama,
and G. K. Karagiannidis, “The Fisher-Snedecor F distribution: A simple
and accurate composite fading model,” IEEE Commun. Lett., vol. 21,
no. 7, pp. 1661–1664, Jul. 2017.

[23] H. Al-Hmood, “Performance of cognitive radio systems over κ-μ
shadowed with integer μ and Fisher-Snedecor F fading channels,” in
Proc. IICETA, May 2018, pp. 130–135.

[24] Y.-Y. Zhu and Y.-G. Zhu, “The simulation study of entropy-based signal
detector over fading channel,” in Proc. WCSP, Oct. 2012, pp. 1–5.

[25] I. S. Gradshteı̌n and I. M. Ryžik, Table of Integrals, Series, and Products,
7th ed. London, U.K.: Academic, 2007.

[26] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions:
With Formulas, Graphs, and Mathematical Tables, vol. 55. Courier
Corporation, 1965.

[27] P. E. Cantrell and A. K. Ojha, “Comparison of generalized Q- function
algorithms,” IEEE Trans. Inf. Theory, vol. IT-33, no. 4, pp. 591–596,
Jul. 1987.

[28] V. M. Kapinas, S. K. Mihos, and G. K. Karagiannidis, “On
the monotonicity of the generalized Marcum and Nuttall
Q-functions,” IEEE Trans. Inf. Theory, vol. 55, no. 8, pp. 3701–3710,
Aug. 2009.

[29] Wolfram Research. The Mathematical Functions Site. Accessed: Jul. 13,
2018. [Online]. Available: http://functions.wolfram.com/id

[30] A. Ghasemi and E. S. Sousa, “Impact of user collaboration on the
performance of sensing-based opportunistic spectrum access,” in Proc.
IEEE VTC, Sep. 2006, pp. 1–6.

[31] D. Duan, L. Yang, and J. C. Principe, “Cooperative diversity of spectrum
sensing for cognitive radio systems,” IEEE Trans. Signal Process.,
vol. 58, no. 6, pp. 3218–3227, Jun. 2010.

[32] E. A. Neasmith and N. C. Beaulieu, “New results on selection
diversity,” IEEE Trans. Commun., vol. 46, no. 5, pp. 695–704,
May 1998.

[33] R. Tandra and A. Sahai, “SNR walls for signal detection,” IEEE J. Sel.
Topics Signal Process., vol. 2, no. 1, pp. 4–17, Feb. 2008.

[34] Y. Xiao and F. Hu, Cognitive Radio Networks. Boca Raton, FL, USA:
CRC Press, 2008.

[35] S. Dikmese, Z. Ilyas, P. C. Sofotasios, M. Renfors, and M. Valkama,
“Sparse frequency domain spectrum sensing and sharing based on cyclic
prefix autocorrelation,” IEEE J. Sel. Areas Commun., vol. 35, no. 1,
pp. 159–172, Jan. 2017.

[36] S. Dikmese, P. C. Sofotasios, M. Renfors, and M. Valkama, “Subband
energy based reduced complexity spectrum sensing under noise uncer-
tainty and frequency-selective spectral characteristics,” IEEE Trans.
Signal Process., vol. 64, no. 1, pp. 131–145, Jan. 2016.

[37] M. Lopez-Benitez and F. Casadevall, “Signal uncertainty in spectrum
sensing for cognitive radio,” IEEE Trans. Commun., vol. 61, no. 4,
pp. 1231–1241, Apr. 2013.

[38] T. D. Wickens, Elementary Signal Detection Theory. New York, NY,
USA: Oxford Univ. Press, 2002.

[39] J. A. Hanley and B. J. McNeil, “The meaning and use of the area under
a receiver operating characteristic (ROC) curve,” Radiology, vol. 143,
no. 1, pp. 29–36, 1982.

[40] S. Dikmese, P. C. Sofotasios, T. Ihalainen, M. Renfors, and M. Valkama,
“Efficient energy detection methods for spectrum sensing under non-flat
spectral characteristics,” IEEE J. Sel. Areas Commun., vol. 33, no. 5,
pp. 755–770, May 2015.

[41] S. Atapattu, C. Tellambura, and H. Jiang, “Analysis of area under the
ROC curve of energy detection,” IEEE Trans. Wireless Commun., vol. 9,
no. 3, pp. 1216–1225, Mar. 2010.

[42] T. Fawcett, “An introduction to ROC analysis,” Pattern Recognit. Lett.,
vol. 27, no. 8, pp. 861–874, Jun. 2006.

[43] S. Alam, O. Olabiyi, O. Odejide, and A. Annamalai, “A performance
study of energy detection for dual-hop transmission with fixed gain
relays: Area under ROC curve (AUC) approach,” in Proc. IEEE PIMRC,
Sep. 2011, pp. 1840–1844.

[44] P. C. Sofotasios, S. Muhaidat, M. Valkama, M. Ghogho, and
G. K. Karagiannidis, “Entropy and channel capacity under opti-
mum power and rate adaptation over generalized fading condi-
tions,” IEEE Signal Process. Lett., vol. 22, no. 11, pp. 2162–2166,
Nov. 2015.

[45] J. V. Michalowicz, J. M. Nichols, and F. Bucholtz, Handbook of
Differential Entropy. London, U.K.: Chapman & Hall, 2013.

[46] A. V. Lazo and P. Rathie, “On the entropy of continuous probability
distributions,” IEEE Trans. Inf. Theory, vol. IT-24, no. 1, pp. 120–122,
Jan. 1978.

[47] S. Kullback, Information Theory and Statistics. North Chelmsford, MA,
USA: Courier Corporation, 1997.



YOO et al.: ENTROPY AND ED-BASED SPECTRUM SENSING OVER F -COMPOSITE FADING CHANNELS 4653

Seong Ki Yoo (S’14–M’17) received the B.Eng.
degree (Hons.) in telecommunication systems from
the University of Surrey, Guildford, U.K., in 2010,
the M.Sc. degree in communications and signal
processing from Imperial College London, London,
U.K., in 2012, and the Ph.D. degree from Queen’s
University Belfast, Belfast, U.K., in 2017. He is
currently a Post-Doctoral Research Fellow with
the Centre for Wireless Innovation, ECIT Institute,
Queen’s University Belfast. His doctoral studies
were supported by U.K. EPSRC. He was a Junior

Researcher with the Korea Electrotechnology Research Institute, Ansan,
South Korea, from 2012 to 2013. His research interests include mmWave
channel modelling and measurements, fading characterization for wearable
communications channels, and performance analysis over fading channels.

Paschalis C. Sofotasios (S’07–M’12–SM’16) was
born in Volos, Greece, in 1978. He received the
M.Eng. degree from Newcastle University, U.K.,
in 2004, the M.Sc. degree from the University of
Surrey, U.K., in 2006, and the Ph.D. degree from
the University of Leeds, U.K., in 2011.

His M.Sc. studies were supported by a scholarship
from the U.K.-EPSRC and the Ph.D. studies were
supported by the U.K.-EPSRC and Pace plc. He was
with the University of Leeds, U.K., the University
of California at Los Angleles, Los Angleles, USA,

the Aristotle University of Thessaloniki, Greece, the Tampere University of
Technology, Finland, and Khalifa University, United Arab Emirates, where he
is currently an Assistant Professor. His research interests include the broad
areas of digital and optical wireless communications, including topics on
pure mathematics and statistics. He has been a member and the Co-Chair
of the technical program committees of numerous IEEE conferences. He has
received an Exemplary Reviewer Award for the IEEE COMMUNICATIONS

LETTERS in 2012 and the IEEE TRANSACTIONS ON COMMUNICATIONS

in 2015 and 2016. He was a co-recipient of the Best Paper Award from
ICUFN 2013. He currently serves as an Editor for the IEEE COMMUNICA-
TIONS LETTERS.

Simon L. Cotton (S’04–M’07–SM’14) received
the B.Eng. degree in electronics and software from
Ulster University, Ulster, U.K., in 2004, and the
Ph.D. degree in electrical and electronic engineering
from the Queen’s University of Belfast, Belfast,
U.K., in 2007. He is currently a Reader in wire-
less communications and the Director of the Centre
for Wireless Innovation, Queen’s University Belfast.
He has authored or co-authored over 140 publica-
tions in major IEEE/IET journals and refereed inter-
national conferences, including two book chapters.

He holds two patents. His research interests are cellular device-to-device,
and vehicular and body-centric communications. His other research interests
include radio channel characterization and the modeling and the simulation
of wireless channels. He was a recipient of the H. A. Wheeler Prize from the
IEEE Antennas and Propagation Society in 2010 and the Best Applications
Journal Paper in the IEEE TRANSACTIONS ON ANTENNAS AND PROPAGA-
TION in 2009. In 2011, he was a recipient of the Sir George Macfarlane
Award from the U.K. Royal Academy of Engineering in recognition of the
technical and scientific attainment since graduating from the first degree in
engineering.

Sami Muhaidat (S’01–M’07–SM’11) received the
Ph.D. degree in electrical and computer engineering
from the University of Waterloo, Waterloo, ON,
USA, in 2006. From 2007 to 2008, he was a
NSERC Post-Doctoral Fellow with the Department
of Electrical and Computer Engineering, University
of Toronto, Canada. From 2008 to 2012, he was an
Assistant Professor with the School of Engineering
Science, Simon Fraser University, Burnaby, BC,
Canada. He is currently an Associate Professor with
Khalifa University, and a Visiting Reader (Associate

Professor) with the Faculty of Engineering, University of Surrey, U.K. His
research interests focus on wireless communications, optical communications,
IoT with emphasis on battery-less devices, and machine learning. He is also a
member of Mohammed Bin Rashid Academy of Scientists. He is currently an
Area Editor of IEEE TRANSACTIONS ON COMMUNICATIONS. He has served
as a Senior Editor for the IEEE COMMUNICATIONS LETTERS, an Editor for
the IEEE Transactions on Communications, and an Associate Editor for the
IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY.

Osamah S. Badarneh (S’06–M’09) received the
Ph.D. degree in electrical engineering from the Uni-
versity of Quebec-Ecole de Technologie Superieure
(ETS), Canada, in 2009. He was an Assistant Pro-
fessor with the Department of Telecommunication
Engineering, Yarmouk University, from 2010 to
2012. From 2012 to 2018, he was an Associate
Professor with the Department of Electrical Engi-
neering, University of Tabuk. He is currently an
Associate Professor with the Department of Elec-
trical and Communications Engineering, German-

Jordanian University. He has also been an Adjunct Professor with the
Department of Electrical Engineering, University of Quebec-ETS, since 2013.
His research interests include wireless communications and networking.

George K. Karagiannidis (M’96–SM’03–F’14)
was born in Pithagorion, Samos Island, Greece.
He received the University Diploma (5 years) and
Ph.D. degrees in electrical and computer engineering
from the University of Patras, in 1987 and 1999,
respectively.

From 2000 to 2004, he was a Senior Researcher
with the Institute for Space Applications and Remote
Sensing, National Observatory of Athens, Greece.
In 2004, he joined the Aristotle University of Thes-
saloniki, Greece, as a Faculty Member, where he is

currently Professor with the Electrical and Computer Engineering Department
and the Director of the Digital Telecommunications Systems and Networks
Laboratory. He is also an Honorary Professor with South West Jiaotong
University, Chengdu, China. He has authored or co-authored over 500 tech-
nical papers published in scientific journals and presented at international
conferences. He has authored the Greek edition of a book on telecommu-
nications systems, and has co-authored the book Advanced Optical Wireless
Communications Systems, (Cambridge Publications, 2012). He is one of the
highly-cited authors across all areas of electrical engineering, recognized by
Clarivate Analytics as the Web-of-Science Highly-Cited Researcher for four
consecutive years (2015–2018). His research interests are in the broad areas
of digital communications systems and signal processing, with emphasis on
wireless communications, optical wireless communications, wireless power
transfer and applications, communications for biomedical engineering, sto-
chastic processes in biology, and wireless security. He has been the General
Chair, the Technical Program Chair, and a member of the technical program
committees of several IEEE and non-IEEE conferences. In the past, he was an
Editor of the IEEE TRANSACTIONS ON COMMUNICATIONS, a Senior Editor
of the IEEE COMMUNICATIONS LETTERS, and an Editor of the EURASIP
Journal of Wireless Communications & Networks, and several times a Guest
Editor of the IEEE Selected Areas in Communications. From 2012 to 2015,
he was the Editor-in Chief of the IEEE COMMUNICATIONS LETTERS.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


