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Abstract—Spectrum sensing is an important functionality of
cognitive radio as a means to detect the presence or absence
of an existing user (EU), including the primary user or other
secondary users, in a certain spectrum band. Energy detector
(ED) is a widely used spectrum sensing technique based on the
assumption that the EU is either present or absent during the
whole sensing period. However, this assumption is not realistic in
a dynamic environment where the EU could appear or disappear
at any time. The performance of the conventional ED actually
deteriorates in the scenario where the EU activity status changes
during the sensing period. In this study, an adaptive ED is
proposed to improve the detection performance in such dynamic
environments. Analytical performance evaluation of the proposed
adaptive ED along with simulation results prove its superiority
over the conventional ED.

I. INTRODUCTION

Measurement campaigns have shown that the available wire-

less spectrum is often not being used efficiently and cognitive

radio (CR) technology has been proposed as a possible solu-

tion to the spectrum underutilization [1]. CR aims to sense the

spectrum band licensed to the primary users (PUs), detect the

unoccupied sub-bands, and opportunistically use them without

interfering with the PUs or the other secondary users (SUs),

jointly referred to as existing users (EUs). Spectrum sensing

is indeed one of the main functionalities of CR as it allows to

detect the unoccupied sub-bands (also called spectrum holes)

and to avoid interference with the EUs.

Several spectrum sensing techniques have been proposed in

the literature, including matched filtering [2], cyclostationary

feature detection [3], and energy detection [4], [5]. If the

SUs have adequate knowledge about the EU signal structure

and/or modulation, matched filtering or cyclostationary feature

detection can be used to maximize the probability of the EU

signal detection at the expense of a more complex receiver.

When such detailed a-priori knowledge of the EU signal is not

available to the SUs, simple energy detector (ED) is generally

preferred for spectrum sensing applications [6], [7].

The conventional ED is based on the assumption that the

EU is either absent or present during the entire sensing period.

This assumption could be valid for television broadcasting

where a PU occupies or leaves the spectrum for a long time.
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However, it may not be realistic in a dynamic environment

where the activity status of the EU could change at any time

during the sensing period. It has been shown in [8] that the

performance of the conventional ED deteriorates in scenarios

where the EU appears during the sensing time, and an adaptive

ED has been proposed to improve the detection. However,

the equally important situation where an EU signal disappears

during the sensing period is not considered.

In this paper, a novel adaptive ED is proposed which can

address both of the aforementioned scenarios. The proposed

technique is designed to improve the detection of a sudden

change in the EU activity status by applying an adaptive

exponential window over the received signal energies. In

contrast with the former approach, where portion of the

observations are discarded, our technique makes a better use

of all the observations by properly weighting them. Analytical

performance evaluation and simulation results prove that the

proposed technique has superior performance over the conven-

tional ED and also the adaptive ED in [8].

This paper is organized as follow. The system model and the

limitations of the conventional ED performance are discussed

in Section II. The proposed adaptive ED is developed under

the two specified scenarios in Section III. Its performance

analysis and numerical evaluation are presented in Section IV

and Section V, respectively. This is followed by conclusion

in Section VI. Regarding notations: CN (μ, σ2) refers to a

circular symmetric complex Gaussian distribution with mean

μ and variance σ2, and χ2(ν) denotes a chi-square distribution

with ν degrees of freedom. Q(z) denotes the complementary

distribution function of a standard normal random variable.

II. SYSTEM MODEL & PROBLEM FORMULATION

A. System model

Let r(n) denote the complex baseband signal received by

the SU after down-conversion and uniform sampling at the

rate Fs. In the presence of an EU, this signal is represented

as

r(n) = x(n) + w(n), x(n) =

L−1∑
l=0

h(l)s(n− l), (1)

where n denotes the sampling time index, s(n) is the EU

signal, w(n) is the additive receiver noise, and x(n) is the

received EU signal at the output of the channel between the EU
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Fig. 1. Energy detection procedure (in practice, the DFT block is imple-
mented by means of a fast Fourier transform (FFT))

and the SU. This wireless channel is modeled as a linear time-

invariant system with finite impulse response h(n) of length

L. It is assumed that the EU signal is unknown to the SU;

therefore, the energy detector is optimum in this case [9].

In this paper, a frequency domain ED structure is considered

as illustrated in Fig. 1. The received signal samples are

divided into consecutive frames of K samples, and inputted

to a K-point discrete Fourier transform (DFT) to obtain the

narrow-band frequency components. The latter are represented

analytically by:

Rm(k) =
1√
K

K−1∑
n=0

r(mK + n)e−j2πnk/K , (2)

where k = 0, ...,K − 1 is the frequency index (or frequency

bin), m = 1, ..., N is the frame index, and N is the total

number of frames being processed by the SU. Similarly, let

Xm(k) and Wm(k) denote the kth DFT coefficient of the mth

frame of the channel output and the additive noise, i.e. x(n)
and w(n) respectively. Then, it follows from (1) that

Rm(k) = Xm(k) +Wm(k). (3)

In this work, {Xm(k)} and {Wm(k)} are modeled as two

independent random processes. The samples of these two pro-

cesses are independent across frequency and frame indices and

follow a zero mean, circularly symmetric complex Gaussian

distribution. Furthermore, it is assumed that the variances of

the noise and the received signals, i.e. E{|Wm(k)|2} = σ2
w,

and E{|Xm(k)|2} = σ2
x, are known from a priori estimation.

For simplicity, we also let these quantities be independent of

frequency, although generalizations are possible.

The energy of each frame is obtained by summing the

squared magnitude of M frequency coefficients based on

Parseval’s theorem, which for the mth frame takes the form

Ym =
∑
k∈B

|Rm(k)|2, (4)

where B is a set of M frequency bins corresponding to the

bandwidth of interest. Finally, the frame energies Ym are

passed to a detection module where they are integrated and

used to make a decision about the presence of an EU.

B. Problem Formulation

Conventional ED assumes that the EU activity status is

constant during the entire sensing period of N frames, and

a choice is made between two hypotheses H0 and H1,

which represent the absence and presence of the EU signal,

1 2 3 ... J N... ...

EU present EU absent

1 2 3 ... J N... ...

EU absent EU present

a) b)

Fig. 2. Change of EU activity status during the sensing period: a) EU
appearance b) EU disappearance

respectively:

H0 : Rm(k) = Wm(k)

H1 : Rm(k) = Xm(k) +Wm(k), (5)

where the given condition holds for all m = 1, ..., N and k ∈
B. Thus, under each hypothesis, the observed frequency sam-

ples Rm(k) are independent and identically distributed, with

Rm(k) ∼ CN (0, σ2
w) under H0 and Rm(k) ∼ CN (0, σ2

x+σ2
w)

under H1.

For the above system model, the optimal binary detector

computes a test statistic, TN , by summing the measured

energies of N frames, and comparing it against a threshold

γ to choose between H0 and H1:

TN =

N∑
m=1

Ym

H1

�
H0

γ. (6)

The performance of this detector can be easily analyzed

in terms of its probabilities of detection and false alarm.

In particular, Ym (4) is the sum of squared magnitudes of

complex Gaussian random variables and therefore, has a chi-

square distribution under each hypothesis, with mean and

variance given as follows:

μY |0 = Mσ2
w, μY |1 = M(σ2

w + σ2
x) (7a)

σ2
Y |0 = Mσ4

w, σ2
Y |1 = M(σ2

w + σ2
x)

2, (7b)

where |0 and |1 denote conditioning on the hypothesis where

the EU signal is absent and present during a single frame,

respectively. From there, the distribution of TN and the per-

formance of the detector (6) can be obtained.

Unfortunately, the above assumption that the EU activity

status remains unchanged is not realistic in a dynamic en-

vironment where the EU could appear or disappear during

the sensing period. Two scenarios of particular interest in this

work are illustrated in Fig. 2 for the case that the SU allocates

N frames for sensing. In both scenarios, the EU activity status

is constant until it is changed on the J th frame and it is

assumed that the EU keeps that status for a period longer

than sensing time. Part a) corresponds to the appearance of

the EU, while part b) corresponds to its disappearance.

The performance of the classical detector (6) is now ex-

amined under the two aforementioned scenarios. Assuming

that N or M are relatively large, the distribution of TN can

be approximated by central limit theorem as Gaussian under

both scenarios, but with different first and second moments.

In the appearing scenario, let H0 and H1 ≡ H1(J) represent

the absence of the EU signal (during the entire sensing period)

and its appearance at the J th frame, respectively. The mean
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and variance of TN under these two hypotheses are obtained

as follows

μT |H0
= NμY |0

μT |H1
= (J − 1)μY |0 + (N − J + 1)μY |1 (8a)

σ2
T |H0

= Nσ2
Y |0

σ2
T |H1

= (J − 1)σ2
Y |0 + (N − J + 1)σ2

Y |1. (8b)

The probability of the EU signal detection, Pd, is then obtained

as

Pd = P (TN > γ|H1) = Q(
γ − μT |H1

σT |H1

), (9)

where γ is the test threshold obtained for a given probability

of false alarm, Pf , as

γ = Q−1(Pf )σT |H0
+ μT |H0

, (10)

where Pf = P (TN > γ|H0). The test statistic TN under H1

is corrupted by the accumulation of noise power in the first

J − 1 frames, which causes the deterioration of Pd in this

scenario. This fact has been confirmed by evaluating Pd in (9)

under constant Pf for different values of J and a fixed N , as

will be further discussed in Section V.

In the disappearing scenario, let H1 and H0 ≡ H0(J) rep-

resent the presence of the EU signal (during the entire sensing

period) and its disappearance at the J th frame, respectively.

The mean and variance of TN under these two hypotheses are

given as

μT |H0
= (J − 1)μY |1 + (N − J + 1)μY |0

μT |H1
= NμY |1 (11a)

σ2
T |H0

= (J − 1)σ2
Y |1 + (N − J + 1)σ2

Y |0
σ2
T |H1

= Nσ2
Y |1. (11b)

In this case, the probability of spectrum hole detection, Ph,

can be obtained as

Ph = P (TN < γ|H0) = 1−Q(
γ − μT |H0

σT |H0

), (12)

where γ is the test threshold corresponding to a desired Pd as

follows:

γ = Q−1(Pd)σT |H1
+ μT |H1

. (13)

Here, the test statistic under H0 is corrupted by the ac-

cumulation of the EU signal energies in the first J − 1
frames. Therefore, the probability of spectrum hole detection

is degraded if J > 1. This can also be verified by evaluating

Ph in (12) under constant Pd for different values of J and a

fixed N (see Section V).

III. PROPOSED ADAPTIVE ENERGY DETECTOR

The proposed adaptive ED procedure, shown in Fig. 3,

borrows from conventional ED in that it measures the energy

of the received signal samples in the frequency domain.

However, as explained below, two adaptive mechanisms have

been included to make this design more compatible to the

dynamic environments mentioned in Section II-B.

Side
Detector

DFT
Adaptive
Binary
Detector

H0

H1 

Ĵ

Adaptive
Exponential
Coefficients

Ym
T
N|J

^

M-bins

2.r(mK+n) R (k)m

mmYc

cm

Fig. 3. Proposed adaptive ED procedure

In Fig. 3, the side detector compares individual frame

energies Ym to a pre-set threshold γs, to obtain a rough

estimate of the true (but unknown) frame index J where the

EU activity status changes. This estimate, Ĵ , is applied to the

input of an adaptive control mechanism which adjusts a set of

exponential weighting coefficients, cm for m ∈ {1, . . . , N},

as follows:

cm =

{
a(N−m)/(N−Ĵ), Ĵ < N

bN−m, Ĵ = N
(14)

where a and b are user-defined parameters limited to the

range (0, 1). The collected frame energies are weighted by

the exponential coefficients, and added together to obtain a

conditional test statistic as follows

TN |Ĵ =
N∑

m=1

cmYm. (15)

The weighting coefficients cm in (15) have the effect of

reducing the accumulated energy in the first J − 1 frames,

which causes the deterioration of the detection probability in

dynamic environments. These coefficients are in turns used by

the adaptive binary detector mechanism to calculate the test

threshold γa that maintains a desired performance, as given

by Pf in the appearing scenario and Pd in the disappearing

scenario. The conditional test statistics is then used to make

the final decision via a binary test:

TN |Ĵ
H1

�
H0

γa. (16)

Note that the above approach is different than the quickest

detection approach in sequential change-point detection prob-

lems, where the goal is to minimize the detection delay subject

to a certain false alarm constraint.

The functionality of the proposed adaptive ED is further

detailed below for the two scenarios of interest.

A. Appearing scenario

In the appearing scenario, the side detector attempts to

estimate the frame index, J , where the EU signal appears by

applying ED on a frame-by-frame basis, using the threshold

γs = Q−1(Pfs)σY |0 + μY |0, (17)

where Pfs = P (Ym > γs|0) is the desired probability of false

alarm (for single frame processing) and μY |0 and σY |0 are
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defined in (7a)-(7b). The rough estimate Ĵ is obtained as the

first value of m such that Ym > γs; otherwise, if no such m
can be observed, we set Ĵ = 1. The estimate Ĵ is used to

compute the exponential weights cm as in (14).

As explained in Section II-B, Ym has a chi-square distri-

bution; hence the conditional test statistic in (15) is just a

weighted sum of independent chi-squared random variables.

Because the exact distribution of such a weighted sum is

difficult to obtain in general, various approximations have been

proposed [10]. One relatively simple and widely used approx-

imation is to model this sum as a scaled chi-square random

variable [11]. Specifically, based on this approximation, the

distribution of TN |Ĵ (15) is given by ζN
σ2
R

2 χ2(2MN), where

ζN = 1
N

∑N
m=1 cm, and σR is the variance of Rm(k) under

the given hypothesis. The conditional mean and variance of

TN |Ĵ under H0 are then given by 1

μT |H0
= ζNNμY |0 (18a)

σ2
T |H0

= ζ2NNσ2
Y |0. (18b)

The adaptive detector block receives cm and applies them

into the above equations to update the test threshold, γa, to

make the final decision. Assuming that N or M are relatively

large, then TN |Ĵ can be approximated as a Gaussian random

variable [11]. Therefore, for a given Pf , the threshold γa is

obtained as

γa = Q−1(Pf )σT |H0
+ μT |H0

. (19)

If TN |Ĵ exceeds γa, then hypotheses H1 is selected; otherwise,

H0 is declared as the current state of the channel.

The idea of deploying the side detector to estimate J for

the appearing scenario, has already been used in [8]; However,

in that work, the output of the side detector, Ĵ , is used to

eliminate the first Ĵ − 1 frames in order to improve the EU

signal detection performance. In the proposed model, the side

detector output, Ĵ , is used instead to adjust the exponential

weighting coefficients, cm, in such a way that the accumulated

energy in the first Ĵ−1 frames are weighted less in comparison

with the energy of the frames in the rest of the sensing period.

This makes our proposed technique more robust to errors in

the estimator Ĵ , as it will be shown in section V.

B. Disappearing scenario

In the disappearing scenario, the threshold used by the side

detector is

γs = Q−1(Pds)σY |1 + μY |1, (20)

where Pds = P (Ym > γs|1) is the desired probability of EU

signal detection for a single frame.The rough estimate Ĵ is

obtained as the first value of m such that Ym < γs; otherwise,

we set Ĵ = 1.

1The variance of TN|Ĵ can be directly obtained using the fact that the

random variables Ym,m = 1, ..., N are independent. The resulting variance∑N
m=1 c

2
mσ2

Y |0 differs from the variance obtained by the approximation

given in [11]. However, we have observed through simulations that the
variance in (18b) results into better performance.

Similar to Section III-A, the mean and variance of TN |Ĵ
under H1 are given by

μT |H1
= ζNNμY |1 (21a)

σ2
T |H1

= ζ2NNσ2
Y |1. (21b)

Using the above results, the adaptive binary detector adjusts

the test threshold, γa, for a desired Pd as follows:

γa = Q−1(Pd)σT |H1
+ μT |H1

, (22)

and chooses between the two hypothesis using (16).

We finally note that the thresholds of the two adaptive

mechanisms are different depending on the scenario of interest.

A SU should employ the appearing scenario’s thresholds for

the case that it is already transmitting data and it is sensing

the spectrum for the PU appearance. On the other hand, a SU

should use the disappearing scenario’s thresholds for the case

that it is sensing for an unoccupied spectrum band.

IV. PERFORMANCE ANALYSIS

The analytical performance of the proposed adaptive ED is

investigated under the two scenarios of interest. This means

that the parameter J is considered to be known and the

probability of detection is calculated analytically for each

scenario.

A. Appearing scenario

As it was explained in Section III-A, the operation of the

adaptive binary detector is based on the calculated weighting

coefficients cm. These coefficients are dependent on Ĵ ; there-

fore, using the statistics of TN |Ĵ , the probability of the EU

signal detection conditioned on Ĵ is obtained as follows:

Pd|Ĵ = P (TN |Ĵ > γa|H1) = Q(
γa − μT |H1

σT |H1

), (23)

where γa is the threshold of the adaptive binary detector block

in (19). Here μT |H1
and σ2

T |H1
represent the mean and the

variance of TN |Ĵ under H1 and are given by

μT |H1
= ζAAμY |0 + ζBBμY |1 (24a)

σ2
T |H1

= ζ2AAσ2
Y |0 + ζ2BBσ2

Y |0, (24b)

where A = J − 1, B = N − J + 1, ζA = 1
A

∑J−1
m=1 cm, and

ζB = 1
B

∑N
m=J cm.

Finally, the probability of EU signal detection is obtained

by averaging (23) as

Pd =

N∑
Ĵ=1

Pd|Ĵ p(Ĵ |H1), (25)

where p(Ĵ |H1) is the probability mass function (PMF) of Ĵ
under H1, obtained as follows. The side detector applies en-

ergy detection on every frame until the first frame energy that

exceeds γs; therefore, this process is modelled as a Bernoulli
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distribution with probabilities of “success” (Ym > γs) under

the two frame-hypotheses as

p0 = P (Ym > γs|0) = Q(
γs − μY |0

σY |0
) (26)

p1 = P (Ym > γs|1) = Q(
γs − μY |1

σY |1
). (27)

Here, γs is the side detector’s threshold given in (17). Con-

sequently, the probability of the “failure” (Ym < γs) under

frame-hypothesis 0 and 1 are defined as q0 = 1 − p0 and

q1 = 1 − p1, respectively. Therefore, Ĵ has a “generalized”

geometric distribution with PMF under H1 given as

p(Ĵ |H1) =

⎧⎪⎪⎨
⎪⎪⎩
p0 + qJ−1

0 qN−J+1
1 Ĵ = 1

qĴ−1
0 p0 1 < Ĵ < J

qJ−1
0 qĴ−J

1 p1 J ≤ Ĵ ≤ N.

(28)

The performance of the proposed adaptive ED under the

appearing scenario can be evaluated analytically based on (25).

The evaluation results will be presented in section V.

B. Disappearing scenario

The same procedure as in Section IV-A is followed here

with the exception that now the probability of hole detection,

Ph, is under consideration, which is given by

Ph =

N∑
Ĵ=1

Ph|Ĵp(Ĵ |H0). (29)

The conditional probability of hole detection, Ph|Ĵ , is obtained

as follows:

Ph|Ĵ = P (TN |Ĵ < γa|H0) = 1−Q(
γa − μT |H0

σT |H0

), (30)

where γa is given in (22). μT |H0
and σT |H0

are the mean and

the variance of TN |Ĵ under H0, which are given by

μT |H0
= ζAAμY |1 + ζBBμY |0 (31a)

σ2
T |H0

= ζ2AAσ2
Y |1 + ζ2BBσ2

Y |0, (31b)

where A, B, ζA, and ζB are defined in Section IV-A. The

PMF of Ĵ under H0, p(Ĵ |H0), is obtained using a similar

procedure as in the appearing scenario. The probability that

the side detector declares the EU signal disappearance is given

under the two frame-hypotheses as follows:

p0 = P (Ym < γs|0) = 1−Q(
γs − μY |0

σY |0
) (32)

p1 = P (Ym < γs|1) = 1−Q(
γs − μY |1

σY |1
), (33)

where γs is the threshold of the side detector in (20). There-

fore, the PMF of Ĵ under H0 is obtained as

p(Ĵ |H0) =

⎧⎪⎪⎨
⎪⎪⎩
p1 + qJ−1

1 qN−J+1
0 Ĵ = 1

qĴ−1
1 p1 1 < Ĵ < J

qJ−1
1 qĴ−J

0 p0 J ≤ Ĵ ≤ N.

(34)
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1 2 3 4 5 6 7 8 9 10 11 12 13 14
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0.8

1

J

P h

Disappearing scenario

Fig. 4. Performance degradation of the conventional ED under appearing
and disappearing scenario for N = 14

Finally, (29) is used to evaluate the performance of the

proposed adaptive ED analytically under the disappearing

scenario.

V. SIMULATION RESULTS

In this section, the performance of the proposed adaptive

ED and the conventional ED are investigated for dynamic

scenarios where the EU activity status changes during the

sensing period. An EU signal with a bandwidth of 200kHz is

assumed to be sampled at a frequency of 1600kHz, and a 1024-

point FFT is used to obtain the frequency representation of the

signal. The bandwidth of interest corresponds to 128 frequency

bins, i.e., M = 128. The received signal SNR is equal to

−8dB, with desired Pf = Pfs = 0.1 and Pd = Pds = 0.98
in the appearing and disappearing scenarios, respectively. The

parameters in (14) are set to a = 0.2 and b = 0.5, based on

preliminary experiments.

The performance deterioration of the conventional ED in

dynamic scenarios is first investigated based on the analytical

expressions (9) and (12) obtained in Section II. To this end,

the number of sensing frames is set to N = 14 and the value

of J (the frame index where the EU activity status changes)

is varied from 1 to 14. The results are shown in Fig. 4 where

it is observed that the probability of detection deteriorates

significantly as J increases, specially for J > N/2.

In the rest of the simulations, J is set to 9 and N is varied

from 9 to 14. For both the conventional ED and the proposed

adaptive ED, random data are generated based on the model

introduced in Section II-A and the simulations are run for

1000 independent trials to obtain an estimation of Pd and

Ph for the appearing and disappearing scenarios, respectively.

The results of these experiments are illustrated with the solid

lines for the two scenarios in Fig. 5 and 6. These figures

also include the theoretical results (dashed lines) which are
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Fig. 5. Probability of the EU signal detection of the proposed adaptive ED
compared with the conventional ED in the appearing scenario
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Fig. 6. Probability of the spectrum hole detection of the proposed adaptive
ED compared with the conventional ED in the disappearing scenario

based on the analytical formulae obtained in Sections II and

IV. It is observed that the proposed adaptive ED achieves a

better performance compared to the conventional ED in both

scenarios. Furthermore, the experimental results closely follow

the analytical results.

As explained in Section III-A, the adaptive ED in [8]

is intended to improve the probability of detection in the

appearing scenario; therefore, it is reasonable to compare

its performance to that of the adaptive ED proposed in this

paper. These two adaptive EDs achieve a better performance,

compared to the conventional ED, in exchange of an increase

in Pf . Hence, the test thresholds obtained by both adaptive

detectors need to be adjusted through simulations in order to

maintain a desired Pf and thus a fair comparison. The result of

such comparison is shown in Fig. 7 and it is observed that the

proposed adaptive ED outperforms the alternative approach.

VI. CONCLUSION

The performance of the conventional ED is degraded in a

dynamic environment where the EU activity status changes
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Fig. 7. Performance comparison of the proposed adaptive ED and the
adaptive ED in [8] for the appearing scenario (J = 9)

during sensing period. An adaptive ED was proposed to

improve the probability of detection in such environments. The

proposed technique applies an exponential weighting window

over the measured energies of N frames and adjusts the

weighting coefficients based on estimated location of the frame

where the EU activity status changes. Analytical performance

analysis and simulations have proven the superiority of this

technique over the conventional ED and the adaptive ED in

[8].

REFERENCES

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

[2] D. Cabric, A. Tkachenko, and R. Brodersen, “Spectrum sensing mea-
surements of pilot, energy, and collaborative detection,” in IEEE Military
Commun. Conf., pp. 1–7, Oct. 2006.

[3] K.-L. Du and W. H. Mow, “Affordable cyclostationarity-based spectrum
sensing for cognitive radio with smart antennas,” IEEE Transactions on
Vehicular Technology, vol. 59, no. 4, pp. 1877–1886, May. 2010.

[4] K. Kim, Y. Xin, and S. Rangarajan, “Energy detection based spectrum
sensing for cognitive radio: An experimental study,” in IEEE Global
Telecommun. Conf., pp. 1–5, Dec. 2010.

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

[6] Q. Zhi, C. Shuguang, A. H. Sayed, and H. V. Poor, “Optimal multiband
joint detection for spectrum sensing in cognitive radio networks,” IEEE
Trans. on Signal Processing, vol. 57, no. 3, pp. 1128–1140, Mar. 2009.

[7] K. Hossain and B. Champagne, “Wideband spectrum sensing for cogni-
tive radios with correlated subband occupancy,” IEEE Signal Processing
Letters, vol. 18, no. 1, pp. 35–38, Jan. 2011.

[8] T. S. Shehata and M. El-Tanany, “A novel adaptive structure of the
energy detector applied to cognitive radio networks,” in 11th Canadian
Workshop on Information Theory, pp. 95–98, Jun. 2009.

[9] S. M. Kay, Fundamentals of Statistical Signal Processing: Detection
Theory,, vol. 2. Prentice Hall, NJ, USA, 1998.

[10] H. Solomon and M. A. Stephens, “Distribution of a sum of weighted
chi-square variables,” Journal of the American Statistical Association,
vol. 72, no. 360, pp. 881–885, Dec. 1977.

[11] K.-H. Yuan and P. Bentler, “Two simple approximation to the distribution
of quadratic forms,” British Journal of Mathematical and Statistical
Psychology, vol. 63, no. 2, pp. 273–291, May. 2010.

514



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


