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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: CA(u,0?) refers to a
circular symmetric complex Gaussian distribution with mean
w and variance o2, and x?(v) denotes a chi-square distribution
with v 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 F. In the presence of an EU, this signal is represented
as

L-1
r(n) =z(n)+wn), z(n)= Z h(l)s(n—=1), (1)
1=0

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. Tt 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:

K-1

1 )
Z r(mK +n)e 2R/ K (2)
n=0

“VE

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
X (k) and W, (k) denote the kth DFT coefficient of the mth
frame of the channel output and the additive noise, i.e. z(n)
and w(n) respectively. Then, it follows from (1) that

R (k)

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

In this work, {X,,(k)} and {W,,(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{|W,,(k)|?} = o2,
and E{|X,,(k)|?>} = o2, 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

Yo =Y [Ru (k)P )

keB

where B is a set of M frequency bins corresponding to the
bandwidth of interest. Finally, the frame energies Y,, 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 Hy and Hip,
which represent the absence and presence of the EU signal,

EU absent EU present EU present EU absent
[1T2]s~Tol=T-InN] [t ]2]3 -]y -]-]N|
a) b)

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

appearance b) EU disappearance

respectively:

Ho
Ha

Rm(k) = Xm(k) + Wm(k)a (5)

where the given condition holds for all m = 1,..., N and k €
B. Thus, under each hypothesis, the observed frequency sam-
ples R, (k) are independent and identically distributed, with
Ry (k) ~ CN(0,02) under Ho and R, (k) ~ CN(0,02+02)
under H;.

For the above system model, the optimal binary detector
computes a test statistic, T, by summing the measured
energies of N frames, and comparing it against a threshold
~ to choose between Hg and Hi:

N ;;1
Tn =) Y Z 7. 6)
m=1 Ho

The performance of this detector can be easily analyzed
in terms of its probabilities of detection and false alarm.
In particular, Y;, (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:

(7a)
(7b)

pyp = M(op, +02)

2 _ 4 2 _ 2 242
oy = Moy, oy = Mo, +03)°,

2
pylo = Moy,

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 7 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 Jth 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 T can
be approximated by central limit theorem as Gaussian under
both scenarios, but with different first and second moments.
In the appearing scenario, let o and H1 = H1(J) represent
the absence of the EU signal (during the entire sensing period)
and its appearance at the Jth frame, respectively. The mean
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and variance of Ty under these two hypotheses are obtained
as follows

priHe = Npyo
prip, = (J = Dpyjo+ (N —J + Dpyp (8a)
U%H—LO = NU%/\O
o, = (J = Dovg + (N = J +Dogy.  (8b)

The probability of the EU signal detection, Py, is then obtained
as

Q(W = KT H,

Py=P(Tn >~H1) = ) )

OT|H,
where 7 is the test threshold obtained for a given probability
of false alarm, Py, as

v =Q ' (Pr)oris, + it (10)

where Py = P(Tn > 7|Ho). The test statistic Ty under #;4
is corrupted by the accumulation of noise power in the first
J — 1 frames, which causes the deterioration of P; in this
scenario. This fact has been confirmed by evaluating Py in (9)
under constant Py for different values of .J and a fixed NV, as
will be further discussed in Section V.

In the disappearing scenario, let H; and Ho = Ho(J) rep-
resent the presence of the EU signal (during the entire sensing
period) and its disappearance at the Jth frame, respectively.
The mean and variance of T under these two hypotheses are
given as

prip, = (J = Dpyp + (N —J + Dpypo

prir, = Npyp (11a)
U%mo =(J - 1)‘732/|1 +(N—J+ 1)‘712/|0
o7, = Nov - (11b)

In this case, the probability of spectrum hole detection, P,
can be obtained as

Q(,Y - /’LT\HO)

P, =P(Ty <vHo) =1~ , o (12)

OT|Ho
where ~y is the test threshold corresponding to a desired Py as
follows:

v =Q N (Pa)orm, + brim, - (13)

Here, the test statistic under Hy 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
Py, in (12) under constant P, 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.

I
r(mK-+n) R (k) Z 2| Yo, TN‘J“ Adaptive] | Ho
—DFT » H ZC Y »| Binary |-+
M-bins mem Detector| H
1

Adaptive

Destfcior — Exponential
J Coefficients

EICMI

Fig. 3. Proposed adaptive ED procedure

In Fig. 3, the side detector compares individual frame
energies Y,, to a pre-set threshold <4, to obtain a rough
estimate of the true (but unknown) frame index .J where the
EU activity status changes. This estimate, J, is applied to the
input of an adaptive control mechanism which adjusts a set of

exponential weighting coefficients, ¢,, for m € {1,..., N},
as follows:
(N—m)/(N—J) J < N
e =12 < (14)
pN-—m, J=N

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

N
TN|j = Z cmYm- (15)
m=1

The weighting coefficients c,, 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 ~, that maintains a desired performance, as given
by Py in the appearing scenario and Py in the disappearing
scenario. The conditional test statistics is then used to make
the final decision via a binary test:

Hi

>
Tnij 2 Yo
Ho

(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

Y5 = Q (Prs)ayo + fyo, (17)

where Prs = P(Y,, > 7,|0) is the desired probability of false
alarm (for single frame processing) and fiy g and oy|o are
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defined in (7a)-(7b). The rough estimate J is obtained as the
first value of m such that Y;, > ~,; otherwise, if no such m
can be observed, we set J = 1. The estimate .J is used to
compute the exponential weights ¢, as in (14).

As explained in Section II-B, Y,,, 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 2approximation, the
distribution of T'y, ; (15) is given by (x Zax?(2MN'), where
(N = % fo:l Cm, and op is the variance of R,,(k) under
the given hypothesis. The conditional mean and variance of
TN\f under #H are then given by !

(18a)
(18b)

B, = NNy o
2 o 4-2 N 2
o111, = GNIVOy|0-

The adaptive detector block receives ¢, and applies them
into the above equations to update the test threshold, v,, to
make the final decision. Assuming that N or M are relatively
large, then TN‘ j can be approximated as a Gaussian random
variable [11]. Therefore, for a given Py, the threshold -y, is
obtained as

Yo = Q (Pp)orimy + Hrim,- (19)

If TN| j exceeds ., then hypotheses H1 is selected; otherwise,
Ho 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, J, is used to
eliminate the first J — 1 frames in order to improve the EU
signal detection performance. In the proposed model, the side
detector output, J, is used instead to adjust the exponential
weighting coefficients, c,,, in such a way that the accumulated
energy in the first J—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 .J , as it will be shown in section V.

B. Disappearing scenario

In the disappearing scenario, the threshold used by the side
detector is

Vs = Q  (Pas)oy)n + by, (20)

where Pys = P(Y,, > vs|1) is the desired probability of EU
signal detection for a single frame.The rough estimate J is
obtained as the first value of m such that Y,,, < 7s; otherwise,
we set J = 1.

IThe variance of TN‘ 7 can be directly obtained using the fact that the
random variables Y;,,m = 1, ..., N are independent. The resulting variance
%:1 CZnU?qo 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| j
under H; are given by

(21a)
21b)

priH, = SNy

U%ml = CJQVNU?/\r
Using the above results, the adaptive binary detector adjusts
the test threshold, v,, for a desired P; as follows:

Yo = Q@ (Pa)ors, + 1t (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 ¢,,. These coefficients are dependent on J ; there-
fore, using the statistics of TN| j» the probability of the EU

signal detection conditioned on J is obtained as follows:

Q(’Ya —MT|H1)

Pyj= P(TN|j > e H1) = ) (23)

OT|#,

where 7, is the threshold of the adaptive binary detector block
in (19). Here prj3, and J%ml represent the mean and the
variance of TN‘ 7 under H; and are given by

(24a)
(24b)

M, = CaApyo + (e Bpy

2 _ 2 2 2 2
073, = Cadoy g +(pBoy o,

where A=J -1, B=N—-J+1,¢(1=%37"" ¢, and

i N
CB - B Zm:J Cm-
Finally, the probability of EU signal detection is obtained
by averaging (23) as

N
Py = Z Pd|jp(j|Hl)a
J=1

(25)

where p(.J|H1) is the probability mass function (PMF) of .J
under H;, obtained as follows. The side detector applies en-
ergy detection on every frame until the first frame energy that
exceeds s; therefore, this process is modelled as a Bernoulli
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distribution with probabilities of “success” (Y,, > s) under
the two frame-hypotheses as

Vs — HY|0

o= P(¥ > 3[0) = Q7 L2 (26)
pi = P(Yp > 7|1) = Q(%’f“)- @7

Here, ~, is the side detector’s threshold given in (17). Con-
sequently, the probability of the “failure” (Y;, < +,) under
frame-hypothesis 0 and 1 are defined as g9 = 1 — py and
¢1 = 1 — p1, respectively. Therefore, J has a “generalized”
geometric distribution with PMF under H; given as

po+ql gV J=1
p(J[H1) =< g5 'po l<J<J (28)
a 'al; J<J<N.

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,
Py, is under consideration, which is given by

N
Py = Z Ph|jp(j|H0)'
J=1

(29)

The conditional probability of hole detection, Ph| j» is obtained
as follows:

Ya — BT\ Ho
7= P(Ty; < 7alHo) = 1 — Q(F—T1Hey

b,

, (30)
OT|H,o

where v, is given in (22). pr3, and o7y, are the mean and
the variance of TN| 7 under Ho, which are given by

tria, = CaApyn +CsBuyio (31a)
0714, = CAATy ) + (BBoy o (31b)

where A, B, (4, and (p are defined in Section IV-A. The
PMF of .J under Ho, p(.J|Ho), 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:

m=Pﬂh<%M=1—MEi%E) (32)
p1 = P(Ym < 78|1) =1- Q(%ﬁyll% (33)

where 7, is the thrAeshold of the side detector in (20). There-
fore, the PMF of J under H, is obtained as

J—1 N—-J+1

pP1t+4qi q J=1
p(J|Ho) = a{ 'p1 l<J<J (34)
@l 'ay 7 po J<J<N

Appearing scenario
1 ‘ ‘ ‘ ‘ : ‘

0.8

0.6

Ay
0.4f
0.2
0 Il Il Il Il Il Il Il Il Il Il Il Il
1 23 4 0 11 12 13 14
J
Disappearing scenario
1
0.8
0.6
=
Ay
0.4f
02r
0 ‘ ‘ ‘
1 23 4
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 Py = Pyy = 0.1 and Py = Py = 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 P, and
P, 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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—6— Conventional ED, J=9
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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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o
o

0.7

0.6

0.5
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—#— Proposed ED, J=9
—6— Conventional ED, J=9
- - - Theoretical

0 . . N N
13 14

Probability of spectrum hole detection (Ph)

0.1

11 12
Number of sensing frames (N)

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 P;. Hence, the test thresholds obtained by both adaptive
detectors need to be adjusted through simulations in order to
maintain a desired Py 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

4
)

0.8

0.7

0.6

0.57

Probability of EU signal detection (Pd)

0.44

—#— Proposed adaptive ED
—8— Adaptive ED in [8]

13 14

9 10 11 12
Number of sensing frames (N)

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].
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