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ABSTRACT

This paper addresses the problem of detection of randomly arriving or departing primary user (PU) signals in cognitive
radio systems. The detection problem of the dynamic PU signal is modeled as a binary hypothesis testing problem
where the PU signal might randomly depart or arrive during the sensing period. Then, we detect the cyclostationarity
of the PU signal using a test statistic derived from the spectral autocoherence function in dynamic PU signal
environments. Numerical results show that the proposed scheme offers an improved spectrum sensing performance
than the conventional energy detector for dynamic PU environments.
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1. Introduction

The rapid growth of broadband wireless
applications makes the frequency spectrum a
scarce resource [1], [2], and thus, its more efficient
use is needed [3]. The cognitive radio (CR) is a
promising technology to exploit underutilized
spectrum in an opportunistic manner and the
spectrum sensing technique identifying spectrum
holes is one of the most important techniques in
CR [4]-[6]. Until now, various spectrum sensing
techniques have been developed under static
traffic circumstances where the spectrum band is
assumed to be occupied by the primary user (PU)
or vacant during the whole sensing period [7], [8].
In practical cases, however, the PU signal could
depart or arrive during the sensing period,
especially when a long sensing period is used to
achieve a good sensing performance, or when the
spectrum sensing is performed for a high traffic

network, In dynamic PU signal environments, the
performances of the conventional spectrum
sensing techniques have been found to be
degraded severely [9]. Although a spectrum
sensing technique [10] was proposed based on the
energy detection approach for dynamic PU signals,
it performs poorly when the signal-to-noise ratio
(SNR) is low.

In this paper, we propose a novel spectrum
sensing scheme based on the cyclostationarity
approach for randomly arriving or departing
signals, which is referred to as the dynamic PU
signals. We first formulate the spectrum sensing
problem in dynamic PU signal environments as a
binary hypothesis testing problem and develop the
corresponding generalized likelihood ratio (GLR).
Obtaining an estimate of spectral autocoherence
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function (SAF) of the PU signal and applying it to
the GLR, we propose a test statistic for spectrum
sensing in dynamic PU signals. The proposed
cyclostationarity-based scheme is expected to
perform better than the conventional energy
detection-based scheme of [10], since the
cyclostationarity-based detection has an
advantage over the energy detection approach in
that its detection performance is generally better
than that of the energy detection approach, and
also, it can distinguish the PU signal from the
interference unlike the energy detection approach.

2. System model

In the conventional researches without considering
the dynamic behavior of PU signals, the received
signal y[n] in the absence of noise can be depicted
as shown in Figure 1. However, the PU signals
can randomly depart or arrive during the sensing
period as shown in Figure 2, where the event of
random departure (random arrival) is assumed to

occur between the samples J,(J,) and

Jo +1(J; +1). The goal of the spectrum sensing is

to estimate the existence of the PU signal after n =
N by detecting the samples in the sensing period
(thatisn=1, 2, ..., N). For example, in the random
departure case, the PU signal is absent after the
sensing period meanwhile the PU signal is present
after the sensing period in the random arrival case.
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(a) When the PU signal is absent.
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(b) When the PU signal is present.

Figure 1. The received signal model without
considering the dynamic behavior of PU signals.
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Figure 2. The received signal model for
randomly departing or arriving PU signals.

We model the spectrum sensing problem in
dynamic PU signals where the PU randomly
departs or arrives during the sensing period of CR
user as a binary hypothesis testing problem: Given
the received signal, a decision is to be made
between the null hypothesis H, and the alternative

hypothesis H, defined as

x[n]+wln], forn=12,...,J,,
H, @ yln]=

wln], forn=J,+1J,+2,...,N )
and

w[n],forn=12,...,J,,
H,: yln]=

x[n]+wl[n], forn=J,+1J,+2,...,N,

()

respectively, where and represent the sample of the
baseband equivalent of the received and PU signals,

respectively, W[n] represents the nth sample of an

additive white Gaussian noise (AWGN) with mean
zero and variance o?, and N is the number of
samples available during the sensing period. Under
the hypothesis H,, the random departure of the PU
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occurs between the J,th and (J, +1)th samples, on
the other hand, under the hypothesis H,, the random
arrival of the PU occurs between the J;th and
(J; +1)th samples.

3. Proposed scheme

Applying the GLR test to the binary hypothesis
model of Egs. 1 and 2 gives the following
decision rule

Hy
N

J >,
IRALUESNA LIS (3)
n=Jy+1 n=1 <

Ho
where y' is a predetermined threshold. To exploit
the cyclostationarity of the received PU signal, in
Eq. 3, we replace y[n] with the SAF p;(f)
defined as [11]

_ S; (1)
[S,(f+al2)S,(f-al2)]

Py () 7 (4)

where « is a cyclic frequency, S (f) is the PSD of
y(t), and

S;(f)= | R;(r)e*"dr (5)

is the spectral correlation density (SCD) function
defined as the Fourier transform of RJ(z), where

Ry (z) is the cyclic autocorrelation function and
expressed as

1 Al2 r X r )
R%(7) = lim — t+— t—— |e’*™dt, 6
5 (7) A%Aizy( 2jy ( 2) (6)

where (+) is the conjugation operation. From Egs.

4 and 5, we can see that the SAF is the normalized
version of the SCD.

Since p;(f) is the SAF of a continuous signal

y(t), we cannot replace the discrete value y*[n]

of Eq. 3 with (,o;‘(f))2 directly. Thus, we employ the

discrete estimate

2
| squared

2, (f) of the
magnitude of the SAF obtained as

) " vl

ﬁf(f)| = NZ 2~ N ‘ 2 (7)
Zn:1|u[n]| Zn:1|v[n]|

y?[n] of Eq. 3,

u[n] = y[nle”"*"*"  and

to replace where
v[n] = y[n]e’""**'?" are
the frequency-shifted versions of y[n]. Now,

replacing y?[n] with Eq. 7 yields

LA (8)

Ho

5

N 2 &
EAGIEDY
n=1

where y is a threshold for the decision rule Eq. 8.
It should be noted that the values of J, and J,
change randomly depending on the behavior of the
PU, and thus, the test statistics unconditional for
random departure and arrival are obtained by
taking the expectation over the left side of Eq. 8
with respect to J, and J,, respectively. Generally,
the number of events occurring randomly over a
period of time is well modeled by a Poisson
process [12], and thus, we assume that the
departure or arrival of the PU follows a Poisson
process. Then, we have

PriJ,} = 1-e*"]-[e 1", 9)
and

Pr{J;} = [1-e*"]-[e*"]", (10)
where 4,, 4,, and T represent the departure rate,

arrival rate, and sampling interval, respectively.
Using Egs. 9 and 10, finally, we obtain the
unconditional test statistics

2

T,=

2:[1—e*dT]-[e*‘d71J° > ulnv'In]

n=Jy+1

/|: Z [1 _ e*AdT] . [e’ldT ]Jo Z |u[n]|2:|

n=Jy+1
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/{ z: M-e ™" ]-[e ™ ]" Z |v[n]|2}

2

>0 e ™ty [n]
Y, = M ulnlf X - e T vin]f

(11)

for the random departure of the PU, and similarly,

[ -ty o]
T = M ulnl Y (- vin]f

(12)
for the random arrival of the PU.

From Egs. 11 and 12, we can see that the term
[1-e™] ([1-e*™]) becomes larger as the value of
n increases, which implies that the cross-correlation

N ~24Tn e N ~2,Tn o
[ t=e iy (] (X0, (1-e " lulny (] )
and the autocorrelations Z“::1[1—e‘*""’]|u[n]|2 and

SY u—evinl O - uin]}  and

|2

ON

2521[1—6’1J”]|v[n]|2) are correlation operations

that give a larger weight on the samples with a
large value of n. Figure 3 shows a block
diagram to obtain the test statistic 7,. As T, =T,

when 4, = 4,, we can employ either T, or T, as

a test statistic of the proposed scheme assuming
that 4, = 1,.

4. Numerical results

In this section, we compare the spectrum
sensing performance of the proposed scheme
with that of the conventional scheme of [10] in
terms of the receiver operating characteristic
(ROC) and detection probabilities. We assume
the following parameters: N =100,

3T=4T=1 a=2f, P,=0.010.03,0.05,

0.15, 0.4, and 1, and a PU signal modulated by
the binary phase shift keying with a carrier
frequency f of 100 Hz. The threshold s

determined from the false alarm probabilities
[13], and it is assumed that one of the random
departure and arrival is chosen randomly with
equal probability.
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Figure 3. The test statistic T, of the proposed scheme.
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Figure 4 shows the ROC curves of the proposed
and conventional schemes over an AWGN
channel in dynamic PU signals with the SNR
value of -15, -10, -5, and 0 dB, where P,

represents the detection probability defined as
Pr(H,|H,): Here, the SNR is defined as o} / 0%,

7 1ot P,
-©- Proposed
2 [10]
10-31 -2 -1 0
10° 10 10
P
(a) SNR=-15 dB.
10" w
Pd 10" Pd
-©- Proposed
l 25 [10]
10° 5 — 0
10 10 10
P.
(c) SNR=- 5 dB.

where o7 is the variance of the PU signal. From

the figure, it is clearly observed that the proposed
scheme provides a significant performance
improvement over the conventional scheme, and
the performance improvement becomes more
noticeable as the SNR increases.

P, 109
-©- Proposed
A [10]
0 ]0'21 ) l-l 0
| 10° 10 10
P.
(b) SNR=-10 dB.
100
Pd 107
-~ Proposed
) A [10]
-2
" 162 Th 18
P.
(d) SNR=0 dB.

Figure 4. ROC curves of the proposed and conventional schemes over AWGN
channel in dynamic PU signals when SNR = -15, -10, -5, and 0 dB.
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Figure 5 shows the detection probabilities of the
proposed and conventional schemes over AWGN
channel in dynamic PU signals as a function of P,

when P, =0.15, 0.05, and 0.01. From the figure, >

we can see that the proposed scheme has a better
detection performance than the conventional
scheme in the SNR range of —10 ~ 10 dB. This is
due to the fact that cyclostationarity of the signal is
easily distinguishable regardless of the SNR
value since the AWGN is not a cyclostationary & Proposed
process, whereas it is difficult for the A [10]
conventional scheme to detect the signal energy 02 il e —
correctly in low SNR environments. Moreover, -10-8 6 4-2 0 2 4 6 8 10
the performance deference between the SNR (dB)

proposed and conventional schemes becomes

more pronounced as the value of the false alarm (€) Pt
probability decreases.

10°

Py 107

=0.01

Figure 5. Detection probabilities of the proposed and
conventional schemes over AWGN channel in

10°— s S P dynamic PU signals as a function of SNR when
= o P, =0.15, 0.05, and 0.01.
i
L ﬂ_i&/&’// Figures 6 and 7 show the performances of the
o proposed and conventional schemes over
Fy 10 ] multipath Rayleigh fading channels in terms of
ROC and detection probabilies, respectively. For
simulations, we assume that the multipath fading
& Proposed environments consist of three paths with
2 [10] exponential power delay profile (PDP), where the
1072 PDP p, for the kth path is expressed as
-10 8 76 —4 2 0 2 4 6 8 10
SNR (dB) ,
P, =exp(-kz)/ Y.,  exp(-kr) (13)
(a) Pa=0.15.

and 7 denotes the relative timing difference
10— between the paths [14]. In this paper, we
assume that the paths are equally spaced with

h
/ interval z = N/3.
Figure 6 shows the ROC curves of the proposed
P, 1g : and conventional schemes over multipath
L Rayleigh fading channels in dynamic PU signal
/&_&_’/A/é/

environments with the SNR value of -15, -10, -5,
o Proposed and 0 dB. From the figure, it ig. glearly observed
A [10] | that the proposed scheme exhibits a better ROC

) L S performance than the conventional scheme in
10710 -8 —6 - D 0 2 4 6 8 10 multipath Rayleigh fading channels as well.
SNR (dB) Moreover, the performance improvement over

the conventional scheme becomes more
(b) Pra= 0.05. significant as the value of SNR increases.

&
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100 T ||l:a "]OU T T T T T T T T T T =]
Py 107 3 P10t -
"S- Proposed > Proposed
; A [10] . A [10]
10° 2
-2 ] 0 10 n n MRS L L P
10 I;o 10 102 107 10°
fa Pfa
(a) SNR =-15 dB. (d) SNR = 0 B.
10° ™ T Figure 6. ROC curves of the proposed and
] conventional schemes over multipath Rayleigh
fading channel in dynamic PU signals when
SNR = -15, -10, -5, and 0 dB.
Figure 7 shows the detection probabilities of the
Py 1ot z proposed and conventional schemes over
: multipath Rayleigh fading channels in dynamic
PU signal environments as a function of SNR
A — when P, =0.15, 0.05, and 0.01. From the figure,
) A [10] we can see that the proposed scheme provides
i . . an improved detection performance than the
102 107 10° conventional scheme. Moreover, the
Py, performance improvement becomes more
pronounced as the value of the false alarm
(b) SNR = -10 dB probability decreases.
10° R S
10%¢ e T
Pd 107E 3
- Proposed S~ Proposed
& A [10] 2 [10]
-2| — ot -2 Il | 1 1 1 L | ! 1
10 = 100 Wi s © 4 2 0 2 4 6 8 10
Pfa SNR (dB)
(c) SNR = -5 dB. (a) Pra=0.15.
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10°
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V

Pyt £
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(c) Pr= 0.01.

Figure 7. Detection probabilities of the proposed and
conventional schemes over multipath Rayleigh fading
channelsin dynamic PU signals as a function of SNR

when P, =0.15, 0.05, and 0.01.

We also compare the complexities of the proposed
and conventional schemes in terms of the number
of additions, number of real multiplications, and
number of flops, where a flop is defined as a real
floating point operation, and a real addition or
multiplication is counted as one flop [15]. A
complex addition operation is counted as two real
addition operations and a complex multiplication
operation consists of two real addition and four real
multiplication operations.

Table 1 shows the computational complexities of
the proposed and conventional schemes. From the
table, we can see that the computational complexity
of the proposed scheme is almost three times that of
the conventional scheme; however, the complexity

difference would be insignificant since the recent Intel
microprocessor is ideally capable of 4 flops per clock
(i.e., a 2.5-GHz Intel microprocessor has a theoretical
peak performance of 10 billion flops per second) [16].
Moreover, the complexities of the proposed and
conventional schemes are both in order of N, which
also shows that the spectrum sensing can be
achieved in a similar level of sensing time using the
both spectrum sensing schemes.

Number of Number of
Number
Scheme real real f flops
addition multiplication ortiop
Proposed | 20N -2 24N +8 48N +6
[10] 8N -1 8N 16N -1

Table 1. Computational complexities of the
proposed and conventional schemes.

5. Conclusion

In this paper, we have proposed a
cyclostationarity-based spectrum sensing scheme
in the presence of randomly arriving or departing
PU signals. Firstly, we have modeled the spectrum
sensing problem in dynamic PU signal
environments as a binary hypothesis testing
problem, and then, developed the corresponding
GLR. Then, we have derived a test statistic
employing the SAF in the GLR. From numerical
results, it has been demonstrated that the
proposed scheme provides a significant
performance improvement over the conventional
scheme in terms of the ROC and detection
probability in both AWGN and multipath Rayleigh
fading channels while maintaining a similar level of
computational complexity compared with that of
the conventional scheme.
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