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ABSTRACT

To improve the radio spectrum utilization, cognitive radio (CR)
technology, which can dynamically use frequency bands detected
as free, has been proposed. To provide this detection with suffi-
ciently security for the licensed primary user (PU) and without a
loss of CR capacity, spectrum sensing is a fundamental require-
ment in CR. Also, if this spectrum sensing is addressed for wide-
band, a current idea is to distribute it among all CRs in the net-
work by dividing the wideband sensing into several sub-bands
sensing. However, this physical spectrum division can be too wide
to detect narrow band PU. In this paper, we propose to analyse
digitally these sub-bands by using a numerical fast Fourier trans-
form (FFT). This analysis is then made, in each sub-sub-bands, by
a double threshold energy detection method. For a targeted prob-
ability of PU detection, simulation results show the possibilities of
the proposed system when a multi-optimization problem is ad-
dressed.

1. INTRODUCTION

Current wireless communication networks are designed with in-
flexible rules in order to operate in a given time slot over a fixed
frequency range and within certain area. Cellular concept is proba-
bly the most illustrating example. Although all the current usable
frequency bands are already affected, studies have found that the
utilization of a large part of these bands is very low. In order to
improve spectral allocation, cognitive radio (CR) [1] has been pro-
posed as a potential future wireless communication system, which
enables a new class of mobile terminals to change their transmis-
sion parameters by spectrum sensing. In fact, in contrast to current
systems where the spectrum allocation is static, future CR devices
will be able to seek and use the frequencies in a dynamic way for
network access; this will be done by spectrum sensing which con-
sists in autonomous rapid detection of vacant bands in the radio
spectrum.

Spectrum sensing techniques can be classified among three catego-
ries: matched filter with coherent detection [2], energy detector [3],
and feature detection [4], [S]. When an energy detector is used, the
hidden terminal problem caused by shadowing or deep primary user
(PU) fading has to be counteracted by using diversity. There are
different ways to obtain diversity in energy detection. On the one
hand, if the spectrum sensing is realized with one CR, multiple an-
tennas permit to maintain a high probability of detection. On the
other hand, another spectrum sensing scheme consists in using a
fusion center (FC) that collects the spectrum measurements from
multiple CRs. This method is called cooperative spectrum sensing.
Although the cooperative spectrum sensing in narrowband has been
widely studied in the literature [6]-[8], the wideband spectrum sens-
ing (WSS) is not often considered.

Wavelet approach was thus developed in [9], where the WSS is
conducted with an estimated power spectral density in each subband
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(SB). The main drawback of this method is that the authors pro-
posed PU detection by using one CR, that leading to a critical spec-
trum sensing time. In [10], a WSS is proposed. Called multi-bands
joint detection, it jointly detects the signal energy levels over multi-
ple frequency bands rather than consider one band at a time. Re-
cently, a cooperative shared spectrum sensing has been proposed
[11] where the wideband is divided into several sub-bands. The
authors propose a framework designed to minimize uncertainty in
PU detection, while maintaining control over the amount of energy
spent and spectrum sensing time. But the main drawback of this
method concerns the number of necessary analysed SBs and/or CRs,
which can be extremely large if an important WSS is devoted. In
fact, the larger band, the more SB should be necessary. It can result
to a very high number of required CRs and/or spectrum sensing time
to maintain sufficient PU protection in each SB.

In this paper, we propose a distributed wideband spectrum sensing
as in [11], but we digitally divide the SBs by using a numerical fast
Fourier transform (FFT), which creates sub-SBs (SSB). Further-
more, we use a double threshold energy detector. The proposed
flexible architecture could permit to keep a moderate number of SB
and so a moderate number of CRs, while maintaining a sufficient
PU protection and an efficient spectrum sensing time. Computer
simulations show that for a 100 MHz SB channel, when the frame
duration is 1ms, we can maintain a detection probability of 90%
and a low loss of available bandwidth for a spectrum sensing time
equals to 10% of the frame duration and for several SSB wide.

The paper is organized as follows: Section 2 presents the distributed
WSS method; Section 3 is devoted to the core of the proposed flexi-
ble WSS with double threshold energy detector; Section 4 analyses
the system performances through simulation results; finally Section
5 concludes the work.

2. DISTRIBUTED SPECTRUM SENSING

Generally, we consider that a frequency band as free when this band
is only composed of noise. In the opposite case, if the filtered signal
is composed of noise in addition to an unknown PU signal, the fre-
quency band is considered as occupied. In practice, this signal de-
tection can be performed using a hypothesis test.

2.1 Wideband Spectrum

We suppose a spectrum sensing in a wideband W, which is com-
posed of L primary users. Afy, denotes the minimum frequency
space between two adjacent PUs. If we assume that the primary
users do not occupy the entire bandwidth, then some of the free
bands could be available for being used by CR (Fig. 1). These free
bands can be detected by using CR network (CRN).
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Figure 1 — Available frequency SBs in a wideband spectrum

Figure 2 — Distributed wideband among the different SCRN

2.2 Spectrum sensing distribution

The detection performance of conventional spectrum sensing based
on energy detector is usually perturbed by the propagation channel
characteristics between PUs and CRs which performed the detec-
tion. In fact, PU signal can be attenuated by a deep fading, which
can bring missed detections. In such scenarios, spatial diversity at
each CR and/or cooperative CR devices would increase the prob-
ability of PU detection by sharing their different spectrum sensing
measurements. However, the larger the spectrum sensing, the longer
the time detection, to obtain detection probability close to one. A
solution consists in dividing wide spectrum in many bands called
SB.

To detect free bands in a wideband spectrum, cooperative distrib-
uted spectrum sensing, which consists in affecting a sufficient num-
ber of CRs to sense a part of the wideband spectrum, can be used.
The set of affected CRs is called a sub-cognitive radio network
(SCRN) (Fig. 2).

In this case, W is divided in K SB, and we have:

K
=@,if p=gandW = | JSBy

SB,, NSBy Y M
(SCRN, ) (SCRN, )=2,if p=q @)

K
CRN = [ J(SCRN,) ?3)

k=1
where SB; denotes the & SB analyzed by the SCRN, (k" SCRN).
The width of the sensed band in each SCRN is: Af =W/K .
3. FLEXIBLE WIDEBAND SPECTRUM SENSING
COGNITIVE RADIO

3.1 Sensed signal model

We suppose that each SCRN is composed of M CRs and N,, denotes
the number of antennas used by the m™ CR. We consider a channel
environment composed of P,,l1 multi-paths where hllm (p) repre-
sents the discrete-time channel impulse response between the /' PU
and the /™ receive antenna of the m™ CR. p refers to the p™ multi-
path of the propagation channel. Thus, the base band received signal
from the /™ PU at the /" antenna can be written as:

Ph-1
™)=Y h"™(p)s' (- p)+b;(n)

p=0

“)
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Figure 3 — Sub-band division

where s'(n) represents the ™ PU transmitted complex signal at time

n and by(n) is an additive complex Gaussian noise with zero mean
2

b -

Without loss of generality, the PU signal and the noise are assumed

and variance o

O'é . In the following,

we focus our interest on the X SB of width Af, sensed by the i
receive antenna of the m™ CR.

to be independent to each other and Vi,crg =

3.2 Flexible SSB energy detection

Contrary to [11], we divide the &' SB in K’ SSB, by using a
K’ points (K’ >> Pnl] ) fast Fourier transform (FFT) (see Fig. 3). It

enables to better take multipath fading environment into account
and offers the possibility to optimize the free band detection, if an
active PU exists in the A" SB, with a signal bandwidth lower than
Af.

In order to take a decision on the k™" SSB availability, the FFT of
the received signal (4) can be computed, and we obtain in the k™
SSB:

.. k'n
Lmen — = Im _JZ”K'
R| (k) _\/— ng (n)e (5)
—H!'™K)s' (k') +B(K")
with
W - L e e
! \/Fn:O I

where S (k") corresponds to the PU signal transmitted over the k™

I,m .
SSB, H;"™ (k') denotes the discrete frequency response of the

propagation channel and B(K') represents the received noise in the
frequency domain. As normalized FFT is a linear operation, the
random variables {B(k')} are independent normally distributed with
zero mean and variance a§ .
The k™ SSB gain is assumed to be constant during the detection
interval Tp, and we have:
HIM (K, t) = HM (kyfor 0<t<T -1
1 ’
AT f_ . f; denotes the sampling frequency of
s
the received signal, 7 is the number of collected samples in each
SSB and Af ' denotes the wide of the sensed SSB.

(M

where Tp =T —

3.3 Spatial spectrum sensing based on energy detector with
double threshold

To decide whether the k™ SSB is free or not, we test the classic
following binary hypothesis on each receive antenna:
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collect T samples of the received signal in each SSB. Thus, we
compute the received signal energy measured on the k™ SSB for
the i" receive antenna of the m™ CR:

Nols o
EM™ (k) =?Z‘Ri'*m(k )
t=1

To exploit the spatial diversity at the m™ CR, we combine the
received signal energy collected from each antenna and we have:

LS ElmG)

m t=1

)

EM(K') = (10)

According to the central limit theorem, for large T, ghm (k") is
asymptotically normally distributed with means [12]:

. 2
Hox: ok =yNmop

2
Nm ‘Hil'm(k’)‘ O'S2 (11)
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H o of !
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and variances:
2 1 4
HO,k' O-O,k' Z?O'b
2 N 2\ (12)
2 1 4 o JErr
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Ublezl

where 0'52 represents the PU signal power.

The conventional binary test consists, for the m™ CR, in deciding
whether /" PU in the & SSB is present or not.

If ¢ represents the decision threshold for the k'™ SSB, the proba-
bility of false alarm Pfh (g, T, N ) and the probability of detec-

tion P{"(&,T,Nyy,) are defined as:
| , Ek —Hjk
P(E ’m(k)>gk,|Hj‘k1): Q{U—JJ (13)
ik

for j =0 andj = 1 respectively and where Q is the Q-function.
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Figure 4 — Double threshold energy detector for the £’ SSB
(Decision Fusion)

To optimize the probability of false alarm under required probability
of detection, double threshold judgment, as in [13], is used (Fig. 4).
gll(‘r and g:,' are the lower and the higher decision threshold respec-

tively.

This method is completed by the use of a FC, which collects coop-
eratively the CR local decisions and makes a final decision for the
SCRN;.

Following [13], decision fusion method is so used, and different
rules can be employed to make the final decision. We use “Logic-
OR” rule and the cooperative probability of detection Q4 can then

be written:

Qg =1- fﬂjl(l—ﬁdm) (14)

where ﬁdm is the target detection probability for the m™ CR of the

SCRN,. By considering Py
probability is:

..=P{" =Py, the target detection

Py =1-M1-Qq (15)
The same reasoning makes it possible to express the cooperative
probability of false alarm Qg .

When local decision is not sufficient enough, so that any decision
can be made by the FC for some SSB, data fusion method described
in [13] can also be applied. FC needs then to collect also energy

I, ’ H
E'Mk)<elt

Finally, the proposed CR architecture is presented Fig. 5.

<

values of SSBs which satisfy gli‘/



3.4 Multi-optimization problem

The choice of the threshold leads to a trade-off between the prob-
ability of false and the probability of missed detection. Deploying
our CRN implies that a multi-optimization problem has to be
solved. The main objective is a probability of detection close to 1
subject to the available throughput CRN is maximal.

The time used for spectrum sensing influences the network through-
put and the lifetime of the CRN. Hence optimizing the spectrum
sensing time can increase the throughput performances of the CRN.
As we suppose that a narrow band PU signal can be active in a SB,
the proposed detection performs a FFT in each of them. It allows
maintaining a low probability of false alarm, but the SSB spectrum
sensing time increases. Thanks to the double threshold energy detec-

tor, 7 can be adjusted. In fact, for a target detection probability P,
and given a low probability of false alarm ISIZOW, with (13) by

cancelling out the threshold variable, the minimum number of sam-
ples for spectrum sensing is given by:

2
T :—(Pm'\'(:,))z {Q‘l(ﬁf'g’w)—o‘l(ﬁd ),/Hﬁ Pm(k')j (16)

2
. Pm(k’) %Hil,m(k/)‘ 0'52
where =y
i=1 o-&

We assume that the frequency allocation of the L PU is constant
during a time 7,.. We can also define

TK' TK'K
T. - T. o~
(T —Toi) (C fs] [c w j

= 17
Te T, T. {17

which represents the spectrum sensing time efficiency. If we sup-
pose, to have a high Qq and a low Qjg,, the available throughput

of the CRN can be approximated [16] as follows:

Thim = AW (L- Q1a) 109, (L+ SNRegm JP(Ho ) (18)
where SNR g, denotes the m™ CR signal to noise ratio and P(H 0k )
the probability for which the primary users are inactive in SB;.
W& = (L— AW, )AF represents the available detected bandwidth in

SB, and AWy is called the normalized loss of bandwidth. Thus the
total available CRN throughput for the m™ CR is

K
Thy = > Thim (19)
k=1
So, the multi-optimization problem consists in solving the follow-
ing system:
K
vk: max Thy, = ) Th
KM El km (20)
s.t.Py (&, T,Np) > Py

According to SB sensing, to solve (20), FC could adjust some para-
meters, such as the minimal width of SSB, the number of CRs in the
SCRN and the double threshold width. By holding a parameter
constant, it is possible to have different accuracies on each SSB of
the SB. Nevertheless, it will be necessary to adjust the number of
CRs in the different SCRN in order to keep a high CRN throughput
and a detection probability higher than a given threshold. However,
if the CR available throughput is not an objective, double threshold
could be adjusted without the need to increase the number of CRs in
the SCRN. Simulation results show the possibilities of the proposed
system when the multi-optimization problem (20) is addressed.
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Figure 7 — Normalized loss of bandwidth versus average PU SNR
(Q¢, =0.05, A¢=0.05, M =5 CRs in the SCRN)

4. SIMULATION RESULTS

The simulation parameters are the following. The sensed spectrum
has a bandwidth W = 3GHz. We suppose that each CR is equipped
with N,, = 2 antennas and with a filter bank composed of K = 30
band pass filters, so we have Af= 100MHz.

We suppose that two primary users are present in the analyzed
SB. PU use QPSK modulator, and the propagation channel between

PU and the SCRN is composed of Pnl1 =10 multi-paths. A control

cognitive radio channel, with a TDMA or a FDMA, is as well used
by the FC and the CRs. We define Dy = Afop /Af" as the sensing

frequency precision where Afgpe=min (Af min » Bmin ) .
Ag = (8;' - 8l|(7 )/ (2Ekf ) allows to change the double threshold

width. 7, is set to 1 ms and we suppose a low spectrum sensing time
while fixing a = 90%.

Fig. 6 shows the SSB width impact on the probability of detection.
We see that our system is able to maintain a cooperative detection
probability of 0.9, with a loss of detectable PU SNR of 2.5dB
(D¢ =0.78) and 4dB (Dt =0.70) when compare with the opti-

mal case (D =1). Note that, the method proposed in [11] is
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equivalent to considering D; <<1 and so we can see that, contrary

to our method, many free bands are undetected.

When the targeted probability of detection is reached, Fig. 7 shows
that there is no loss of available bandwidth when D¢ =0.78,
whereas, when D¢ =0.70, the normalized loss of bandwidth is of

2.107%, which corresponds to 200kHz.

Fig. 8 and 9 show the A¢ influences on the probability of detection
for various M, @ and Dj , when SNR = 0dB. On Fig. 8, we sce
that if we decrease the spectrum sensing time efficiency (a =0.8),
we can maintain Qg =0.9, until A¢=0.48 when M =10 and
D¢ =0.70 with AW, =0 (see Fig. 9). According to [14] the
higher Aeg, the higher efficient the spectrum sensing in term of
bandwidth constraints. Thus, considering As =0.48, in Fig. 9, we
see that if we consider the optimal case (i.e. D¢ =1, ¢ =0.9 and
M =10 for which Qg is maximal VAc ), we have AW, =0.38.

So, we can conclude that the better solution according to (20) is for
a=0.8 and D¢ =0.70.
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5. CONCLUSION

The proposed CRN is coherent with CR concept introduced by J.
Mitola. Indeed, it can quickly detect in a cooperative way PUs in a
wideband spectrum, while maintaining a high Qg4 . Furthermore, we

propose a distributed wideband spectrum sensing CRN, which
makes it possible to have an optimal spectrum sensing time and to
detect narrow-band PU signals.

In fact, it may be that SB division was not narrow enough, therefore
leading to a huge loss of available bandwidth. The proposed struc-
ture can adapt to the detection of PU signals, and have a high detec-
tion probability with a weak loss of available bandwidth when a
narrowband PU exists in the analyzed SB. To our knowledge, this
kind of system has never been addressed in the open literature.
Moreover, the distributed spectrum sensing between SCRN that we
propose, enables to reduce the energy spent by individual CR to
perform the detection. Finally, we have considered a wideband
spectrum division, which does not cut occupied bands. But, in prac-
tice, this hypothesis cannot be sure. In future studies, in order to take
a more realist vision into account, a sliding WSS division could be
considered.
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