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ABSTRACT. In cognitive radio system, the spectrum sensing has a major challenge in needing a sensing
method, which has a high detection capability with reduced complexity. In this paper, a low-cost hybrid
spectrum sensing method with an optimized detection performance based on energy and cyclostationary
detectors is proposed. The method is designed such that at high signal-to-noise ratio SNR values,
energy detector is used alone to perform the detection. At low SNR values, cyclostationary detector
with reduced complexity may be employed to support the accurate detection. The complexity reduction
is done in two ways: through reducing the number of sensing samples used in the autocorrelation
process in the time domain and through using the Sliding Discrete Fourier Transform (SDFT) instead
of the Fast Fourier Transform (FFT). To evaluate the performance, two versions of the proposed
hybrid method are implemented, one with the FFT and the other with the SDFT. The proposed
method is simulated for cooperative and non-cooperative scenarios and investigated under a multipath
fading channel. Obtained results are evaluated by comparing them with other methods including:
cyclostationary feature detection (CFD), energy detector and traditional hybrid. The simulation results
show that the proposed method with the FFT and the SDFT successfully reduced the complexity by
20 % and 40 % respectively, when 60 sensing samples are used with an acceptable degradation in the
detection performance. For instance, when Ej /Ny is 0dB , the probability of the detection of Py is
decreased by 20 % and 10 % by the proposed method with the FFT and the SDFT respectively, as
compared with the hybrid method existing in the literature.
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Discrete Fourier Transform (SDFT).

1. INTRODUCTION

Due to the expansion of remote gadgets and appli-
cations, the available electromagnetic radio range is
becoming crowded. It has been recognized that due
to the static allotment strategy of the spectrum, this
allocated range will be under-utilized. ”Spectrum
holes” or “white Spaces” result from the unutilized
part of the spectrum. Due to the limitation of the
available spectrum and the inefficiency in its usage,
a new communication paradigm is required to ex-
ploit the existing wireless spectrum opportunistically.
Thus, cognitive radio (CR) has been recognized as
the key enabling technology to overcome the spec-
trum under-utilization, in order to supply extremely
reliable communication for all secondary users of the
network [I]. A cognitive radio is a wireless technology
that can automatically detect the available spectrum
and changes its parameter accordingly. In this frame-
work, cognitive users, called secondary users (SUs),
can recognize the spectrum holes and use them to
communicate among themselves without causing an

interference to the license users, called primary users
(PUs) [2].

Spectrum sensing is the main step of cognitive radio,
this process is done by checking a spectrum band, and
finding those channels not used by PU (licensed) users,
which could be utilized by SUs [3]. Energy detection
ED, matched filter detection and cyclostationary de-
tection techniques are basic types of spectrum sensing
techniques. ED based sensing method is the most
broadly used due to its simplicity and Low computa-
tional complexity. However, at a low SNR, ED has no
capability to separate the PU signal from the noise.
The matched filter maximizes the received SNR, so
it could be viewed as an optimal detector. But, the
matched filter has a demerit in that it needs an in-
formation about the PU signal characteristics, i.e.,
type of modulation, packet format, pulse shaping. If
the CR doesn’t have enough information about the
PU signal, the performance of the matched filter is
degraded. In such a situation, the cyclostationary
detector can be used as a sub optimal detector. The
cyclostationary detector can differentiate the PU sig-
nal from the noise since it exploits the periodicity
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property of a signal in its process. It can work in a
low SNR condition [4] but it has a high computational
complexity since it requires a long sensing time [5].
In order to improve the detection performance un-
der fading and shadowing environments, cooperative
spectrum sensing CSS is utilized. In CSS, many SUs
sense the spectrum and each SU sends its local deci-
sion about the PU activity to the fusion centre (FC)
during the transmission stage. In this stage, various
types of coding algorithms can be used to guarantee
the successful arrival of decisions. Finally, when these
local decisions arrive to the FC, global decision about
the status of the PU is taken [4} 6] [7].

Many works have addressed the complexity of the
cyclostationary detection. In [5] 8], the complexity of
the cyclostationary detection is reduced based on the
selection of optimal parameters. In [9], the computa-
tional complexity of cyclostationary detection is ad-
dressed by reducing the test statistics sharing among
multi antenna. In [I0], the computational complexity
is improved by a cyclic autocorrelation function CAF
at only one cyclic frequency. In [II], a method is
proposed for improving the computational complexity
by splitting the autocorrelation into its real and imag-
inary parts and calculating two modified CAFs, before
combining them in a final test statistic. Although the
methods mentioned above reduce the computational
complexity, they suffer from having a high degrada-
tion in the detection performance especially at low
SNR values. Furthermore, none of them addressed
the complexity during the autocorrelation process and
during the conversion to the frequency domain except
in [II], which addresses the autocorrelation process
only.

In this paper, we proposed two methods to reduce
the complexity of cyclostationary detectors based on
FFT and SDFT with an acceptable detection per-
formance. The proposed methods include a hybrid
detection with complexity reduction in the autocorre-
lation process. The hybrid detection combines both
the energy detector and the cyclostationary detector.
The procedure of the proposed method is based on
checking the received samples of the PU signal using
the energy detection first. If it can detect the PU
properly, there is no need to use a cyclostationary de-
tector. But, if the ED has a false detection, then the
cyclostationary detector is used to assist the detection.
To save the complexity of the cyclostationary detector,
only half samples of the PU signal are used for the
autocorrelation process. To enhance the minor reduc-
tion in the detection performance due to neglecting
the samples, the SDFT is used for the conversion into
the frequency domain since it has a better accuracy
than the FFT. Furthermore, the SDFT has a reduced
complexity compared to the FFT, as will be discussed
later.

The contributions of this paper are as follows:
proposing a hybrid sensing method that can adapt
its complexity according to the detection satisfactory
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level without the need for the SNR estimator circuitry.
The complexity of the cyclostationary method is re-
duced by manipulating the number of sensing samples
and using an efficient frequency domain conversion
interchangeably. The equations of computational com-
plexity of the proposed method are derived. The simu-
lation results using MATLAB are obtained in AWGN
and multipath fading channels in both cooperative and
non-cooperative scenarios and the performance of the
proposed methods are evaluated through comparing
with the hybrid method in ref [4], traditional method
of cyclostationary detector, and with the traditional
method of an energy detector.

2. ENERCY DETECTOR TECHNIQUE

Due to its simplicity and low complexity, energy de-
tection is considered as one of the broadly utilized
spectrum sensing techniques. It doesn’t necessitate to
know the information about PUs signals structures.
However, to correctly perform the detection, the in-
formation about the noise variance is needed. The
ED has no ability to separate the PU signal from the
noise at low SNR. The SU checks the range allocated
to the PU and when it detects the absence of PU
transmission, it starts the data transmission to its
receiver. The received samples at the CU receiver
are [4, [12]:

x(n) = Hs(n) + no(n) (1)

where z(n), is the received complex signal of the cog-
nitive radio and it is a function of sample time, s(n)
is the transmitted signal of the primary user, n, is
the Additive White Gaussian Noise (AWGN), and
H is the complex gain of the ideal channel, and 6 is
the activity indicator, which can take one out of two
values as given in equation (2)),

(2)

o — 0 for Hy hypothesis

1 for Hy hypothesis

Hypothesis H; is referred to the PU in an active

case, while hypothesis Hy is referred to an inactive

PU. By comparing the detector decision metric with

a pre-set threshold A, the false alarm and detection

probabilities are evaluated. The decision metric E;

is defined as the average accumulated energy for j

SU of the captured samples during the monitoring
window W.

1 Ns )
B = 5 3 lelo) 3)

where Ns is the number of samples Ns = W F's, and
F's is the sampling frequency. The probability of a
false alarm Py and probability of a detection Py are
given by equations and respectively:

Py = pr(E; > A|H) (4)

Py = pr(E; > A[Hy) ()
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Mathematically, the common equation for setting the
threshold assuming Py is constant is given as in equa-

tion (6) [13].
A= (Q (P) + VNs)2v/Ns(Ns)? (6)

where Q! is the inverse of complimentary error func-

tion Q(.).

3. CYCLOSTATIONARY TECHNIQUE

Cyclostationary characteristic identification is a
method of discovering primary user transmissions by
taking advantage of the cyclostationary features of
the received signals [14]. Earlier research endeav-
ours exploit the cyclostationary merit of signal as a
method for classification, which has been found to
be better than match filtering and energy detection.
Distinguished features are the number of signals, their
modulation type, presence of interferer and symbol
rate [14].

The analysis of the sensing execution is done by
the correlation process. The correlation can be enu-
merated by multiplying the received signal z(n) and
the identical delayed signal. To decide whether PU
is present or absent, the sum of correlations is com-
pared with a predetermined sensing threshold. PU
is assumed to be present, if the sum of correlation is
greater than the predetermined threshold, otherwise
it is absent [4]. Because it can distinguish between
the signal power and noise power, it performs better
than energy detectors. However, it is very complex
in that it requires a long time for processing, which
generally breaks down the performance of Cognitive
Radio. A signal is said to be cyclostationary if its au-
tocorrelation is a periodic function with some period.
This type of cyclostationary is called Second-order
cyclostationary detection [I4]. A discrete cyclic au-
tocorrelation function of a discrete time signal z(n)
with a fixed lag [ is defined as [I5]:

N-1
1 .
« _ : . * —j2ramAm
RS.(1) = lelgloo N mg:oa:[m]x (m+lle
(7)

where N's is the number of samples of a signal 2[m] and
Am is the sampling interval. By applying the discrete
Fourier transform to R%,(1), the cyclic spectrum (CS)
is given as:

Spa(f) = i R, (e 72m/a! (8)

l=—0o0

The detection of the presence and absence of the signal
is performed based on scanning the cyclic frequencies
of its cyclic spectrum or its cyclic autocorrelation
function. The decision is made very simple, i.e., at
a given cyclic frequency, if the cyclic spectrum or its
cyclic autocorrelation function (CAF) is below the
threshold level A as shown in equation @, the signal
is absent, otherwise the signal is present [14} [15].

4. HYBRID SENSING METHOD [4]

To improve the detection probability of the CRU, a
hybrid detector is suggested in [4]. It consists of energy
and cyclostationary detectors. The energy detector is
moderate compared to the cyclostationary detector.
So, to verify whether the PU is present or not, the
output of the PU transmitter first pushes through the
ED. If the ED is not sure about the presence of PU,
then a cyclostationary detector of first or second order
is applied [4].

5. THE PROPOSED METHODS

The proposed sensing methods use hybrid sensing,
which consists of an energy detector and an improved
cyclostationary detector. The main goal of the pro-
posed methods is to reduce the computational com-
plexity of the cyclostationary technique while main-
taining a good probability of detection P;. With this
structure, since the energy detector has a satisfac-
tory Py at high Ej, /Ny values, it is only used to save
the complexity required by the cyclostationary de-
tector. At low Ej/Ny values, an improved version
of the cyclostationary is used to reduce the compu-
tational complexity. Two methods are proposed to
reduce the computational complexity of the cyclosta-
tionary spectrum sensing as shown in the following
two sections:

5.1. HYBRID PROPOSED METHOD USING FFT

The procedure of the proposed method is: first, the
QPSK signal, which is a PU signal, is processed
through a one type of a channel, AWGN or Rayleigh
multipath fading, then sensed using an energy detec-
tor. The accumulated energy of the PU signal E;
is computed by the energy detector and passed to a
comparator. If E; is greater than the threshold A,
the local sensing declares the PU presence without
using the cyclostationary detector. Otherwise, the PU
signal is sensed by using the cyclostationary detector.
In this case, first, an autocorrelation function is ap-
plied to the samples of the PU signal, reducing the
number of samples to half by selecting one sample and
skipping the next alternatively. So, half the number of
samples are entered to the autocorrelation process and
this leads to a huge reduction in the computational
complexity of the cyclostationary technique. Then,
the result is converted to a frequency domain using
traditional FFT to compute the cyclic spectrum CS
and compare it with the pre-defined threshold . If it
is greater than the threshold, the local sensing result
is that the PU is present, otherwise the PU is absent.
The procedure of the proposed method is shown as a
flow chart in figure[I]

5.2. HYBRID PROPOSED METHOD USING
SDFT

This proposed method has the same procedure as
is used in the first proposed method, but instead of
using the FFT for the conversion to the frequency
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domain, sliding DFT (SDFT) is used. The SDFT
can be greatly helpful to reduce the computational
complexity [16]. The computational complexity of
this method is O(Ns) for a single update, which is
much lower than O(Ns log,(Ns)) the FFT has [16].
Generally, given a discrete time signal x, at any time
index n, the k' frequency bin of its M-point DFT
is [17]

M,
Xy = Z W - vis14m Yk €{0,1,... M —1}
m=0

9)
Where Wy, = ed27/M Equation @) can be trans-
formed into its recursive equivalent

n

XF =W rm(XE 2w, (10)

The procedure of this proposed method is shown in
Fig. The probability of the detection of the pro-
posed hybrid method Py pypriq is given by [4]:

Pihyoria =1 — (1 — Pyep)(1 — Py cyeo) (11)

where Py pypria is the probability of the detection of
the proposed method, P; gp is the probability of the
detection in the energy detector stage, and Py cyco is
the probability of the detection in the cyclostationary
stage.

6. THE COMPUTATIONAL COMPLEXITY

The computational complexity of cyclostationary tech-
nique of the traditional and proposed methods are
computed as shown in the following equations:

Cx =Cr_gu0 + Cr__freq (12)

where, Cz = total computational complexity of cyclo-
stationary technique, Cx_ ,,;, = computational com-
plexity through the autocorrelation process, Cxz__freq
= computational complexity when converting to
frequency domain. In cyclostationary (traditional
method) the computational complexity Cx1 is com-
puted as follows:

According to [I8], Cx__4u40 s,

Czx_ 4uto = No. of real multiplications + No. of real
additions

Cr_quto =4Ns+4Ns—2=8Ns—2

According [16], Cz__freq is,

Czr__freq = computational complexity in traditional
FFT Cz_ freq = O(Nslog,(Ns))

So, is transformed to

Cxl =8Ns—2+ O(Nslogy(Ns)) (13)

In the two hybrid proposed methods with the FFT
and SDFT, the computational complexity Cz2 and
Cz3, respectively, are computed as follows:

Since, half the number of samples Ns/2 is en-
tered to the autocorrelation process, so, Cx__,., in
traditional method is transformed to: Cxz_ .10 =

2Ns+2Ns—2 =4Ns—2 in both Cz2 and Cx3. In the
hybrid proposed method using the FFT, Cx_ freq =
O(Nslogy(Ns)), so Ca2 is:

Cz2 =4Ns -2+ O(Nslogy(Ns)) (14)

In the hybrid proposed method using the SDFT, the
Cx__freq = O(Ns), so Cx3 is:

Cx3=2Ns+2Ns—2+ O(Ns) (15)

The computational complexity ratio of each method
is computed as follows:

Czl_ratio = Czl1/C_maz, Cx2_ratio =
Cz2/C_mazx, Cx3_ratio = Cx3/C_maz, where,
C_max = maximum computational complexity of
traditional method.

The computational complexity of cyclostationary in
the hybrid method in [4] Cz4 is the same as the com-
putational complexity in the traditional method Cz1,
since the method does not take into consideration the
complexity reduction in the cyclostationary stage. It
should be noted that all equations of computational
complexity focus only on computing the complexity in
the cyclostationary stage of hybrid methods and not
taking into consideration the computational complex-
ity in the energy detector stage. Table [l summarizes
the equations of the computational complexity in tra-
ditional and proposed methods.

7. SIMULATION RESULTS AND
DISCUSSION

This section presents the simulation results of the
performance of the proposed methods under coopera-
tive and non-cooperative scenarios. The performance
is tested under AWGN and Rayleigh multipath fad-
ing channels. We evaluate the performance of the
proposed method by comparing it with a traditional
hybrid method in reference [4], the cyclostationary
feature detection (traditional method) and energy de-
tector method. The procedure followed to produce
the results below:

(1.) Creating QPSK modulation as a PU signal.

(2.) Adding a channel, which is an AWGN channel
or ITU indoor channel model (A), like Rayleigh
multipath fading

(3.) Applying one of the sensing methods shown in
the previous sections.

(4.) There are two scenarios for the sensing process, in
the non-cooperative scenario, single sensing method
(single SU) is used to check the activity of the PU
signal. In cooperative scenario, multiple SUs are
used to sense.

(5.) Testing the sensing performance by computing
the probability of the detection in equation
under various values of E,/Ny of PU signal. In the
case of the cooperative scenario, the average proba-
bility of the detection over all SUs is computed.
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Method

Computational complexity equation

Cyclostationary (traditional method)
Hybrid proposed method using FFT
Hybrid proposed method using SDFT
Hybrid method in [4]

Crl =4Ns+4Ns—2+ O(Nslogy(Ns))
Cx2=2Ns+2Ns—2+ O(Nslog,(Ns))
Cx3=2Ns+2Ns—2+ O(N5s)

Crd =4Ns+4Ns—2+ O(Nslogy(Ns))

TABLE 1. Computational complexity.

(6.) Computing the computational complexity of each
method from equations shown in Table [I] under
various numbers of samples of the PU signal.

(7.) Plotting the obtained results.

The simulation parameters used are: QPSK mod-
ulation of the PU signal with a carrier frequency
Fc = 200Hz, sampling frequency F's = 4000Hz ,
and Pf = 0.001. The multipath fading used is “ITU
indoor channel model (A)” [19]. The simulation re-
sults are divided into two parts. The first part presents
the results using a non-cooperative scenario, while the
second is for the cooperative scenario.

7.1. NON-COOPERATIVE SCENARIO

Figure [2 shows the performance curves of a number
of samples versus the computational complexity ra-
tio in cyclostationary of hybrid proposed methods
compared with the traditional method. It can be
seen that the computational complexity increases as
the number of samples increase in all methods, and
the hybrid method using the FFT uses less computa-
tional power than the traditional method and hybrid
method in [4], since only 50 % of samples enter the
autocorrelation process. It can also be noted that
the computational complexity in the proposed hybrid
method using the SDFT uses less computations than
the FFT and traditional methods since the SDFT
reduces the computational complexity and requires
O(Ns) rather than O(Nslogy, Ns) required in FFT
besides that 50 % reduction of the sensing samples. It
can be noted that the computational complexity in the
hybrid method in [4] is the same as the computational
complexity of traditional methods since it does not
have any improvement in reducing the complexity dur-
ing the cyclostationary process. For example, when
the number of samples equals 60, the computational
complexity is reduced by 20 %, and 40 % in proposed
methods using FFT and SDFT respectively, compared
with traditional methods.

Figures [3|and ] show the proposed methods’ perfor-
mance curves in terms of the probability of detection
P, versus E, /Ny in AWGN and Rayleigh multipath
fading channels respectively, compared with hybrid
method in [4], CFD (traditional method) and energy
detector method. In both curves, P; increases as
Ey/Ny increases. In figure 3] the traditional method
and hybrid method in [4] give the best results espe-
cially at low values of E,/Ny. However, they have a
high computational complexity, as shown in figure
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because they require a long time for processing. The
hybrid method in [4] has a high complexity at low
values of E,/Ny, since it firstly utilizes the energy
detector for sensing and then uses the cyclostationary
detector with the full number of samples. But, the
proposed methods reduce the computational complex-
ity and give a good detection performance. The price
we pay for the complexity reduction is a slight loss in
P,; as compared with the traditional method, also, it
can be seen that although the proposed method using
the SDFT hasa greater reduction in the computational
complexity than the other proposed methods that use
the FFT, it also gives a good detection performance,
especially at low values of E}, /Ny, since the SDFT has
a higher accuracy than the FFT and the performance
of other methods becomes the same as the method
that uses the SDFT at Ej /Ny equals 6 dB. As shown
in the figure, when F}, /Ny equals 0dB, P, is decreased
by 20 % and 10 % using proposed methods that use
the FFT and SDFT respectively, as compared with
the hybrid method in [4] and increased by 30 % and
40 % respectively, as compared with the energy de-
tector. At higher values of E, /Ny, Py of the energy
detector becomes almost the same as for other meth-
ods. In figure 4] the performance curves are the same
as in figure [3] but with a degradation in the detection
performance because of multipath fading. The energy
detector has worse results at low values of E,/Ny and
the proposed methods also give acceptable values of
P, especially in the proposed method that uses the
SDFT. For example, at E,/Ny equals 3dB, P, de-
creases by 28 % and 5 % in the proposed methods that
use the FFT and SDFT respectively, as compared
to traditional and hybrid methods in [4]. Also, Py
of the proposed methods increases by 50 % and 75 %
respectively as compared to the energy detector at
the same value of Ey/Ny. The difference between
methods when P; equals 1 can be compared in the
case of the fading channel as shown in figure [d] Since
the fading channel is more realistic than the AWGN,
it can be seen that when P, becomes 1, E},/Ny re-
quired by the energy detector (traditional method),
cyclostationary (traditional method), hybrid method
in refrence [4], proposed method using FFT | and pro-
posed method using SDFT are 9.1dB, 5.1dB, 6dB,
6 dB, and 6 dB respectively. We can further improve
the detection performance in all methods under fading
channel by using the cooperative scenario as shown
in the following section.
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7.2. COOPERATIVE SCENARIO

In the cooperative scenario, the effect of fading is
reduced. In this scenario, we assumed that 3 CUs
are used to sense the spectrum and one of them is
suffering from multipath fading. Figure [5] shows the
performance curves of the proposed methods in terms
of P, versus E},/Ny as compared with the hybrid
method in [4]. In figure 5] the detection performance
of the proposed method using the FFT is approxi-
mately the same as for the hybrid method in [4]. For
example, at Fy, /Ny equals 0dB, Py is reduced by 5%
in the proposed method using the FFT as compared
to the hybrid method [4]. It can be seen that the
proposed method using the SDFT outperforms other
methods, for example, when Ej, /Ny equals 0dB, Py
in the proposed method using the SDFT is increased
by 15 %, and 20 % compared to the hybrid method
in [4] and proposed method using the FFT respectively.
We conclude that the proposed method operating in
the cooperative scenario is better than that in the
non-cooperative one and it is very efficient, since it
significantly reduces the computational complexity.

8. CONCLUSIONS

In this paper, the performance of CR in terms of detec-
tion performance in cooperative and non-cooperative
scenarios under AWGN and multipath fading channels
is investigated. The performance is evaluated using
traditional and hybrid methods available in litera-
ture, energy detection, and improved hybrid (proposed
methods) using the FFT and SDFT. The equations
of computational complexity are derived. It was ob-
served that the traditional and hybrid methods in
the literature have approximately the same perfor-
mance and they have the best performance, but they
have a high computational complexity. The energy
detector has the worst detection performance. How-
ever, the proposed methods reduce the computational
complexity by using only a half number of samples
in the autocorrelation process and using the SDFT
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in the second proposed method with a little loss in
the detection performance. The proposed methods
become more efficient when the cooperative scenario
is assumed. This technique can be developed in the
future by taking other types of fading channels and us-
ing double threshold in the sensing process to achieve
an improvement in the probability of detection. Also,
the transmission stage and choosing an appropriate
coding techniques can be taken into consideration.
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