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ABSTRACT
In this paper, cyclostationarity based cooperative spectrum
sensing is presented to detect the idle bands and then locate
the secondary users into these bands. The aim is to reduce
the processing complexity with using a relay for transmission
and spectrum sensing. As such, an optimum relay is selected
to perform both cooperative communication and cyclostationarity based spectrum sensing. Performance of transmission,
probability of detection, and probability of missing are presented via computer simulations. Results show that proposed
jointly optimized relay selection scheme provides sufﬁcient
performance for both transmission and spectrum sensing.
Index Terms— cognitive network, cooperative communication, relay selection, cyclostationarity based spectrum
sensing, cooperative spectrum sensing
1. INTRODUCTION
Cognitive Radio (CR) is proposed as an intelligent wireless
communication system which is aware of its surrounding and
it can adapt its internal parameters such as carrier frequency,
transmitter power etc. [1]. CR is also accepted as a solution to the need for spectrum utilization efﬁciency. Spectrum
Sensing (SS) is the most essential component of CR that provides effective spectral utilization [1, 2]. The objective of SS
is that the frequency bands unused by primary users (PUs) are
sensed and assigned to secondary users (SUs).
In the implementation of CR, the most important criterion
is that the interference from SUs to PUs should be limited
so as to satisfy a desired quality of service (QoS) of primary
transmissions [3]. As such, very low transmit power level is
allowed for SUs, and thus their throughput will be very limited to satisfy high QoS for the primary user. In order to cope
with these constraints, improved transmission techniques as
well as sensing the available spectrum of the PUs are necessary to achieve the desired communication performance in
cognitive radio networks.
∗ This work was supported by The Research Fund of Istanbul University.
Project numbers: T-16723, 36196 and 38262.

In order to meet this high performance requirement in
cognitive networks, cooperative communication technique is
employed because of its advantages in terms of improving
the system throughput over fading channels [4]. In cooperative communication, a key issue is how to choose which
terminal in the network will be used as a relay. Therefore
vast amount of studies have been conducted and still undergoing on relay selection problem in cooperative communication systems. A pioneering study on relay selection is proposed in [5] which shows the effect of relay selection into the
system performance. Recently, other relay selection schemes
with improved performance have been proposed [6]- [7]. Relay selection problem becomes more complicated in cognitive
radio networks compared to the classical cooperative communication systems, because of interference limitations from
SU to PU. In some recent studies, cooperative transmission
techniques have also been proposed for cognitive radio systems [8]- [9].
In some earlier studies, signal energy measurement based
methods are emphasized because of their low computational
load and sensing time [10]- [11]. However in later studies,
cyclostationarity based spectrum sensing techniques that are
more stable to unknown or variable noise levels or against
uncertainty are presented [12]- [13]. Spectrum sensing efﬁciency can further be increased through cooperation with
other users in the network [14]. Similar to cooperation for
transmission, a relay in the network also senses the spectrum
simultaneous with SU, and transmits the result to that SU.
Then the SU combines these results using a soft or hard decision method and reaches the ﬁnal result.
In this paper, we propose a jointly optimized relay selection scheme for both increasing the cooperative transmission
and more stable cooperative spectrum sensing in cognitive radio networks, aiming to reduce the computational burden of
the selection procedure. Hence, we select an optimum relay
with only one selection algorithm for two tasks. The transmission and sensing performances of the proposed method are
presented by means of computer simulations. Results demonstrate that our proposed method gives sufﬁcient performance

for both cooperative spectrum sensing and transmission tasks.
Rest of the paper is organized as follows. The cognitive
radio network system model is explained in section 2, simulation results are given in section 3, and section 4 concludes
the paper.
2. RELAY SELECTION FOR COGNITIVE
NETWORKS
In this section we present our jointly optimum relay selection
scheme for both cooperative communication and spectrum
sensing in cognitive radio networks. Our selection algorithm
combines two steps; (i) choosing the “best relay” for cooperative transmission, (ii) choosing the “best relay” for spectrum
sensing, and ﬁnally selecting a single relay to perform both
tasks. Clearly, the selected relay will be sub-optimal for either transmission or spectrum sensing. In the following, we
brieﬂy explain our cognitive radio network model with cooperation, relay selection algorithm for cooperative transmission
and cooperative spectrum sensing.
2.1. Cooperative Cognitive Network Model
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Fig. 1. Cognitive radio network model.

In the cognitive radio system, we consider two networks
as shown in Fig. 1; the ﬁrst one is a primary network and
the second one is an amplify-and-forward (AF) cooperative
communication secondary network. When the primary user
sends data to a primary destination (PD), secondary transmitter (ST) sends its data to a secondary destination (SD) at the
same time.
In order to implement the cooperation, we consider the
“receive diversity protocol” presented in [4]. We assume that
the transmitters, P T, ST , destinations, P D, SD, and relay
terminals, R1 , R2 , · · · , RM have one transmit and one receive antenna. In the ﬁrst phase of this protocol, the ST transmits the data to both relay and the SD. Then in the second

phase, the ST stays silent, while the relay ampliﬁes and transmits the data. In cognitive radio systems with no spectrum
sensing task, the transmit power of ST should be limited to
maintain a desired QoS of P T .
P T transmits the signal xp to P D where the transmit
power of P T is denoted by PP T and data rate by Rp . Similarly, ST transmits the signal xs to SD with transmit power
PST . The outage probability of primary transmissions is limited by a threshold PT hr , to achieve the desired QoS of primary transmission.
2.2. Relay Selection for Cooperative Transmission
In our study, a static method is used to control the ST’s PST
and relay’s transmit powers PSRi as in [15]:
PST =

σP2 T −P D PP T +
ρ
2
σST
−P D Θ

(1)

PSRi =

σP2 T −P D PP T +
ρ
2
σSR
Θ
i −P D

(2)

2
2
where σP2 T −P D , σST
−P D and σSRi −P D are the fading variances of the channels from PT to PD and from ST to PD respectively, Θ = 2Rp − 1, ρ+ = max(ρ, 0), ρ = (1/(1 −
PT hr ))exp(−(Θ/σP2 T −P D γ P T ) − 1 and γ P T is the transmit
signal-to-noise ratio (SNR) at P T .
In the ﬁrst phase, signals received at relay i and the destination SD are given respectively by the following;


rSRi = PST hST −SRi xs + PP T hP T −SRi xp + nSRi
(3)


rSD = PST hST −SD xs + PP T hP T −SD xp + nSD (4)

where i is the index of the selected relay. Considering
path
√
losses
and
the
shadowing
effects
in
these
channels,
P
and
ST
√
PP T show the signal powers at the relay and the destination,
respectively. hST −SRi , hP T −SRi , hST −SD and hP T −SD
represent the complex Gauss fading coefﬁcients for ST and
P T , Source → Ri and Source → SD channels respectively, where nSRi and nSD show zero mean complex Gaussian noise with N0 /2 variance per dimension.
In the second
 phase, selected relay normalizes the received signal by E[|rSRi |2 ] and transmits to the destination
receiver. The signal at the destination in the second phase is

rSRi
rRDi = PSRi hST −RDi 
+ nRDi . (5)
E[|rSRi |2 ]

PSRi represents the received signal power at the destination, considering path losses and the shadowing effects in
Ri → SD channel. hST −RDi represents the complex Gauss
fading coefﬁcients for this channel, where nRDi is the zero
mean complex Gaussian noise with N0 /2 variance per dimension. Now, we consider the relay selection procedures to optimize only transmission, only spectrum sensing, and ﬁnally
both transmission and spectrum sensing tasks.

(i) The “best relay” for transmission is selected as follows:
In the secondary network transmission, the best relay ampliﬁes the ST ’s signal and achieves the highest received instantaneous signal-to-noise ratio (SINR) at SD. For transmission,
the best relay selection criterion is given as:
Rb = arg maxSIN RSD
= arg max

|hSRi −SD |2
2
σSR
i −P D

−∞

(6)

where Rb shows the selected relay. ST → Ri and Ri → SD
cases are considered in the selection criterion.
(ii) The “best relay” for spectrum sensing is selected as follows: The best relay to sense the spectrum of PU is the relay
having the largest channel coefﬁcient. For spectrum sensing,
the best relay selection criterion is given by the following:
Rb = arg max

|hP T −SRi |2
2
σSR
i −P D

(7)

(iii) The “optimum relay” for joint cooperative transmission and spectrum sensing: In this study, we propose the
following criterion to select a single relay in the secondary
network to jointly perform both transmission and spectrum
sensing tasks: The selected relay ampliﬁes the ST ’s signal,
achieves the highest received instantaneous signal-to-noise
ratio (SINR) at SD and detects the PU. For this optimum solution, the relay selection criterion is given by the following:
Rb = arg max

|hSRi −SD |2 + |hP T −SRi |2
2
σSR
i −P D

Cyclostationarity is deﬁned by the features of providing
the production of quadratic time-invariant spectral lines and
characterized by the cyclic autocorrelation function, Rxα (τ ).
Taking the Fourier transform of Rxα (τ ), spectral correlation
density is:
 ∞
α
Rxα (τ )e−i2πf τ dτ
(9)
Sx (f ) =

(8)

In this study, cyclostationarity based cooperative spectrum sensing technique is used. In section 3, we present computer simulations to show the performance of our joint relay
selection algorithm.

2.3. Cyclostationarity Based Cooperative Spectrum Sensing
A random process whose statistics is time-invariant is called
stationary. A process with periodically changing statistical
features is called cyclostationary. In such a case, the average of the signal has some cyclic behaviour. Cyclic statistical
features of such processes may be extracted in the frequency
domain. It is shown in earlier studies that communication signals exhibit cyclostationary behaviour and that spectral correlation function may be used to detect the existence of the
transmit signal.

obtained [17]. Our spectrum sensing algorithm performs the
following steps to determine whether the frequency band is
used by the PUs.
1. Determine the highest amplitude θ, at (α = 0, f = ±fc )
and (α = ±2fc , f = 0) frequencies from four peaks of Sxα (f )
(see Fig. 5.)
2. Compare θ with an experimentally predetermined threshold λ and amplitude values of the peaks at (α = 0, f = 0)
frequencies.
If θ is larger than both λ and {Sxα (f = 0), Sxα=0 (f )};
then the detector decides that the frequency band is full and
is being used by the PU. Otherwise, the frequency band is
considered empty an maybe assigned to a SU.
In section 3, we illustrate the performance of sensing and
missing probabilities of the proposed cooperative spectrum
sensing method for different signal to noise ratio values.
3. SIMULATION RESULTS
In this section, we present numerical tests by means of computer simulations via Monte Carlo iterations. We tested our
algorithm using four different scenarios:
1. One of the available relays in the secondary network is
“randomly chosen” for both cooperative transmission and
spectrum sensing.
2. The “best relay” for transmission is selected and used for
both transmission and spectrum sensing tasks.
3. The “best relay” for spectrum sensing is selected and used
for both tasks.
4. The proposed method of selecting the “optimum relay”
for joint transmission and spectrum sensing.
We use a frame size of 130 symbols, and assumed the channel fading coefﬁcients are constant during one frame period.
We assume that channel state information is known at the
ST , transmitted from the SD to the ST by a feedback,
all channels between Source-Destination, Source-Relays,
Relays-Destination are Rayleigh fading and Rician fading,
and QPSK modulation is considered for the data symbols.
Rician fading ratio K is considered 20 for the Rician fading
channel.
We investigate the performance of the cognitive network
model shown in Fig. 1 and demonstrate by means of “bit error
rate (BER)” plots given in Fig. 2 for Rayleigh fading channel and in Fig. 3 for Rician fading channel. It is observed
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Fig. 2. Error performance curves for 4 different scenarios for
Rayleigh fading channel.

Fig. 3. Error performance curves for 4 different scenarios for
Rician fading channel.

from Fig. 2 and 3 that scenario (2) has better error performance than others and scenario (3) has the worst error performance for transmission. However, the proposed method,
i.e., scenario (4) has a better error performance than random
relay selection, best relay selection for spectrum sensing, and
it achieves a close performance to best relay for transmission.
Performance of the spectrum sensing is tested for the above
scenarios by means of probability of detection and the results
are given in Fig. 4 and Fig. 5.
In Fig. 4 for Rayleigh fading channel and Fig. 5 for Rician fading channel, probability of detection values of random
selection method are higher than scenario (2), the best relay
for transmission. On the other hand, our proposed optimal solution has better values than random relay and best relay for
transmission. Finally, values of the proposed best relay selection for joint transmission and spectrum sensing are closer to
those of the best relay for spectrum sensing than others. It is
observed from Fig. 4 and Fig. 5 that the proposed optimal
solution has achieved better performance than the one proposed in [16]. As such, we conclude that the proposed relay
selection approach provides sufﬁcient performance for both
transmission and sensing.

the jointly selected relay yields sufﬁcient error performance
for transmission and sufﬁcient probability of detection for
spectrum sensing. Furthermore, thanks to the cyclostationarity based cooperative spectrum sensing for the relay selection,
proposed method is more stable, robust to noise and low computational cost. Simulation results show that the proposed
method provides an optimum system throughput in multiplerelay cognitive radio networks. In conclusion, our algorithm
selects a relay also at lower SNRs that performs sufﬁciently
in terms of secondary network data transmission as well as
spectrum sensing of the primary network with low processing
complexity.

4. CONCLUSIONS
In this study, we present a jointly optimum relay selection
scheme for cooperative communication and spectrum sensing
for multiple-relay cognitive radio networks. The most important advantage of the proposed relay selection method is that

REFERENCES
[1] J. Mitola, III, G.Q. Maquire, Jr. “Cognitive radio: Making software radios more personal”, IEEE Personal
Comm, vol. 6, no 4, pp 13-18, Aug 1999.
[2] S. Haykin, “Cognitive radio: Brain-empowered wireless
communications,” IEEE J. Sel. Areas Commun., vol. 23,
no. 2, pp. 201–220, 2005.
[3] Y. Xing, C. N. Mathur, M. A. Haleem, R. Chandramouli,
and K. P. Subbalakshmi, “Dynamic spectrum access with
QoS and interference temperature constraints,” IEEE
Trans. Mobile Comput., vol. 6, no. 4, pp. 423–433, 2007.
[4] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in wireless networks: efﬁcient protocols and outage behavior,” IEEE Trans. Inf. Theory,
50(12):3062–3080, 2004.

1

1

0.9

0.9

0.8

0.8

0.7
Sensing Probability

Sensing Probability

0.7
0.6

0.5

0.4

0.6

0.5

0.4
0.3
0.3

0.2
Random Relay Selection
Best Relay Selection for Transmission
Best Relay Selection for Spectrum Sensing
Best Relay Selection for Transmission & Spectrum Sensing

0.1

0
−20

−18

−16

−14

−12

−10
−8
SNR [dB]

−6

−4

−2

Random Relay Selection
Best Relay for Transmission
Best Relay for Spectrum Sensing
Best Relay for Transmission & Spectrum Sensing

0.2

0

0.1
−18

−16

−14

−12

−10
−8
SNR [dB]

−6

−4

−2

0

Fig. 4. Sensing probability of cooperative cognitive network

Fig. 5. Sensing probability of cooperative cognitive network

for Rayleigh fading channel.

for Rician fading channel.

[5] A. Bletsas, A. Khitsi, D. P. Reed and A. Lippman, “A
simple cooperative diversity method based on network
path selection,” IEEE J. Sel. Areas Commun., 24(3):659–
672, March 2006.
[6] E. Beres and R. S. Adve, “On selection cooperation in
distributed networks,” IEEE Conference on Information
Sciences Systems, 2006.
[7] R. Tannious and A. Nosratinia, “Spectrally-efﬁcient relay selection with limited feedback,” IEEE J. Sel. Areas
Commun., 26(8): 1419–1428, October 2008.
[8] G. Ganesan and Y. G. Li, “Cooperative spectrum sensing in cognitive radio-part I: Two user networks,” IEEE
Trans. Wireless Commun., 6(6):2204–2213, 2007.
[9] J. Jia, J. Zhang, and Q. Zhang, “Cooperative relay for
cognitive radio networks,” in Proc. IEEE INFOCOM
2009, pp. 2304–2312, 2009.
[10] A. Chandran, A. Karthik, A. Kumar, R. C. Naidu, S.
S. M, U. S. Lyer, R. Ramanathan, “Discrete Wavelet
Transform Based Spectrum Sensing in Futuristic Cognitive Radios,” Devices and Comm., 1–4, 24–25, 2011.
[11] S.B.Zhang, J.J.Qin, “Energy Detection Algorithm
Based on Wavelet Packet Transform under Uncertain
Noise for Spectrum Sensing,” Wireless Communications
Networking and Mobile Computing, pp. 1–4, 2010.
[12] L. Yingpei, H. Chen, J. Lingge, H. Di,
“A
Cyclostationary-Based Spectrum Sensing Method Using
Stochastic Resonance in Cognitive Radio,” IEEE Com-

munications Workshops (ICC), pp. 1–5, 2010.
[13] Juei-Chin Shen; Alsusa, E., “Joint Cycle Frequencies
and Lags Utilization in Cyclostationary Feature Spectrum Sensing,” Signal Processing, IEEE Transactions
on, pp. 5337–5346 Volume: 61, Issue: 21, Nov.1, 2013.
[14] I. F. Akyildiz, B. F. Lo, and R. Balakrishnan, “Cooperative Spectrum Sensing in Cognitive Radio Networks:
A Survey,” Physical Communication (Elsevier) Journal,
Vol. 4, No. 1, pp. 40–62, March 2011.
[15] Y. Zou, J. Zhu, B. Zheng, and Y. Yao, “An Adaptive Cooperation Diversity Scheme With Best-Relay Selection
in Cognitive Radio Networks,” IEEE Trans. on Signal
Proc., 58(10):5438–5445, October 2010.
[16] H. Kartlak, C. Bektas, N. Odabasioglu, and A. Akan,
“An Optimum Relay Selection for Cooperative Transmission and Spectrum Sensing in Cognitive Networks,”
Ultra Modern Telecommunications and Control Systems
and Workshops, 4th Intr. Cong. on, 969-973, 2012.
[17] W.A.Gardner, “The Spectral Correlation Theory of
Cyclostationary Time-Series,” Signal Processing 11
(1986):13-36, Elsevier Science Pub.B.V. North-Holland

