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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 cyclostation-
arity based spectrum sensing. Performance of transmission,
probability of detection, and probability of missing are pre-
sented 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 commu-
nication, 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 solu-
tion to the need for spectrum utilization efficiency. Spectrum
Sensing (SS) is the most essential component of CR that pro-
vides 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 lim-
ited 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 nec-
essary to achieve the desired communication performance in
cognitive radio networks.
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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 coop-
erative 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 under-
going on relay selection problem in cooperative communica-
tion systems. A pioneering study on relay selection is pro-
posed 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]. Re-
lay selection problem becomes more complicated in cognitive
radio networks compared to the classical cooperative com-
munication systems, because of interference limitations from
SU to PU. In some recent studies, cooperative transmission
techniques have also been proposed for cognitive radio sys-
tems [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 ef-
ficiency 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 deci-
sion method and reaches the final result.

In this paper, we propose a jointly optimized relay selec-
tion scheme for both increasing the cooperative transmission
and more stable cooperative spectrum sensing in cognitive ra-
dio 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 trans-
mission and sensing performances of the proposed method are
presented by means of computer simulations. Results demon-
strate 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, simu-
lation 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; (¢) choosing the “best relay” for coopera-
tive transmission, (#¢) 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 ei-
ther transmission or spectrum sensing. In the following, we
briefly explain our cognitive radio network model with coop-
eration, 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 transmit-
ter (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, PT, ST, destinations, PD, SD, and relay
terminals, Ry, Ro,---, Ry have one transmit and one re-
ceive antenna. In the first phase of this protocol, the ST trans-
mits the data to both relay and the SD. Then in the second

phase, the ST stays silent, while the relay amplifies and trans-
mits 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 PT.

PT transmits the signal x,, to PD where the transmit
power of PT is denoted by Ppr and data rate by I2,,. Simi-
larly, ST transmits the signal x5 to SD with transmit power
Pgsr. The outage probability of primary transmissions is lim-
ited by a threshold Pry,., to achieve the desired QoS of pri-
mary transmission.

2.2. Relay Selection for Cooperative Transmission

In our study, a static method is used to control the ST’s Pgp
and relay’s transmit powers Psp, as in [15]:
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where 0'123T7 PD> J§T7 pp and ag R;—pp are the fading vari-
ances of the channels from PT to PD and from ST to PD re-
spectively, © = 2% — 1, p* = maz(p,0), p = (1/(1 —
Pry))exp(—(©/ob ppyTT) —1and vF'7T is the transmit
signal-to-noise ratio (SNR) at PT.

In the first phase, signals received at relay ¢ and the desti-
nation SD are given respectively by the following;

rsr, = \/ Psrhsr—sr,ts +/ Pprhpr_sr,xp + nsr,
)
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where 7 is the index of the selected relay. Considering path
losses and the shadowing effects in these channels, v/ Ps7 and
v/ Ppr show the signal powers at the relay and the destination,
respectively. hSTst,L s hPTst,,‘, , hst—sp and hpr_sp
represent the complex Gauss fading coefficients for ST" and
PT, Source — R; and Source — SD channels respec-
tively, where ngp, and ngp show zero mean complex Gaus-
sian noise with Ny /2 variance per dimension.

In the second phase, selected relay normalizes the re-
ceived signal by \/ E[|rsr,|?] and transmits to the destination
receiver. The signal at the destination in the second phase is

TSR,
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v/ Psr, represents the received signal power at the destina-
tion, considering path losses and the shadowing effects in
R; — SD channel. hgr_Rrp, represents the complex Gauss
fading coefficients for this channel, where nrp, is the zero
mean complex Gaussian noise with Ny /2 variance per dimen-
sion. Now, we consider the relay selection procedures to op-
timize 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 ampli-
fies the ST"s signal and achieves the highest received instan-
taneous signal-to-noise ratio (SINR) at S D. For transmission,
the best relay selection criterion is given as:

Ry = arg maxzSIN Rsp
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where Ry, shows the selected relay. ST — R; and R; — SD
cases are considered in the selection criterion.

(ii) The “best relay” for spectrum sensing is selected as fol-
lows: 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:
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(iii) The ‘“‘optimum relay” for joint cooperative transmis-
sion 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 S7”s signal,
achieves the highest received instantaneous signal-to-noise
ratio (SINR) at SD and detects the PU. For this optimum so-
lution, the relay selection criterion is given by the following:
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In this study, cyclostationarity based cooperative spec-
trum sensing technique is used. In section 3, we present com-
puter simulations to show the performance of our joint relay
selection algorithm.

2.3. Cyclostationarity Based Cooperative Spectrum Sens-
ing

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 aver-
age 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 sig-
nals exhibit cyclostationary behaviour and that spectral cor-
relation function may be used to detect the existence of the
transmit signal.

Cyclostationarity is defined by the features of providing
the production of quadratic time-invariant spectral lines and
characterized by the cyclic autocorrelation function, RS (7).
Taking the Fourier transform of R%(7), spectral correlation
density is:
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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 6, at (o« = 0, f = £f.)
and (o = £2f,, f = 0) frequencies from four peaks of S (f)
(see Fig. 5.)

2. Compare 0 with an experimentally predetermined thresh-
old A\ and amplitude values of the peaks at (&« = 0, f = 0)
frequencies.

If ¢ is larger than both X and {S¢(f = 0),S2=°(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 com-
puter 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 chan-
nel 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 chan-
nel 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.

from Fig. 2 and 3 that scenario (2) has better error perfor-
mance than others and scenario (3) has the worst error per-
formance 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 Ri-
cian 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 so-
lution has better values than random relay and best relay for
transmission. Finally, values of the proposed best relay selec-
tion 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 pro-
posed in [16]. As such, we conclude that the proposed relay
selection approach provides sufficient performance for both
transmission and sensing.

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 impor-
tant advantage of the proposed relay selection method is that

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

the jointly selected relay yields sufficient error performance
for transmission and sufficient probability of detection for
spectrum sensing. Furthermore, thanks to the cyclostationar-
ity based cooperative spectrum sensing for the relay selection,
proposed method is more stable, robust to noise and low com-
putational cost. Simulation results show that the proposed
method provides an optimum system throughput in multiple-
relay 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.
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