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Abstract—In order to detect the presence of the primary
user signal, spectrum sensing is a fundamental requirement
to achieve the goal of cognitive radio (CR). This ensures the
efficient utilization of the spectrum. Cyclostationary detection is
the preferred technique to detect the primary users receiving
data within the communication range of a CR user at very low
SNR. In this work, we investigate the performance of maximal
ratio combining (MRC) based cyclostationary detector to detect
a primary user. Using the proposed detection technique, we
observed that the MIMO cognitive radio enjoys 6 dB SNR
advantage over single antenna when using four receive antennas
for all values of probability of detection.

I. INTRODUCTION

The demand of radio-frequency (RF) spectrum is increasing

to support the user needs in wireless communication. RF

spectrum is scarce resource and requires efficient utilization.

Cognitive radio [1], inclusive of software-defined radio, has

been proposed as a means to promote the efficient use of

the spectrum by exploiting the existence of spectrum holes.

The intelligence of cognitive radio (CR) lies on three basic

functions: the ability to sense the outside environment; the

capacity to learn, ideally in both supervised and unsupervised

modes; and finally, the capability to adapt within any layer of

the radio communication system [2]. Cognitive radio begins

transmission on a piece of spectrum found not utilized by

the primary user (PU). This is ensured by sensing the radio

environment whether or not PU signal is present and operating

on empty spectrum. Subsequently, the transmission from CR

should not cause harmful interference to primary user.

To achieve this goal of CR, it is a fundamental requirement

that the cognitive user performs spectrum sensing to detect the

presence of the PU signal. The sensing of radio environment

to determine the presence of primary user is a challenging

problem as the signal is attenuated by fading wireless channel.

This results in low signal-to-noise ratio (SNR) condition at the

CR input, and makes CR susceptible to hidden node problem,

wherein CR fails to detect PU signal and begins transmission,

thereby, causing potential interference to the PU. To minimize

the occurrence of this problem, a detection technique has to

achieve a probability of detection close to unity for a specified

probability of false alarm and a given SNR.

Many signal detection techniques can be used in spectrum

sensing, such as matched filtering, energy detection, and PU

signal feature detection with the cyclostationary feature [3]. In

[4], author discussed about the detection of the deterministic

signal over a flat band-limited Gaussian noise channel. The

improvement of PU signal detection performance using dif-

ferent diversity combining schemes are presented in [5] using

energy detector.

On the other hand, cyclostationary technique performs bet-

ter in low SNR region, however with increased complexity

compared to energy detection. A signal is said to be cy-

clostationary (in the wide sense) if its autocorrelation is a

periodic function of time with some period. Statistical tests

for the presence of cyclostationarity are presented in [6], using

both time and spectral domain statistics. In [7], authors have

proposed a method in which signatures are embedded in the

OFDM signal for distributed rendezvous in dynamic spectrum

access networks. In [8] they have studied the performance

of cyclostationary signatures in fading channels. In [9], air

interface recognition is explored using cyclostationary prop-

erties of different air interface signals. In [10], a method

has been proposed for detecting a cyclostationary signal us-

ing multiple cyclic frequencies. In this work, we study the

performance of the detection of the cyclostationary signal

using multiple antennas in gaussian noise channel, using time

domain cyclic autocorrelation estimates. We demonstrate the

theoretical detection performance gains that can be obtained

through appropriate signal processing with multiple antenna

CRs in comparison to single antenna CRs. Statistics required

for performance comparison are obtained from [10].

The rest of the paper is organized as follows. Section II

presents the cyclostationary detection technique for multiple

cyclic frequency for single antenna CR receiver [10]. The

analysis is extended for multiple antenna CR receiver in Sec.

III. The numerical results are discussed in Sec. IV. Finally,

Sec. V concludes the present work.

II. CYCLOSTATIONARY DETECTION IN SINGLE ANTENNA

CR RECEIVER

In this section, we describe the cyclostationary detection

technique to detect the PU signal. In these techniques, the

cyclic statistics of the signal are obtained from an over-

sampled signal with respect to the symbol rate or by receiving

the signal through multiple receiver. Statistical tests for the
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cyclostationary detection are derived in [6] for single multiple

cyclic frequencies and for multiple cyclic frequencies in [10].

A discrete cyclostationary process has periodic time domain

or spectral domain statistics [6]. If x[n] is a wide sense

cyclostationary process, then its mean (μx) and autocorrelation

(Rxx) satisfy the following equations,

μx(n + N0) = μx(n) ∀ n

Rxx(n1 + N0, n2 + N0) = Rxx(n1, n2) ∀ n1, n2 (1)

for a typical value of N0, where N0 is the period of cyclo-

stationary process x[n]. Hence, for a cyclostationary process

x[n], Rxx(n, k) can be represented in the form of a fourier

series with respect to time as

Rxx(n − k/2, n + k/2) =
∑
αεA

Rxx(α, k)ej2παn (2)

where α is a cyclic frequency, Rxx(α, k) is cyclic autocovari-

ance at cyclic frequency α and delay k, A = {α : Rxx(α, k) �=
0}, is a set of cyclic frequencies of the process x[n], and the

fourier coefficients are given by

Rxx(α, k) = lim
N→∞

1
(N + 1)

N
2∑

n=−N
2

Rxx(n−k

2
, n+

k

2
)e−j2παn

(3)

Now, we present the test statistics required for the detection

of PU signal for single cyclic frequency [6] and multiple cyclic

frequencies [10]. For the detection of cyclic frequencies, the

estimation of cyclic autocorrelation function (R̂xx∗(α, k)) can

be obtained from expression

R̂xx(α, k) =
1
Nl

Nl∑
n=1

x[n]x∗[n + k]e−j2παn (4)

where Nl is the number of samples of the process observed.

The cyclic autocovariance estimation in (4) can be decom-

posed into a vector (r̂xx(α)) of real and imaginary parts of

R̂xx(α, k) for a candidate cyclic frequency α at different

delays of k1 . . . kL, as

r̂xx(α) =
[
Re{R̂xx(α, k1)} . . . Re{R̂xx(α, kL)},
Im{R̂xx(α, k1)} . . . Im{R̂xx(α, kL)}

]
(5)

Generally, estimation of cyclic autocorrelation involves

some error, so (5) can be represented as,

r̂xx(α) = rxx(α) + ε̂xx(α) (6)

where ε̂xx(α) is estimation error, rxx(α) is true value of

r̂xx(α). Therefore, a hypothesis testing can be formulated

based on (6),

H0 : ∀{kn}L
n=1 =⇒ r̂xx(α) = ε̂xx(α)

H1 : for some {kn}L
n=1 =⇒

r̂xx(α) = rxx(α) + ε̂xx(α) (7)

if the distribution of ε̂xx(α) is known. In [6], it is shown

that ε̂xx(α) has asymptotically normal distribution, where

asymptotic distribution of ε̂xx(α) is given as N (0,Σxx(α)).

The covariance matrix of rxx(α) is given by Σxx(α):

Σxx(α) =

[
Re{Q+Q∗

2 } Im{Q−Q∗

2 }
Im{Q+Q∗

2 } Re{Q∗−Q
2 }

]
(8)

where the (m,n)-th entries can be computed as

Q(m,n) = Sfkmfkn
(2α, α)

Q∗(m,n) = S∗
fkmfkn

(0,−α) (9)

Here Sfkm fkn
(α, ω) and S∗

fkmfkn
(α, ω) are unconjugated

cyclic and conjugate cyclic spectra of f(n, k) = x[n]x∗[n+k]
respectively. These cyclic spectra can be estimated from the

smoothed cyclic periodogram as

Ŝfkm fkn
(2α, α) =

1
NlP

(P−1)
2∑

s=
−(P−1)

2

W (s)

×Fkm
(α +

2πs

Nl
)Fkn

(α − 2πs

Nl
)(10)

Ŝ∗
fkm fkn

(0,−α) =
1

NlP

(P−1)
2∑

s=
−(P−1)

2

W (s)

×Fkm(α +
2πs

Nl
)F ∗

kn
(α +

2πs

Nl
)(11)

where Fk(ω) =
∑Nl

n=1 x[n]x∗[n+k]e−jωt and W is a spectral

window of odd length P . Test statistic used for the detection

of the cyclostationarity is Nlr̂xx(α)Σxx
−1(α)r̂xx(α)T

which

has χ2
2L distribution (Chi-square distribution with 2L degrees

of freedom).

Above the detection technique is presented for single cyclic

frequency, whereas an extension to this work with regards to

the multiple cyclic frequencies is discussed in [10]. Hypothesis

testing for a set of cyclic frequencies A are defined by

H0 : ∀α ε A and {kn}L
n=1 =⇒ r̂xx(α) = ε̂xx(α)

H1 : for some α ε A and for some {kn}L
n=1 =⇒

r̂xx(α) = rxx(α) + ε̂xx(α) (12)

For this detection problem two statistics have been proposed

in [10]:

Dm = max
αεA

Nlr̂xx(α)Σxx
−1(α)r̂xx(α)T

(13)

Ds =
∑
αεA

Nlr̂xx(α)Σxx
−1(α)r̂xx(α)T

(14)

In (13), maximum of the test statistics over all the cyclic

frequencies is chosen and in (14), sum of the statistics over

all cyclic frequencies is chosen as the test statistic. It is shown

through simulations [10] that the sum statistic gives better

performance.

For a constant false alarm test (CFAR) test, making a

decision based on the value of the test statistic requires a value

of the threshold, which depends on the false alarm probability

chosen and the distribution function of the statistic under the

hypothesis H0. Under hypothesis H0, asymptotic distribution
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of the statistics Txx∗(α) and Ds are χ2
2L and χ2

2LNα
respec-

tively, where Nα is the number of cyclic frequencies in A,

which is due to the fact that the statistics Txx∗(α) and Ds

are sum of the squares of 2L and 2LNα gaussian random

variables.

III. CYCLOSTATIONARY DETECTION IN MULTIPLE

ANTENNA CR RECEIVER

There is a recent surge in the interest for using multiple

antennas both at the transmitter and receiver for increasing

the capacity for wireless channels. In this section, we look at

the detection performance of the cyclostationary detector for

spectrum sensing in multiple antenna cognitive radio scenario.

The diversity gain is achieved for spectrum sensing through

cooperative detection [10], where the CR’s are spread over

a area and they exchange the statistics computed at each CR

and hypothesize the presence of the primary user. In this work,

we consider that each CR receiver is equipped with multiple

antennas and signal are combined at the CR to improve the

SNR of the received signal. Details analysis of the present

method are discussed below.

Let the CR have Nr receive antennas and s[n] be the

transmitted signal. Further assume that xi(n) be the signal

received at the ith(1 ≤ i ≤ Nr) antenna. There are various

ways of combining signals obtained from multiple receivers,

and there is a trade off between the performance and complex-

ity for different techniques. Maximal ratio combining (MRC)

will give optimum detection performance [11], provided the

channel conditions are known.

In MRC scheme, received signals are combined coherently,

which results in maximizing the SNR of the combined signal

and is given by

y[n] =
Nr∑
i=1

h∗
i xi[n] (15)

where h∗
i is the channel gain for the ith antenna. Under the

AWGN channel assumption, received signal at the ith receiver

would be xi[n] = s[n] + wi[n], and weights involved in the

MRC are equal, and signal obtained after MRC is,

y[n] =
Nr∑
i=1

xi[n] (16)

If s[n] is a cyclostationary process then xi[n] will be a

cyclostationary process having same cyclic frequencies as s[n].
Since sum of cyclostationary signals which have same cyclic

frequency is also cyclostationary with same cyclic frequency

[12] and y[n] is also a cyclostationary process with same cyclic

frequency. Now we can obtain the cyclic correlation for a

set of cyclic frequencies A, and form a vector similar to (5).

Hypothesis test can be performed as in (7) and (12), for which

covariance matrix can be obtained from (8).

Signals from different receivers are combined using MRC

to obtain the resultant signal. As a result we have a single

statistic and the asymptotic distribution of the statistic under

hypothesis H0, which is similar to that in the single antenna
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Fig. 1. Complementary ROC curves for diversity schemes based on
cyclostationary detector for different cyclic frequencies with SNR -12 dB.

case. Hence under hypothesis H0, test statistics Txx∗(α) and

Ds are sum of the squares of 2L and 2LNα gaussian random

variables. As a result asymptotic distribution of the statistics

Txx∗(α) and Ds are χ2
2L and χ2

2LNα
, for single cyclic and

multiple cyclic frequencies, respectively.

IV. SIMULATIONS

In this section, the performance of the cyclostationary

detector is discussed. To show the detection performance of

multi antenna cognitive radio, we use receiver operating char-

acteristic (ROC) function. More specifically, we quantify the

receiver performance by depicting the ROC curve (Pd versus

Pf ), or equivalently, complementary ROC curve (probability

of a miss Pm = 1 − Pd, versus Pf ) for different detection

techniques in both single and multiple antenna scenario. In the

present simulation study, we assumed that the PU transmits

OFDM signal. To specific, PU uses 32 subcarriers with a

guard interval of 1/4 of the useful symbol data length of the

OFDM signal. Further, we assume each subcarrier of OFDM

symbol is modulated by 16-QAM and the cyclic frequencies

corresponding to an OFDM signal are k/Ts. Here, Ts is

OFDM symbol duration, and k = {1, 2, . . .} and delays

for which OFDM signal will have nonzero cyclic correlation

coefficients are ±Td, where Td is length of useful data duration

of the OFDM signal [9]. To estimate the cyclic spectra, Kaiser

window is used with the window length of 2049, and β = 10.

The SNR of the received signal is given by 10 log10
σ2

s

σ2
n

, where

σ2
s , σ2

n are the variance of the signal and noise respectively.

In this simulation, we have used the FFT size of 10000
which results in a good resolution of cyclic frequency α.

For simulation in case of multiple antenna environment, the

number of antennas are considered as Nr = 4. Received signal

is sampled at the Nyquist rate i.e, 32/Td

The complementary ROC curves of the cyclostationary de-

tector are shown in Fig. 1 for single and multiple antennas. As
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Fig. 2. Complementary ROC curves for MRC based energy detector at
different values of SNR for different cyclic frequencies with (M = 4).

evident from the figure, the probability of detection increases

with increase in the probability of false alarm. Again, the

performance under MRC scheme is superior than the no

diversity scheme, for both single and multiple frequencies. The

variations of complementary ROC curve with MRC scheme

are shown in Fig. 2 for different values of SNR. As expected,

the detector performance improves as SNR increases.

Figure 3 illustrates the effect of SNR on detection proba-

bility for MRC based cyclostationary detector for Nr = 4 and

Pf = 0.05 for different cyclic frequencies. The MRC based

cyclostationary detector offer larger improvement in detection

performance at low SNR as well. It can be observed that there

is around 6 dB advantage over single antenna when using

multiple antennas at SNR -10 dB. Finally, Fig. 4 shows the

Pd versus SNR curves for MRC based cyclostationary detector

for different value of probability of false alarm.

V. CONCLUSION

In this paper, we detect the primary user signal with

cyclostationary detector in MIMO cognitive radio receiver for

multiple cyclic frequency. In our analysis, the cyclostationary

detector is based on MRC diversity technique, where cognitive

radio is equipped with a maximum of four antennas. Through

our simulation, it is observed that MRC based CR can achieve

superior performance in comparison with single antenna at

particular SNR and Pf . This can be attributed to increase

in SNR obtained by combining the signals from multiple

antennas.

REFERENCES

[1] J. Mitola III and G. Maguire Jr, “Cognitive radio: making software
radios more personal,” Personal Communications, IEEE [see also IEEE
Wireless Communications], vol. 6, no. 4, pp. 13–18, 1999.

[2] S. Haykin, “Cognitive radio: brain-empowered wireless communica-
tions,” Selected Areas in Communications, IEEE Journal on, vol. 23,
no. 2, pp. 201–220, 2005.

−20 −15 −10 −5 0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Signal to noise Ratio (dB)

P
ro

ba
bi

lit
y 

of
 D

et
ec

tio
n,

 P
d

1 Rx, 1 α
1 Rx, 2 α (Ds)

1 Rx, 2 α (Dm)

4 Rx, 1 α
4 Rx, 2 α( Ds)

4 Rx, 2 α (Dm)

Fig. 3. Probability of detection versus SNR for different diversity schemes
based on cyclostationary detector for different cyclic frequencies with Pf =
0.05.

−20 −15 −10 −5 0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Signal to noise ratio (dB)

P
ro

ba
bi

lit
y 

of
 D

et
ec

tio
n,

 P
d

 1 α Pf = 0.05
 2 α (Ds) Pf = 0.05

 2 α (Dm) Pf = 0.05

 1 α Pf = 0.01
 2 α (Ds) Pf = 0.01

 2 α (Dm) Pf = 0.01

Fig. 4. Probability of detection versus SNR for MRC based energy detector
at different values of Pf with M = 4.

[3] I. Akyildiz, W. Lee, M. Vuran, and S. Mohanty, “NeXt genera-
tion/dynamic spectrum access/cognitive radio wireless networks: A
survey,” Computer Networks, vol. 50, no. 13, pp. 2127–2159, 2006.

[4] H. Urkowitz, “Energy detection of unknown deterministic signals,”
Proceedings of the IEEE, vol. 55, no. 4, pp. 523–531, 1967.

[5] F. Digham, M. Alouini, and M. Simon, “On the energy detection of
unknown signals over fading channels,” Communications, 2003. ICC’03.
IEEE International Conference on, vol. 5, 2003.

[6] A. Dandawate and G. Giannakis, “Statistical tests for presence of
cyclostationarity,” Signal Processing, IEEE Transactions on [see also
Acoustics, Speech, and Signal Processing, IEEE Transactions on],
vol. 42, no. 9, pp. 2355–2369, 1994.

[7] P. Sutton, K. Nolan, and L. Doyle, “Cyclostationary Signatures for
Rendezvous in OFDM-Based Dynamic Spectrum Access Networks,”
New Frontiers in Dynamic Spectrum Access Networks, 2007. DySPAN
2007. 2nd IEEE International Symposium on, pp. 220–231, 2007.

[8] P. Sutton, J. Lotze, K. Nolan, and L. Doyle, “Cyclostationary Signature
Detection in Multipath Rayleigh Fading Environments,” Cognitive Radio
Oriented Wireless Networks and Communications, 2007. 2nd Interna-
tional Conference on, 2007.

496

Authorized licensed use limited to: Isfahan University of Technology. Downloaded on July 16, 2009 at 00:52 from IEEE Xplore.  Restrictions apply.



[9] F. Menguc Oner, “Air Interface Recognition for a Software Radio
System Exploiting Cyclostationarity,” Pimrc 2004, 2004.

[10] J. Lundén, V. Koivunen, A. Huttunen, and H. Poor, “Spectrum Sensing in
Cognitive Radios Based on Multiple Cyclic Frequencies,” Arxiv preprint
arXiv:0707.0909, 2007.

[11] M. Simon and M. Alouini, Digital Communication Over Fading Chan-
nels. Wiley-IEEE Press, 2005.

[12] J. Adlard, “Frequency Shift Filtering for Cyclostationary Signals,” Ph.D.
dissertation, University of York, 2000.

497

Authorized licensed use limited to: Isfahan University of Technology. Downloaded on July 16, 2009 at 00:52 from IEEE Xplore.  Restrictions apply.


