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Abstract— In a Spectrum Pooling context, Cognitive Radio nodes have to perform spectrum sensing in order to ﬁnd available spectrum holes. In this paper, OFDM cyclostationarity is studied as the best detector choice to ﬁnd white spaces in the spectrum. OFDM signal detection can be performed using the induced cyclostationarity of the cyclic preﬁx. On the other hand, OFDM signal identiﬁcation can be performed through the use of pilot patterns. These two cyclostationary based detectors are tested in diﬀerent channel conditions using simulations. In addition, some unsolved issues of the OFDM detection context are discussed. Keywords— Spectrum Sensing, Cognitive Radio, Cyclostationarity, OFDM. 1. INTRODUCTION The growing demand of ubiquitous access to internet and multimedia services over wireless terminals represents an interesting challenge for researchers. One of the issues to deal with is the large amount of required bandwidth to deliver such services. Diverse studies made in several cities (Europe and US) showed that some bands currently occupied by license owners are mostly underused. In our context, this is a waste of a very scarce resource, the spectrum. In other words, these studies proved that conventional policies of spectrum licensing are ineﬃcient. In Mitola’s work [6], a new policy of spectrum usage called Spectrum Pooling (SP) was proposed. With SP public access to a licensed band is enabled. Licensed systems, also called Primary System (PS), which do not use its bandwidth all time are able to rent part of it to a committing system, or Secondary System (SS), with the condition that performance of PS is not affected. PS systems do not take part in the process of spectrum pooling because the policy aims to share spectrum in already occupied bands with already installed equipments. All the work is done by sophisti∗Agencia
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cated nodes called Cognitive Radios, which are capable of sensing the spectrum in order to ﬁnd white spaces and accordingly reconﬁgure their physical parameters to occupy the available resources. As a result, SS obtains access to new bands and licensed owners get revenues for the spectrum they do not use [13]. Spectrum pooling is an interesting approach to enhance spectral eﬃciency. As a consequence, it seems to be a good solution to spectrum scarcity. The IEEE 802.22 Working Group is setting up a standard that allows Cognitive Radios to exploit unused TV bands [2]. The main tasks an SS detector must perform are spectrum sensing and reconfigurability. The former consists of sensing the spectrum in order to ﬁnd the unused bands. This information (available bands) is commonly referred to as channel allocation information (CAI). Since the availability of resources is highly varying, the sensing must be performed periodically. In addition, reliable detection of licensed users is crucial because missing detection leads to increasing interference from SS users over PS users. Cognitive nodes use spectrum sensing information to dynamically modify their physical parameters to not interfere with licensed users. This property, known as reconﬁgurability, consists of the modiﬁcation of one or more of the following parameters: operating frequency, modulation scheme and transmission power. The goal of reconﬁgurability is to achieve higher performance without causing damage to PS [1]. In this paper we focus in the sensing problem within the OFDM context. The presentation of this work is the following. In Section 2, the sensing problem is introduced for SP systems. A brief review of cyclostationarity concepts is presented in Section 3. Then, the schemes to be studied are summarized in Section 4. Comparative simulations in an OFDM context in addition to a discussion of the performance results are presented in Section 5. Finally, conclusions are derived in Section 6. 2. THE SENSING PROBLEM The cognitive radio must distinguish between used and unused bands. So, it should be able to determine if a signal from a primary user (PS) is present or not. A basic hypothesis model for PS detection is the follow-



ing  n(t) x(t) = h(t) ∗ s(t) + n(t)



H0 H1



(1)



where n(t) is AWGN, h(t) is the impulse response of the channel, s(t) the transmitted signal and ∗ is the usual convolution operator. On the other hand, cognitive radio networks which contend for an unused space can coexist with PS in the same frequency bands [12, 8, 11]. In these cases, detection of the diﬀerent SS is an important task. Indeed, a cognitive radio network needs coordination to perform changes of band. This may be achieved using ﬁxed common channels, although almost invariably this results in a considerable complexity and overhead. An alternative approach that solves both problems is to use signatures intentionally embedded in the SS signals to discriminate between them. For this situation the hypothesis model is slightly diﬀerent, and it is the deﬁned as follows  h(t) ∗ S ns (t) + n(t) H0 (2) x(t) = h(t) ∗ S s (t) + n(t) H1 where ss (t) and sns (t) are the signals transmitted with signature and without signature, respectively. Many detection techniques may be employed to distinguish between H0 and H1 . In the following, we discuss three of the most popular techniques [1]. The matched filter is the optimum detector in AWGN, because it maximizes the SNR. This method requires less time to achieve good detection performance due to coherent detection. Also, it is possible to distinguish between diﬀerent SS, as in hypothesis model (2). Signal parameters and synchronization are required. If the information of the PS is not known accurately the performance of the ﬁlter decreases signiﬁcantly. In our case, not neither signal parameters nor the channel are available, and therefore matched ﬁlter does not seem to be a good choice. The energy detector is very simple, and contrary to the matched ﬁlter it does not require accurate knowledge of the signal parameters. Only the noise power is required to establish the test threshold. Since this method is incoherent it has poor performance in noisy environments. For the same reason, it is not possible to distinguish between diﬀerent signals. Then, this detector is only applicable to hypothesis model (1). Silent periods where SS suspends the transmission and senses the spectrum must be employed to avoid that an outgoing signal of the SS may interfere with the signal of the PS and results in a false alarm. Both the detector performance and the SS transmission eﬃciency are aﬀected by these silent periods. So, energy detector is neither the appropriate detector. The Cyclostationary feature detector is a method to detect the periodic features that result of the modulation carrier, pulse train, cyclic preﬁx, pilot pattern,



etc. that are used in the transmitted signal. Cyclostationary signal is characterized by its time periodic mean and autocorrelation functions. As in conventional signal analysis, the signal processing may be performed in time or frequency domain according to the application of interest. This detector does not require to know accurately the signal parameters, only those related to the cyclostationary feature [7, 11]. AWGN is not cyclostationary, so this test performs well in low SNRs. Network identiﬁcation based on hypothesis (2) may be achieved. To be useful it is only required that the cyclostationary features of each system are diﬀerent. For the same reason, silent periods are not necessary. Therefore, this detector is the best choice to detect PS [9]. In this paper two recently proposed algorithms for the detection of cyclostationarity features in OFDM signals are studied. The ﬁrst one, exploits the redundancy that is generated by the cyclic preﬁx (CP) [7]. The second one, makes use of the pilot subcarriers to detect the OFDM signals [11]. 3. CYCLOSTATIONARITY CONCEPTS A cyclostationary signal is characterized by time periodic mean and autocorrelation functions [5]. Considering discrete time, the autocorrelation function is deﬁned as Rxx (n, ν) = E{x(n)x∗ (n + ν)}, where x(n) is a zero mean complex almost-cyclostationary process. Since Rxx (n, ν) is an almost-periodic function of discrete time n, it can be represented by  Rxα (ν)ej2παn (3) Rxx (n, ν) = α∈A



where the coeﬃcients given by (4) deﬁne the cyclic autocorrelation function (CAF) at cycle frequency α, as given by N  1 Rxx (n, ν)e−j2παn N →∞ 2N + 1



Rxα (ν) = lim



(4)



n=−N



Δ



and A = {α ∈ [−1/2; 1/2) : Rxα (ν) ≡ 0}. If x(n) is a cycloergodic process, which is usually the case, the expectation operator implicit in (4) can be estimated using a sample mean. So, a more useful expression for the CAF is the following [4] N  1 x(n)x∗ (n + ν)e−j2παn N →∞ 2N + 1



Rxα (ν) = lim



n=−N



(5) Its Fourier transform, given by  Rxα (ν)e−j2πνk Sxα (k) =



(6)



ν∈Z



is the cyclic spectral density function (SDF). For α = 0, SDF reduces to the conventional power spectral density. However, for α = 0, it can be shown that Sxα (k)



is the density of correlation between components at frequencies k and k + α. Then, a useful approximation for Sxα (k) is given by N −1 1  (N ) Sˆ(N ) (α, k) = X (s)X ∗(N ) (s − α)W (N ) (k − s) N s=0 (7) where X (N ) (k) is the Fourier transform of x(n) deﬁned by N −1  2π (N ) X (k) = x(n)e−j N nk (8) n=0



and (k) is a spectral window that satisﬁes  W (N ) (k) = 1. The windowing makes the estimakW tor consistent. A tradeoﬀ between bias and variance can be obtaining by a proper window selection [10]. 4. CYCLOSTATIONARITY BASED DETECTION Considering the context of interest, the discrete-time baseband OFDM signal of Nc subcarriers can be described by  s(m) =



Nc −1 n Es   ck (n)ej2π Nc (m−D−k(N +D)) Nc n=0 k∈Z



×g(m − k(N + D)) (9) where Es is the signal power, ck (n) are the transmitter symbols at nth subcarrier of kth OFDM symbol1 , D is the cyclic preﬁx length and g(m) is the pulse shaping ﬁlter. Considering a noisy multipath slow fading channel, the equivalent baseband discrete-time channel impulse response is given by {h(l)}l=0,··· ,L−1 . Thus, the sampled OFDM signal at the receiver is modeled as y(m) = ej(2π



m−τ N



+θ)



L−1 



h(l)s(m−l −τ )+η(m) (10)



l=0



where  is the carrier frequency oﬀset (normalized to the subcarrier spacing), θ is the initial arbitrary carrier phase, τ is the timing oﬀset and η(m) is a zero mean circularly-symmetric complex-valued AWGN of variance σ 2 per complex dimension.



From (9), considering at this point only an AWGN channel and that all carriers are modulated, it is easyto show that Ryy (u, Nc ) can be expressed as: Es { k g(u+Nc −k(Nc +D))g ∗ (u−k(Nc +D))}, which is a periodic function of u of period 1/α0 = Nc + D. Therefore, (5) can be approximated by ˆ ykα0 (Nc ) = R



1 U − Nc



U−N c −1



y(n)y ∗ (n + Nc )e−j2πkα0 n



n=0



(11) ˆ kα0 (Nc ) is the estimation of the cycle correwhere R y lation at cycle frequency kα0 and time lag Nc , and U are the available symbols at reception. To build a robust cost function, 2Nb + 1 cycle frequencies are taken into account, where Nb is the amount of positive cycle frequencies. The considered cost function is given by [7]: Jcp (Nb ) =



Nb 2     ˆ kα0 Ry (Nc )



In our detection context it is diﬃcult to develop a detection test based on H1 (of hypothesis model 1), because signal parameters of PS are assumed unknown. Thus, the detection threshold is calculated from hypothesis H0 . Under H0 the cycle coeﬃcients of the ˆ ykα0 (Nc )) are asymptotically normal received signal (R with mean 0 and variance σ 4 /U . Also, due to OFDM (orthogonal) structure, these cyclic coeﬃcients are asymptotically uncorrelated and hence mutually independent. As Jcp (Nb ) is a sum of (2Nb + 1) absolutesquared cycle frequencies, the distribution of the cost function Jcp (Nb ) is Chi-Squared with 2(2Nb + 1) degrees of freedom (χ22(2Nb +1) ) [7]. To build a detection test, a constant λ is deﬁned so that P{Jcp (Nb ) ≥ λ|H0 } = Pf a , where Pf a is the ﬁxed false alarm probability and λ is the test threshold. Then, considering γ(2(2Nb + 1), x) as the cdf of χ22(2Nb +1) , it is possible to evaluate the threshold as: λ=



σ 4 −1 γ ((2Nb + 1), 1 − Pf a ) U



• if Jcp (Nb ) ≤ λ, then H0 is decided,



This scheme exploits the cyclic correlation function which is generated by the cyclic preﬁx of the OFDM signal. This means that the cyclostationary features depend only on the CP length (which is chosen to be longer than the channel impulse response to avoid ISI). Since is not a parameter that can be modiﬁed (it is not possible to intentionally embed a signature in order to distinguish between two systems), CP based detection is based on hypothesis model 1.



• if Jcp (Nb ) > λ, then H1 is decided.



symbols sometimes are called blocks



(13)



Finally it is possible to perform the following test in order to distinguish between H0 and H1 .



4. 1. Cyclic preﬁx detection



1 OFDM



(12)



k=−Nb



4



It must be noted that the scale factor σU is introduced as a normalization, because the variances of the cyclic coeﬃcients are not equal to one. To summarize the method, the steps needed to perform the detection test are described in the following. First CAF is calculated for each of the 2Nb + 1 considered cycle frequencies using Eq. (11). To obtain the cost function, absolute-squared CAF estimates are



summed as stated in Eq. (12). An estimate of channel noise is necessary to calculate the test threshold using Eq. (13). Finally the cost function is compared against the threshold λ. 4. 2. Pilot induced detection In case it is necessary to determine, which signal of a signal set is transmitted, as stated in hypothesis model 2, each signal must have a distinctive signature that facilitates a cyclostationary detection. Cyclostationary features may be induced using special preambles or repeating the information symbols over multiple carriers [8, 12]. However, the inserted preambles are not always present in the signal, which diﬃcult the detection. Also, repeated carriers reduce system capacity. An interesting way to overcome these problems is to take advantage of existing pilot carriers and embed signature on them. This method is known as pilot induced cyclostationary signature (PIC) [11]. Pilot carriers are always present in OFDM signals for channel estimation and synchronization. Pilot pattern is described by an index set I(k) that denotes the carriers which contain pilots symbols in the OFDM block k. The symbols ck (n) of the equation (9) are divided in two sets: data symbols ak (n), when n∈ / I(k), and pilot symbols bk (n), when n ∈ I(k). It is considered that under hypothesis H0 , the received signal have not pilots in the same places that under H1 . The demodulated signal is the DFT of the received block, and is expressed as follows Nc −1 nm 1  Yk (n) = √ y(k(Nc + D) + D + m)e−j2π N Nc m=0 (14) Detection is performed by measuring the energy of the cyclic correlation function induced by the pilot pattern. The cost function is deﬁned as [11]



Jpic =



 (p,q)∈ξ



⎛ ⎝



⎞  2  ˆα  R ˜ (p,q) (d (p,q) ) ⎠







Y



(15)



α∈A( p,q)



Jpic less sensitive to received signal gain, each term Yk (n) in Eq. (16) is normalized as follows Yk (n) Yˆk (n) =  V ar[Y (n)]



where V ar[ ] denotes estimated signal variance deﬁned M−1 as: V ar[Y (n)] = 1/M k=0 |Yk (n)|2 . In order to embed a cyclostationary signature in the signal, pilot symbols are designed such that bk (p) = bk+d(p,q) (q)eiϕ , with ϕ ∈ [−π; π). Then, the processes {ck (p)}k and {ck (q)}k are jointly cyclostationary with cyclic coeﬃcients Rcα(p,q) (d (p,q) ) =



σb2 e−j(2πα+ϕ)  m (18) δ α− K K m∈Z



which are non null for α belonging to the set A(p,q) = { m−K/2 , m ∈ {0, 1, · · · , K − 1}}, where  K stands for integer ﬂooring. In the same way that in the former method, the cyclic coeﬃcients RYα (p,q) (d(p,q) ) are jointly Gaussian with 0 mean and variance 1/(M − d). To evaluate the cost function, K of these coeﬃcients corresponding to the K induced cycle frequencies are summed. This results in a Chi-Square random variable of 2K degrees of freedom. Finally, Jpic is the result of the sum of Np of these χ22K . To ﬁnd the test threshold it is mandatory to know the cdf of Jpic . Since some parameters of the signal are unknown, as in CP detector, the test statistics is based on hypothesis H0 . Reference [11] proposes to approximate the cdf of Jpic by a Laguerre series. Since usually Np is on the order of 30, here instead we propose to use the Central Limit Theorem (CLT) to ﬁnd an expression to Jpic ’s cdf. With this in mind, ﬁrst the mean of Jpic is calculated and then its variance. The mean of Jpic is given by ⎧ ⎫ Np ⎨ ⎬ 2 2 E{Jpic } = E σR χ2K (m) ⎩ ⎭ m=1   2 E χ22K = Np σR 2 = Np σR 2K



where (d,q) −1 M−d



1 ˆ α˜ (p,q) (d (p,q) ) = R Y M − d(p,q)



Y˜k (p)



k=0



∗ −j2παk × Y˜k+d , (16) (p,q) (q)e Δ



A(p,q) = {α ∈ [−1/2; 1/2] : RYα (p,q) (d(p,q) ) = 0}, p and q are the correlated carriers, d(p,q) is the separation in blocks between p and q and ξ = {(p, q)|A(p,q) = ∅ and d(p,q) + K ≤ M }, where K and M are the pilot pattern period and available OFDM symbols at reception, respectively. Also is it useful to deﬁne Np as the cardinality of set ξ. In addition, to make the criterion



(17)



(19)



2 where σR = 1/(M − d) stands for CAF variance and 2 χ2K is the central Chi-Squared random variable corresponding to CAF coeﬃcients RYα (p,q) (d(p,q) ). The variance of Jy may be calculated as ⎧ ⎫ Np ⎨ ⎬ 2 2 Var{Jpic } = Var σR χ2K (m) ⎩ ⎭ m=1   4 Var χ22K = Np σR 4 = Np σR 4K



(20)



In Eq. (19) and (20) χ2 distributions are considered 2 4 iid. Finally, Jpic ∼ N (Np σR 2K, Np σR 4K), so now it



• if Jpic ≤ λ, then H0 is decided, • if Jpic > λ, then H1 is decided. In order to clarify PIC detector, the steps needed to perform test are summarized next. After CP removing, received blocks are transformed into frequency domain using Eq. (14). Then, each pair of carriers (p, q) ∈ ξ is normalized according to Eq. (17) to make test independent of signal gains. Over each pair (p, q) CAFs are calculated for the K values of α ∈ A as established by Eq. (18) and Eq. (16). To calculate the cost function, the absoluted-squared CAFs are ﬁrst summed for each α ∈ A and then over all pairs (p, q) ∈ ξ as indicated in Eq. (15). Since Jpic ’s cdf under H0 is too complicated for closed-form solution, we propose to use the CLT. Following this approach mean and variance of Jpic are calculated by Eq. (19) and Eq. (20), respectively. When the cdf of Jpic , ψ(x), is known, it is possible to ﬁnd the threshold λ using Eq. (21). Finally the cost function is compared against the threshold to perform the test. 5. SIMULATIONS AND DISCUSSION Simulations were made using OFDM signals of Nc = 512 carriers, cyclic preﬁx D = Nc /8 = 64, and sample rate Tc = 0.5μs which corresponds to inter-carrier spacing of ∼ 3.9kHz that is the similar to 2K DVB-T signal2 . Each SNR value is averaged over 2000 trials with a diﬀerent channel realization. Hypothesis H0 and H1 of the corresponding model are equally likely. Pf a is set in 1%. For CP detector, each trial consist of 30 OFDM symbols, whereas in PIC detector 60 symbols are used. The pilot pattern used in PIC detector to embed a signature is scattered and has period 2 (K = 2), i.e. it consists of two blocks. Pilot spacing is 12 carriers and the oﬀset between blocks is 6 carriers. Pilot symbols are BPSK modulated and equally likely3 . In order to maintain low test complexity and allow a considerable number of networks to share the spectrum, Np (pairs of correlated carriers) is set to 30. Along the test, the separation between p and q carriers is set to 30 and d (p,q) = 1. Static and dynamic multipath channels are considered. The simulated propagation channel {hk (l)}l=0,··· ,L has length L = D, and exponential 2 2K



DVB-T has an inter-carrier spacing of 4.464KHz [3] to simulation in [11].



3 Equivalent



5. 1. Cyclic preﬁx detection As stated in Eq. (12), when Nb increases the detection test has more redundance which results in better performance at the expense of system complexity. Fig. 1 shows percentage of correct detection versus SNR for Nb from 0 to 4 over an AWGN channel. CP detection, performance for several N
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λ = {x | P(Jy ≤ x|H0 ) = 1 − Pf a } = ψ −1 (1 − Pf a ) (21) and the decision test is therefore



2



decay proﬁle E{|hk (l)| } = Ge−l/β , where G is choL 2 sen such that l=0 E{|hk (l)| } = 1 and β = Np /4. Doppler frequency is set to 75Hz which corresponds to ∼ 2% of inter-carrier spacing and a speed of 80Km/h with a carrier of 1GHz.
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Figure 1: Comparison between several choices of Nb over an AWGN channel. Channel eﬀect over Jcp is to mis-match CP with the end of the OFDM symbol, so correlation decreases. The worse the channel the bigger the mis-match. Fig. 2 shows the results of the simulation for an AWGN, a static multipath channel and a dynamic multipath channel for Nb = 4. CP detection, performance in multipath channel 100 95 90
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is easy to ﬁnd a test threshold that meets some particular choice of false alarm. If the cdf of the normal distribution is deﬁned as P(Jy ≤ x|H0 ) = ψ(x), then the threshold λ is given by
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Figure 2: Performance of the Jcp test in diﬀerent channel conditions.



5. 2. Pilot based detector Fig. 3 shows the performance of JP IC test in AWGN, static multipath channel and dynamic multipath chan-



nel.



cation were studied within diﬀerent channel environments. The ﬁrst one, Jcp is simpler and more robust to channel distortion, because it employs more redundance. On the other hand, the second method Jpic is more general, because it allows detection of diﬀerent services. From this study it is clear that the operating environment of the detectors must be speciﬁed in detail in order to move towards a real application. This involves: performance of coarse and ﬁne CFO and TE estimators, and analysis of blind vs. non-blind algorithms. Also it is necessary to make an analytical study of CFO and TE eﬀects over cyclostationarity detectors for OFDM signals.
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Figure 3: Performance of Jpic test for diﬀerent channel conditions.



5. 3. Discussion The studied systems do not require channel estimation, so channel condition has a big impact in performance. If information of the channel is not available the only way to mitigate the lack of information is to increase redundancy. It is known that OFDM systems are sensitive to Carrier Frequency Oﬀset (CFO) and timing errors (TE) because they destroy orthogonality between carriers. On the other hand SP concept assumes that PS parameters are unknown to secondary system, so system synchronization is big deal in SP. Since the test performance is aﬀected by mis-synchronization, it is possible to ﬁnd  and τ of Eq. (10) looking for the maximum of Jcp or Jpic in a CFO Vs TE plane [11]. However, an accurate estimation of impairments requires a ﬁne search grid which leads to a large delay. It can be noted that the performance of Jpic is worse than performance of Jcp . This follows from three different factors. First, according to hypothesis model (2), the interference power is higher for the presence of the signal in H0 . Second, Jpic employs less redundancy than Jcp in the cyclostationary signature which reduces test quality. Finally, correlated symbols pertain to diﬀerent OFDM symbols, and therefore the test is more sensitive to time-variant channels. On the other hand, CP detector is quite robust to time-variant channels since correlation is calculated between symbols within an OFDM symbol. A signiﬁcant improvement in the performance will be achieved if channel estimation is performed although this may compromise the assumption that PS parameters are unknown. 6. CONCLUSIONS Two cyclostationary methods that correspond to two hypothesis models for signal detection and identiﬁ-
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