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ABSTRACT the frequency bands belonging to a primary user. Free fre-

Dynamic detection of primary users is one of the main funcdUency bands refer to those bands belonging to a primary

tions of spectrum sensing for Cognitive Radio (CR) commuUSer that opens its spectrum for secondary users, provided
nications aiming to increase the use of radio spectrum. IF'P?S(.a secondary users do not interfere with primary trans-
this work the performance of the so-called Candidate powe"'SSIONs.

detector is reported. The main objective of this detector is the [N this paper the so-called candidate spectral estimation
proper spectrum labelling of primary users in cognitive radidS tuned in order to cope with the DVB-T scenario. Firstly
scenarios. The Candidate detector is tuned in order to dete@Ported in reference [3], the Candidate estimate is based on
Digital Video Broadcasting Terrestrial (DVB-T) signals, pro- @ generalization of the spectral subtraction principle, widely
viding accurate power level estimates and frequency locatio#sed in, let us say, traditional spectral estimation. The name
in presence of interference signals or secondary users trarf: candidate reflects the ability of the procedure to scan the
missions. The advantages of the resulting candidate detectgdio spectrum for the presence of a given spectral shape dif-
are shown with respect to the existing alternatives based dgrent from the un-modulated carrier which is the common

energy detection and cyclo-stationary based detectors. oot of many traditional procedures for spectral estimation.
In fact, the candidate estimate reduces to traditional spec-

1. INTRODUCTION tral estimates when the candidate is just an unmodulated car-
Currently it is well recognized that the radio spectrum isfier [3]. The resulting candidate estimate provides accurate
over-licensed but not over-used. In the literature there arBOWer levels of the DVB-T signal present, together with its
available several field test and measurements revealing ti#&ntral frequency location, just in case it is not known by the
low usage of radio spectrum of certain frequency bands pesPectrum sensing processor. This accuracy remains almost
coming extremely unused on specific geographic locationd"€ same regardless the presence of in-band or out-band lo-
Along 2002 several studies of the Federal Communicationsation of interferers, whenever they differ on the spectral sig-
Commission (FCC) reported that the variation in the use of [inature with respect the candidate.
censed spectrum ranges from 15% up to 85% [1]. Solvingthe The remainder of this paper is as follows: Section 2 de-
under utilized spectrum represents a window of opportunitgcribes briefly the DVB-T primary user signal. Section 3 de-
for telecom operators, whenever they are able to deploy opeitribes the existing alternatives for spectral sensing of pri-
spectrum scenarios where secondary users become oppBtary users in CR scenarios. Based on reference [3], Sec-
tunistic customers. Within a flexible telecom market regulation 4 summarizes the basics of candidate spectral estima-
tion, Cognitive Radio (CR) has been recognized as the set &Pn. Section 5 includes the candidate detector implementa-
technologies which allow the deployment of open spectruniion and a brief description of the major competitor of the
scenarios. Among the key technologies in CR, together witandidate approach which is the cyclo stationary approach.
reconfigurable physical layers and cross-layer approachekinally, Section 6 reports the results in terms of spectral esti-
the spectrum labelling represents the major problem to bgation for high SNR scenarios of the candidate estimate, and
over-passed. the Receiver Operation Characteristics (ROC) curves of low
This contribution focuses on the case of TV broadcasBNR scenarios. Also, included in this section, there is a com-
bands where FCC is considering the use of CR technobgiégarison of the candidate method versus the cyclo-stationary
for un-licenced operation [2]. On the main concept is allow-aPproach proving the superiority of the Candidate method.
ing secondary users to access, in an opportunistic manner, to

2. DVB-T SIGNAL CHARACTERISTICS

This work was partially supported the Mexican Government un-
der grant PROMEP; by the European Commission under project NEW- )
COM++ (216715) and by Spanish Government TEC2008-06327-C03-0T he DVB-T system has two modes of operation, namely 2K
and AVANZA 1+D TSI-020400-2008-150). The work has been done dur- ; ; _
ing the 6 months stay of A. Perez-Neira at ACCESS/Signal Processing Lat?_,md 8K modes, allowing dn_cferem Ieve_ls of QAM n_]OdL"a
KTH (Stockholm). tion. We assume that the primary user is a DVB-T signal us-
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Spectrum sensing has been identified as an important func-
tionality of CR with the objective of periodically and dy-
namically sensing the radio spectrum, in order to detect the
presence of primary users in a reliable manner. In gen-
eral, spectrum sensing methods can be divided in three cat-
egories namely transmitter detection, cooperative detection
and interference-based energy methods [5]. This work fo-
cuses its contribution on the category of transmitter detec-
tion. Within this category, there are three different ap-
proaches which can be encompassed under: energy detec-
tion, matched filter detection and cyclo-stationary feature de-
~120 ] ‘ ‘ ‘ ; tection. The Candidate detector is included as the fourth al-
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Frequency (MH2) ternative within this category. Each of these techniques dif-

Figure 1: Power Spectral Density of DVB-T primary user us- fers frpm the othe_rs in the a pr|0r_| knowledge available of
ing OFDM/16QAM modulation and located at 36 Mhz central fre- the primary user signal. We describe next a summary of the
quency major differences among these four methods.

. _ . . The simplest method is energy detection, which is ba-
ing an OFDM/16QAM modulation and 1705 carriers which sically measuring directly the incoming energy in a given

corresponds to mode 2K [4]. The DVB-T primary signal is handwidth of analysis. Energy detection is the baseline for

transmitted in frames, each frame is formed by 68 OFDMpg so-called filter bank analysis for spectral estimation The
symbols. Each OFDM symbol contains a set of 1705 carrierfqajor drawback of energy detection is that it is unable to

anditis transm.itted With a.symbol durati'ngXof 280us. ~ differentiate among primary user energy and secondary or
The transmitted signal in one frame is given by equationnterference energy. The main advantage, together with the
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@) mentioned low complexity is that it does not requires spe-
6 K cific a priori knowledge of the transport waveform. Based on
. max . . .
s(t) = Re eli2mfet % z ki () 1) gfull. knowledge qf the prlmary usgr signal structure , includ-
oK ing time and carrier synchronization, one can be use the so-

called matched filter detector. Nevertheless, this full coherent
method becomes unpractical in actual CR scenarios. A tech-
@2 (t=0-1T9)/Tu T <t < (I+1)Ts, nique that is in between the energy detection and matched

k() = (2)  filter detection is the so-called cyclo-stationary methods. In
the letter the information required is the carrier frequency

wherek is the carrier index relative to the centre frequenc:yand the c_ycl_e freql_Jency of the pr!mary user, that most of the
K = K— (Kmax— Kmin) /2, Tu is the inverse of the carrier spac- cases coincides with the modglatlon_rate or bagd rate. Never-
ing andA is the duration of the guard interval. The spectrumt_hele_ss' iny a non—parqmetnc version 9f cyclic spegtral _es'
of the DVB-T signal, with a 8 MHz channel bandwidth and timation is .reported. Th|§ non parame.tnc character implies

a central frequency of 36 MHz, is shown in Figure 1. low resolutlorj together with a low quality perfo'rmance ver-

Note that the corresponding autocorrelation function orYS complexity trade-off. Since the sample size needed to

matrix will be similar to asingx) function corresponding obtain a reliable detection in spectrum sensing has to be low,

to the inverse Fourier transform of the spectral density delhe low resolution and the need of long data records consti-

picted in this figure. In fact, the baseband form of thetUteTthe major dra\évbacl;k of cyclo-.statgjr&ary Easid me;ho%s.
above spectrum can be used to provide an estimate of the o overcome the above mentioned drawbacks in [3), [6],

autocorrelation signal of the primary user. The alternativéhe authors proposed a new procedure for spectral estimation

is to use the forward backward autocorrelation estimate dit—hat is able to detect the presence of a given spectral shape,

rectly from s(t), the resulting autocorrelation matrix will Wh'Ch is defined by its autocorrelation matRxat baseband,

be referred to hereafter & | ie the candidate autocor- M @ diven data signal record. Next section describes briefly

relation. At the same time, the autocorrelation matrix ofthls procedure.
the band pass signal with central frequerfgycan be for-

mulated as(§S*) ®BC , Where® denotes the Kronecker
product, and vecto§, for an order Q matrix is defined as Most of the important procedures for spectral estimation can
S=[1 exp(j2mfo) ... exp(j2mfy(Q—1)) ]H. be formulated as a problem of spectral subtraction. Given

where

0 else.

4. CANDIDATE POWER ESTIMATE
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a data autocorrelation matrix estimate, the spectral subtrasubcarriers using 16 QAM modulation. A narrowband inter-
tion framework states the problem as how much power caference (an unmodulated carrier) is present with 10 dB SNR
be subtracted at a given frequency, defined by veStas and located at 60 Mhz. The cyclic prefix of the OFDM signal
defined previously, from the data autocorrelation matrix, asepresents the 25% of the duration of the information sym-
indicated in (3) bol.
The filter order of the candidate estimate is denoted as Q
(R-A(f).(s5)). (3) and it will be set equal to 40 in the simulations section. The

number of samples of the signal used for detechbnwill
First, note that the baseband model for the spectral sul%e set 1o 200. P d b

traction is the contribution of a dc signal, i.e. zero frequency,
which is described bB = 1.1" wherel denotes the vector
with one in all its components ThR dc baseband candi-
date is modulated at any frequent:y\s (4) indicates 1 M1 9y .
R=——- Xp-X J. X5 X 7
= 2(M_Q)n;2{—n—n +:—n—n :} ( )
_ ) ~ where upper indexeld, T and+ denote hermitic, transpose
The purpose is to do a frequency scanning when solvingng complex conjugate respectiveX, is a column vector
the spectral subtraction problem in (3). For example, |°°karrang|ngQ consecutive samples of the data signal foam)

ing for the power level that minimizes the Frobenious normyqn tox(n— Q+ 1), finally matrixJ denotes the exchange
of (3) the resultis the well known WOSA method or averageématrix with main cross diagonal elements equal to one and
of periodograms. On the other hand, looking for the maxiyhe rest entries equal to zero.

mum power level that preserves the definite character of the  The candidate estimate will exhibit the estimate power

difference matrix, the Capon’s method arises (see referengg,e| at each frequency scanned through veStoand com-

[6] for further details). _ _ _ puted as the minimum eigenvalue formulated in (6). For de-
The basic idea of the Candidate estimate is to replace th@ction purposes the estimate (6), at a pre-selected central fre-

baseband single carrier form by the primary user basebaqﬂJency’ will be compared with a threshgfdet to achieve a

autocorrelation matrix. Thus, the candidate formulation ofyiven point in the probability of detection versus false alarm
the spectral subtraction problem becomes (5) graphic (ROC).

The sample autocorrelation matrix will be computed us-
ing the forward and backward method formulated as (7)

(ss!) @ (11") =sg'. (4)

Since our aim is to prove the superiority of the candidate
(B— A(f). L(§§H) ®BCJ> ‘ (5) approach versus the cyclo-stationary approach, the second is
summarized briefly herein.
A non-stationary cyclic random process, as it is the case
r the most used linear modulation schemes, presents an au-
tocorrelation function as given in (8)

The power level (f) is estimated as the maximum that
preserves the positive definite character of the difference m?
trix. The solution to this problem is the minimum eigenvalue
shown in (6) [3][6]

A(f) = ’\mm( (S§)®R) (6) ren)=r(n+ Y R(a,T)e2mt (8)

(V]
In summary, the autocorrelation matrix for the DVB-T is o<

estimated from a baseband data record with enough sampléeere

to obtain a reliable estimate. Once the matrix is available, for

every scanned frequency, the power level of a potential pri- R(a,1) = 'I!”J]oo T /T r(t,7)e 12Mtgt 9)

mary user present in the signal under processing is obtained /2

from (6). Note that (6) reduces to the well-known Capon’swhich is named the cyclic autocorrelation functi@njs the

power level estimate when the candidate is a single carrier ayclic frequency and¥ is the total set of cyclic frequencies.

zero frequency. Applying the principle of synchronized averaging [7] to (8)
and using the sampled version of the original sig«8), the

5. DVB-T PRIMARY USER DETECTORS autocorrelation function is (10)

This section describes briefly the two procedures to be eval-
uated in the simulations section, i.e. the candidate detector 1 N-1
described in the previous section and the cyclo detector asit ' (NT) =5 Z X(N+KTo)X(N+kTo+T) (10)
is reported in reference [7].

The wireless scenario used in the simulations section willvhereT, is any cyclic period andll is the number of symbols
contain a DVB-T primary user centered at 36 MHz, and 170%f the signal.
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Figure 2: Power spectral estimation using Periodogram, Capon'digure 3:ROC performance of Candidate Power Detector, no in-
Method and Candidate power detector. 36 Mhz DVB-T primaryterference. 36 Mhz DVB-T primary user signal with SNR ranges
user signal with SNR=10 dB and the interference located at 60 Mhg0m -13 dB to -6 dB. Each record consist of 200 samples

and with SNR=10 dB. The record consists of 200 samples

DVB-T Candidate Power Detector with Interference. snrdB=-13:1:-6; nsam=200, nr=500
1 T

Next, we formulate the hypothesis testing for this cyclo- 09
stationary approach. Considering that this procedure is only
based on the test of presence of cyclo-stationary signal. In
others words the first term in (8) is present for any cyclic and
non-cyclic autocorrelation in consequence the detection vari-
able is formed as the difference between (8) and its first term
[7],i.e.r(n,T) =r(t,T) —r(7). This variable will be theoret-
ically zero for records when the cyclic component is absent,
Ho hypothesis, and different from zero under the presence
of a cyclic componentiH; hypothesis. Nevertheless, the fi-
nite number of data samples available induces and error term 91
that depends on the symbols numi§ln. In summary the o 3 o Yy Y L
hypothesis testing is (11) Probability of False Alarm, P_,
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Figure 4:ROC performance of Candidate Power Detector. 36 Mhz
Hp : 1N (n, 1) e(N) n,T) (11) DVB-T primary user signal with SNR ranges from -13 dB to -6 dB
Hy - F(N)(m 1) =f(n1)+ S(N)(m 7) ggg Se}s{:l)ml\/[l)ﬁlezslnten‘erence with SNR 10 dB. Each record consist of

whereeN)(n, 1) is the estimation error.

time it provides a clear peak at the actual frequency loca-
6. SIMULATION RESULTS tion of the OFDM signal with 9.6 dB as power level esti-
First we show the claimed performance of the candidaténate. Clearly the candidate only reacts to the presence of the
power level estimation. For this purpose the high SNR scecandidate in the signal. Also note that even in-band narrow-
nario depicts clearly the behavior of the candidate estimatdand interferences do not affect severely the accuracy of the
the OFDM signal is set to 10 dB of SNR at 36 MHz, togetherOFDM power level estimate.
with a narrowband interference located at 60 MHz, with the In order to test the candidate estimate in realistic CR sce-
same SNR, in white gaussian noise. The sample size was 20@rios, Figure 3 shows the ROC performance, i.e. probability
samples (M=200) and the estimates order is 40 (Q=40).  of detection versus probability of false alarm, for SNR rang-
Figure 2 presents the periodogram estimate, i.e. the réag from -13 dB up to -6 dB.
sponse of an energy detector, and the traditional Capon’s es- Figure 4 shows the ROC curves for the same SNR range
timate. and OFDM signal than in previous figure, but in the presence
Note that the candidate is robust against interference af a narrowband interference of 10 dB, i.e. from 16 up to 23
narrowband secondary users’s transmissions. At the santiB above the primary user power level. This performance is
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Candidate Power Detector. Pfa=[0.5 0.2 0.1 0.01]; nsam=200, nr=1000

Cyclostationary Detector, Pfa:[O.S 0.2 0.1 0.01], Nsym=10, nr=1000
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Figure 5:Performance of Candidate Power Detector as a functioriFigure 6:Performance of Cyclo-stationary Detector as a function
of SNR for several constant false alarm rate (0.5, 0.2, 0.1 and 0.01pf SNR for several constant false alarm rate (0.5, 0.2, 0.1 and 0.01).
The record length is 200 samples. The wireless scenario is free iff-he wireless scenario is the same as in Figure 5 but the record length
terference and 36 Mhz DVB-T primary user signal with SNR rangeds of 800 samples (i.e. four times larger than in Figure 5)

from -20 dB to 0 dB.

detector provides accurate power level estimates and central

in accordance with the low sensitivity of the candidate estifrequency location, even in the presence of severe narrow
mate shown in Figure 2. band interferences.
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