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Abstract— In the Cognitive Radio context, sensing process is iS also equal to the inverse of the intercarrier spacing, the
a crucial task. The cognitive devise has to be able to detect system recognition can be done accordingly. Nevertheless,
and to identify several radio systems. As more standards are g gyraightforward to understand that if the cyclic prefix is
now based on OFDM modulation the paper aims with the hort (i d to th ful ti f the OEDM bol). th
parameters estimation of such a modulation. All actual OFDM shor ('r_] regar _O e useiutime o .e sym O,)' e
based standards differ from their subcarrier spacing therdore ~ Correlation peak is low and the correlation based methatls fa
it will be ingenious to focus on this parameter to identify these In practice, these contexts occur at least for DVB-T sigaats
systems in a non data aided context. We propose a new efficientwiMax signals for which the cyclic prefix may be very short.
algorithm based on the matched filter principle. The behavio of Moreover, this approach is sensible to multipaths charareds

the proposed approach will be studied in the context of pradtal . . . .
impairments like frequency and/or time offsets and a multi- falls down if another scheme of OFDM signals is used (ex:

paths fading channel. Finally, the performance of the propsed ZP-OFDM).
algorithm will be evaluated in contrast with the state of art In this paper we propose an alternative method based on

methods by means of computer simulations. the matched filter principle. We prove the effectiveness of

the proposed cost function and we show its robustness to any

scheme of OFDM signals (short CP, ZP-OFDM). Furthermore,
The cognitive radio concept has been first introduced by [le show that this approach resists in a multipaths channel

and consists for a radio in carry out additional functiotiedi context. The paper is organized as follows: In Section Il, we

to adapt its transmission parameters in regard of its splec@erive the signal model. In Section Il we give the guidedine

environnement. Consequently, a cognitive terminal needsdf the proposed method. In Section V we show how the

be able to detect the access points of different systems irpibposed algorithm can be modified deal with a carrier affset

neighbourhood and to recognize their used standards.  Finally, Section V is devoted to numerical illustrations avé
The Opportunistic Radio is one of the multiple Cognitives comparison with the autocorrelation based method is also

Radio applications. It aims that the opportunistic devies hdrawn.

to be able to detect the unused spectrum bands and to adapt

its transmission parameters in order to transmit withirs¢he Il. SIGNAL MODEL

bands. Indeed, determining the frequency band used by each N ] i ]

system can not be considered as an efficient identification to !N Additive White Gaussian Noise channel, the OFDM

I. INTRODUCTION

and thus new blind techniques seem to be needful. receive signal sampled at a ratg7, writes:
Most of popular standards use OFDM modulations (e.qg. K—1N—1
WiFi, WiMax, DVB, 3GPP/LTE). Nev.ert'hele'ss, their intercar y(m) = Z Z a’f_x”e—mﬂ%{c—w%(mﬂ k)
rier spacing parameters enable to distinguish them frorh eac 0 Wm0 VN
others. In fact, the intercarrier spacing is equal 5a6625kHz, + b(m) 1)

10.94kHz, 312.5kHz, 1.116kHz, 15kHz for Fixed WIMAX
[2], Mobile WIMAX [2], WiFi [3], DVB-T [4], 3GPP/LTE whereK is the number of transmit symbold] is the number
[5] respectively. The problem of the system recognitiomiéss of subcarriers and where/T.. is the information symbol rate
hence boils down to the estimation of the intercarrier sggciin absence of guard interval. To keep all the information of
of the receive signal. We focus on this problem in this papehe receive signal, we assume that satisfies the Shannon
Obviously, the proposed estimation algorithm also apgiies condition, i.e.T, < T.. The intercarrier spacing is equal to
military contexts. 1/NT,.. The length of the cyclic prefix is set t®T.. The
Only few results about this problem can be found in theéuration of a whole OFDM symbol i§, = (N + D)T..
literature, mainly, in [6], [7], [8] which are all based oneth The sequencday ,,} represents the transmit unknown data
correlation property of the cyclic-prefixed OFDM signals. | symbols at subcarries and OFDM blockk and assumed to
fact, the cyclic prefix is added on each OFDM symbol bie independent and identically distributed. The shapirterfil
copying a part of the useful part at the beginning of the,(t) is assumed to be equal bif 0 < ¢t < T, and 0
symbol. OFDM signals hence exhibit a correlation peak atherwise. The complex-valued noisén) is assumed to be
a time lag equal to their useful time. As the useful timendependent and identically distributed, circularly-syetric



zero-mean white Gaussian noise. Its variance is equalgto matrix. Therefore, we geE{||Fyy||*} = Tr(FgFo,Fy Fo).
per real dimension. The first proposition is stated as follows:

The receive samples in Eq. (1) can also be written as theProposition 1: By denoting4 = FoF§ and B = FQOFEO
result of a linear transformation. If the vectgr stands for we get T(ARB) < \/Tr(AAH)Tr(BBH) and the equality
[y(0), -+ ,y(M—1)]T where(.)" is the transposition operatorholds if and only ifFeFy = Fo,Fy
and M is the number of the received samples, Eq. (1) indeed Proof: The inequality of Proposition 1 can be rewritten

rewrites: as
y =Fpa+b (2) |A"B|% < |A"A|p||B"B| ®3)
where _ To prove this inequality, an explicit form ¢fA™ B||2 is given.
o ap = [apo, - ,arN—1)" Of size N x 1 Using the definition of the Frobenius norm, this term can be
e a=laj, - ,ag_ ;T of size KN x 1 expressed as following
e b=[b0), - ,b(M —1)]" of size M x 1 P 9
In Eqg. (2), the matrix¥g, depends or@y = [N, DT, NT,]. AR B2 = ZZ Z(AH)‘ B (4)
Thanks to the termy,(mT, — kT;) in Eq. (1), it is straight- F po el P Ul
forward to check thaFy, is defined by block since: ]\_/[ ]]\_/[ ;%N .
Ga(mT, — kTs) # 0= 0 < mT, — kTs < T, =3 > 1D Audni| | BB, (5)
1=1U=1 |i=1 j=1

which implies that

where (.)* stands for the complex conjugate aid is the
estimated number of OFDM symbols within the receive signal
duration, it is given by MT./(NT.+ DT.)|.

For a sake of simplicity let us introduce the mathix= AAH

and W = BBY of which the components are expressed as

Te T,
— —1l<k<m—.
mTS <k < st
Consequently, for a givem, it exists only an unique value of
k, denoted byk,,, such asg,(mT. — kTs) # 0. Fg, is then
composed by null components except the next ones

) follows
Foo(m, kN +n) = \/—Ne_%mm Ntz g2k 1) 7 KN KN
Vin= ZA*MAM Wy = ZBUB*l’j
form:0,...,M—1andn:07---,N—l. i=1 j=1

In the considered context, the terminal just has the knowl- ,
edge of {y(m)}M-!, M and T, and wishes to estimate th(\;\for all=1,..,Mandl’=1,..., M.

m=0" : . .
value of NT,, the inverse of the intercarrier spacing. In thi&Y "€Placing these expressions in Eq. (5) we get
paper, we propose to do that by estimatiRg, which also M M
depends onV and DT.. IA"B|E =Y "> VWi (6)
I=10=1

IIl. M ATCH FILTER BASED ALGORITHM . L . .
. . , ) A first application of the Cauchy-Schwartz inequality to the
In this section we propose to build an estimator of th§um of index’ in Eq. (6) writes

unknown parameters based on the match filter approach. The

main idea consists of searching the set of paramelers M M M M 3 /M 3
[N, DT, NT.] which maximizes the following cost function» > Vi Wi <> (Z |Vm|2> <Z |Ww|2> 7)
E{IFHy |2 I=11=1 =1 =1 =1
J(8) = E{lFeyl} _ , .
||F0FgHF We consider the following notations
1
where superscript )" stands for the hermitian operatdix |2  « v = (Zl]‘il |Vm|2) ’

is the Euclidian norm of the vectok and ||A||r is the

1
o M 12 2
Frobenius norm of the matrid equals toy/Tr(A"A). The  * “'~ (ZV:l W )
effectiveness of the proposed cost function is based on t€ replace these terms in the RHS term of Eq. (7) and we
following theorem: apply the Cauchy-Schwartz inequality to the sum of inélex

Theorem 1:In noiseless context, the following equality

holds: 2 2
E vnw, < E v E w (8)
J(6) < J(80) = [|Fo,FLL | . ( "') ( | l')

1=1 I=1

and the equality is reached if and onlyéif= 6. By replacingv; and w; by their respective expressions we
The proof of Theorem 1 is given using the two followingleduce that

propositions. Let us consider a flat fading channel and aenois I I

less context. Using the fact that the data symbols are agssume Z o> = || AHA||2 and Z lw|? = | BEB|%

to be i.i.d we note thaE{aa"} = I where[ is the identity = =



Finally, using Eqg. (7) and Eq. (8), it is straightforward tdhe component¥; FH can be expressed as follows:

deduce the result of Eq. (3). [ ]
Proposition 2: The equalityFgFy = Fg,Fj. holds if and ;%e
only if 8 = 6, sin(rgps (=)
Before giving the proof of Proposition 2, it will be worthwéi  (F 5 FH)l L= if [ly —lo| Te < NT + DT andly # 12
to study the behavior of the proposed algorithm in a time e 1 ifl =1
missynchronization context which occurs if the beginning . —
of the receive signal does not match with the beginning 0 if [l —1s|Te > NT.+ DT

of an OFDM symbol. Indeed, this problem can distort thﬁ)rl —1,..,Mandly =1,..., M.

effectiveness of the proposed cost function. In this cdnte>8y assummg thaF'; FEI _ F FH let we consider a non-
the receive signal can be expressed as follows null, non-diagonal component with indexasandl, such as
|y = 2| Te < NT.+ DT, andl; # l». By performing the
phase and modulus equalities we can write:

(I, — lz)Te% = (h — )T R + 2k
wherey is the perfectly synchronized signal of Eq. (1). sin(w e (ll—lz)) _sin(myge (hi—12))
To deal with this impairment, the proposed algorithm has sin(nLe-(h-l2))  sin(r i (h-l2))
to be expanded by introducing the new matrix modig| wherek € 7Z.
where®, = [NT., DT,, N, 7]. This matrix is obtained by the |t is straightforward to show that if these two equalitiedcho
truncation of the fwsiﬁ/TJ rows of Fg,. the result can be easily deduced DT, = NT, and DT, =
Using this new model matrix, we propose to maximize th®T.. ]

following cost function according to the new vector of the
unknown parameter& [NTC,DTC,N 7:

y(m) = y(m —7)

IV. I MPACT OF CARRIER FREQUENCY OFFSET

In a practical context, a frequency offset can alter the
received signal. Consequently, the study of this parameter

6) = M seems to be crucial in order to evaluate its impact on the
IFF 5| F proposed approach. We consider a non-null componeRof
in the model of Eqg. (2) with a normalized frequency offset
denotedd f :

Note that Proposition 1 is still verified in this context, raer
over, Proposition 2 can be easily expanded as follows: Foy(m, km N + 1) = 1 o~ 2immTe 552 2imn(km+1) BT

Proposition 3: The equalityF;FJ = Fj Fg is reached if VN
and only if the signal is correctly synchronlzed and the OFDMherem = 0,....M — 1, ky, = 0,....,K — 1 andn =
parameters are well estimated, i.€.= 6, 0,---,N—1.

The proof of Proposition 2 can be deduced from the proof of We propose to extend the proposed algorithm to overcome
Proposition 3 which can be sketched as following. the effect of the frequency offset. Indeed, we introduce an
Proof: We recall thatF; is a block matrix of size additional loop to search jointly the unknown OFDM para-
(M — |7/T.]) x KN. The matrixF; FY is then composed meters and the frequency _offset estimate. Theorem 1 can be
by square blocks matrices as foIIo‘\g/(\)/S'GO modified in order to take into account the unknown carrier
' offset. Accordingly, we express the following theorem

DTL

« the first block is of sizg (NT. + DT.)/T.| — |7/T.]. Theorem 2:By denoting® = [N, DT.,NT.,¢f] the fol-
. the size of the other blocks (except the last one) lewing inequality still verified:
|(NT. + DT.)/T.|

J(0) < J(6o)

Consequently, if the equalitf sF = F5 Fii holds the two and the equality holds if and # = 6.

sides matrices will have the same block ‘Structure. AssumingThe proof of Theorem 2 can be built using Proposition 1
that 7, < NT + DTC, it is straightforward to deduce thatwhich remains valid and using Proposition 2 which can be
NT,+ DT, = NT, + DT, and |7/T.| = |7/T.] Note that extended easily to resolve the problem of the estimation of
the block structure oF ; FY is sufficient to show the time the carrier offset.

synchronization condltlon Nevertheless the conditibow

NT, and DT, require the expression of the equality of each According to this extension, the overall algorithm can be
component of'; FH To express the componentsiBf, FH expressed as follows: -

let us assume a perfect time sychronization< 0) and an o fix the tested value of the intercarrier spacing §7'.)
integer number of symbols within the receive signal. Under e fix the tested value of the guard time duratibfi’. where
these assumptions and after some mathematical calcidation DT.e NT. x {1/2,1/4,1/8,1/16,1/32,0}



0.9r 0.9

0.8+ 0.8F
0.71 0.7t
0.6 06l
05 05F

0.4r 0.4r

Correct Detection Rate

0.3 0.3F

0.2+ 0.2}

——o— Correlation—based estimation
——&— Matched Filter-based estimation| ]

—=o— Correlation—based estimation |
——8— Matched Filter-based estimation

0.1
—

0.1f

8 0031 0062 0093 0125 0156 0187 0210 025 S 8 " ” = 0 2 4 6
SNR (dB)
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¢ fix the value of the number of carriers The number of available OFDM symbols 2. The receive

e compensate the carrier offset with a tested value of thiéscrete-time signal is written as
normalized frequency offself:

L
2(m) = y(m)e ™I y(m) = ; hua(m — 1) + b(m)

e drop the firstLTicJ samples ok, such asg < NT.+DT. wherelL is the length of the channel impulse response and
e evaluate the cost function defined by: each component of this response is assumed to be Gaussian
distributed with zero mean and same variance. Unless other-

H_ |2
J(NT,.,DT.,N,5f,7) = E{”FiBHZH} wise stated, the discrete-time channel dispersion timexésifi
[FoFg | r to be a quarter of the cyclic prefix duratidim) is the noise
o update all parameters and restart Eamplﬁs. OlIthﬂesbs othervl\ntsgoitBatcef, Slg?al-to-Nmse Ra® h
e the solution is the vecto# = [NT.,DT., N,if,7] een lixed fo be equa - AS periormance measure,

we consider the percentage where the estimated intencarrie
spacing matches with the correct one ud 6. Consequently,
we have considered a grid of values®f’. of step of0.3us.
For each considered T, the cyclic prefix valueDT. takes

We propose to evaluate the performance of the propoagilues in the setNT,. x {1/2,1/4,1/8,1/16,1/32,0}, and
algorithm by means of some computer simulations. We réf takes values in the s¢R56, 128, 64, 32}. The performance
call that the treated problem is the recognition of OFDMurves have been drawn by averaging the good detection rate
based systems in the Cognitive Radio context. As seen dfer 1000 runs.
the introduction, an OFDM based system can be identifiedFirst, we propose to evaluate the impact of the ratio between
using the intercarrier spacing. Consequently, we will ©cihe useful and the cyclic prefix durations on the performarfice
on the estimation of this parameter. Furthermore, as wé tr@@ath algorithms. The measured correct detection rate izetio
a detection problem we do not need a tight estimation @f Figure 1. As expected, the correlation-based detectds f
this parameter but we only need an estimation up%o(cf.  for small cyclic prefixes because the correlation is strpng|
Section I) of the right value. The performance of our aldorit decreased. In contrast, the proposed algorithm mainthims t
will be compared to the state of art technique based on tégme performance whatever the value of the used cyclic prefix
correlation induced by the cyclic prefix where the followingConsequently, the proposed algorithm is more appropriate f
cost function is used to extract the parameter of interest: the Cognitive Radio which one of several problems is how to

_ — treat systems using different CP lengths. Moreover, natiage
NT. = argmax {E {y(t + NTc)y*(t)}} within some systems there exist different modes with défier
NTe values of CP duration (e.g., WiMax [2]).

To evaluate these two algorithms, OFDM signals have beenin the following, we fix the CP length aB/N = 1/8. We
generated withV = 64, 7. = 0.5us and the sampling time inspect the impact of the Signal to Noise ratio on the perfor-
is chosen to be equal to the half of the chip tiffie=T./2. mance of each algorithm. Figure 2 shows that the matched

which maximizes the functiod.

V. SIMULATIONS
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il hni ; v th . of OFDM modulations. We have proved the effectiveness of
ilter based technique outperforms strongly the correfatioy,q st function in the context of frequency and time offset

based estimation. Indeed, the proposed approaches engjigio sly, the needed multidimensional optimization icets
100% C.)f good detections until an SNR G#.4dB' .. an additional cost on complexity. Nevertheless, this diskb
Obviously, the perfect frequency and time synchronizatiqn,, pe justified by the robustness and the adaptability of

are a non realistic hypothesis and thus we need to test {jg ,.,nsed approach. Indeed, we have shown by means of
robustness of the proposed approach in a practical situatioy, . ter simulations that the new method outperforms the
We start by evaluating the effect of the carrier offset. T

4o th OFDM sianal has b d by introd State of art approach in terms of signal to noise ratio and
o that, an signal has been g.enera.te y !ntro UCHIE resistance to multi-paths fading channels. Moreover, t
a random frequency offset. As mentioned in Section 1V,

- . 71 “Proposed algorithm ensures the same performance whatever
additional loop must be added to perform the joint estinmati h P g P

~“the used cyclic prefix. Consequently, it is more appropriate
of both the frequency offset and the OFDM parameters. Fig S the Cognitive Radio applications and to other totallyndli

3 shows that the proposed approach still work well and resigf, o i< |ike military applications
to the frequency offset impairment. Moreover, it can ensure '

good estimation of the carrier offset which allows the reeei REFERENCES
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VI. CONCLUSION

In this paper, we have introduced a new matched filter based
algorithm to perform the estimation of the intercarriercpg



