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Abstract— This paper deals with the problem of blind intercarrier interference [9]. Therefore, accurate CF@- sy
carner-greqléency ogset (CF(C;) eStlmatIOT_ 'fé OFD'(\jfl ISV_S- chronization schemes must be designed for these systems.
tems based on offset qual rature amp itude modulation H 5 H H

(OFDM/OQAM) with null subcarriers. Specifically, by as- d ".1 [:éol]a a b“?d.t.CF?h eStlm_atlor: algorlth(;n hdas beeln
suming that the number of subcarriers is sufficiently large, en_ve _y exploiting .e conjugate _SGCOH_ -order Cyclo-
the received signal is modeled as a complex Gaussian Stationarity of the received OFDM signal in the case of
random vector (CGRV). Since the OFDM/OQAM signal  noncircular transmissions. In [5] this method, designed fo
results to be a noncircular (NC) process, by exploiting the  standard OFDM systems, has been extended and analyzed
generalized probability density function for NC-CGRVSs, the in the context of OFDM/OQAM transmissions. However,

unconditional maximum likelihood (ML) algorithm for CFO the derived estimat tisfact f
estimation in non dispersive channel is proposed. Moreover € derived eslimator assures a satisiactory performance

a modified version of the unconditional ML CFO estimator ~ ©nly when a large number of OFDM symbols is con-
is considered. The performance of the derived algorithms, sidered. The second-order conjugate cyclostationariy ha
assessed via computer simulation, is compared with that been also exploited in [11] while in [12] a blind joint CFO
of recently proposed estimators exploiting the second-o&f 5,4 sympol timing estimator based on the unconjugate
cyclostationarity and with the Gaussian Craner-Rao bound. cyclostationarity property of the OFDM/OQAM signal
has been derived.

This paper, by considering the study addressed in
[13], proposes blind CFO estimation algorithms for
OFDM/OQAM systems with virtual subcarriers. Specif-
. INTRODUCTION ically, by assuming that the number of subcarriers is
sufficiently large, the received signal is modeled as a
modulation is well known for its robustness to multi- _complex Gaussian random vector (CGRV)' Moreover,

it is shown that the OFDM/OQAM signal results to

path channels. This is mainly due to the insertion of . . .
. : . - e a noncircular (NC) (or improper [14]) process (i.e.,
guard interval (or cyclic prefix) that efficiently combat the . : ; R e
its conjugate correlation function is different from zero

intersymbol interference and the intercarrier interfeeen &5])- Therefore, by exploiting the generalized probabilit

in dispersive channels. However, the insertion of a guar ) . :
interval is pure redundancy, and then it decreases th%‘:‘\nSIty function (pdf) for NC-CGRVs reported in [15]

spectral efficiency. Therefore, it is interesting to stutly a and under the hypothesis of a non dispersive channel, the

ternative OFDM modulation schemes, which can provideuncomj't")n""I maximum likelihood (ML) algorithm for

) = ; FO estimation is derived. Moreover, a modified version
the same robustness without requiring a guard interva " : . )
. - . of the unconditional ML CFO estimator is considered.
offering a better spectral efficiency. For this purpose

recently, a new efficient OFDM scheme based on offse:[rhe performance of the derived algorithms, assessed via

. . computer simulation, is compared with that of the estima-
quadrature amplitude modulation (OFDM/OQAM) has . : " i
been developed (see [1]- [5] and references therein)tors proposed in [12] and in [5], exploiting the second

Moreover, OFDM/OQAM systems with null (or virtual) order cyclostationarity, and with the Gaussian Cramér-
subcarriers have also been investigated by the IEE

Il:Rao bound.

X The organization of this paper is as follows. In Section

802.22 worklr_1g group [6] N . Il we describe the considered system model. Section
However, like all the other multicarrier modulation lll deals with the ML CFO estimation algorithm. The

schemes, OFDM/OQAM systems are in general MOT%SCRB is derived in Section IV and numerical results are
sensitive to frequency synchronization errors than Smglepresented and discussed in Section V. Finally, conclusions
carrier systems, [7] and [8]. In particular, a carrier-are drawn in Section VI ' '
frequency offset (CFO) induces an amplitude reduction A '

of the transmitted signal and provokes intersymbol and Notation: J = v -1, superscrlpt(.)_ de_notes the
complex conjugation®]-] real part,S[-] imaginary part,

This work was supported in part by the Italian Ministry of Uerisity |- abso'_Ute value andrg|[-] the argument of a complex
(MIUR) project S.Co.P.E. number in [0, 27). Moreover, (-)* indicates transpose,

Index Terms—Blind estimation, carrier-frequency offset,
null subcarries, OFDM/OQAM systems.

Orthogonal frequency-division multiplexing (OFDM)
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() Hermitian,(-)~! the inverse of a matrixl,, (O,,) is
the n x n identity (null) matrix,1,, is ann-dimensional
column vector of all ones anfld],, ; is the (m,[)th
entry of the matrixA. In addition,diag{-} is a diagonal

C
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[ is equal to

W(k;1) £ E[s*(k)s(k +1)]

matrix, Tr{-} the trace operatodet{-} the determinant of No?2 Nuf2t 528 i
a matrix while E[-] stands for the statistical expectation ~ 27, Z er
and d(k) is the Kronecker delta. Finally, lower (upper) m=—Nu/2
case boldface symbols denote column vectors (matrices).
X Z g(k—]ﬂ>g(lﬂ+l—ﬂ>
et 2 2
1. SIGNAL MODEL
2 N,/2-1
. . Oa j 2T ml
Let us consider the OFDM/OQAM system witlV = Z e/ N
subcarriers, of whichV,, subcarriers remain unmodulated Y m=—N, /2
and carry no information whileN, = N — N, are
modulated by data subcarriers. The discrete-time received /27! 1/2 2 ,
signal in AWGN channel and in the presence of a CFO X »_ ¢ ¥ 9%+ G(v)G* (V - ﬁ) e ™ dy
v and a carrier phase offseétcan be written as q=0 —1/2 (5)
(k) = ()29 (k) e < |
Glu)= Y glk)e 2 (6)
k=—o0

wheres(k) is the transmitted OFDM/OQAM signal and
n(k) denotes the zero-mean circular complex white Gausis

the discrete-time Fourier transform (DFT) of the real

sian noise statistically independent efk). The signal unit-energy pulse-shaping filter(k).

s(k) is given by
relation function) of the transmitted signa(k) is given

s(k)= Y )
pgii“‘p’ bk Ry(ks1) 2 B [s(k)s(k + D)
R I ; N./2—-1
wherez,’,, andz, ,, are given by _ No? Z R m(2k4)
2N,
N N, /2-1 “ m=—N, /2
AN P27 [y
;zl):c,'rn = 2Nu Z a’;zl)?;le] v g(m) (3) 00 N N
I==Nu/2 X Z (=1)Pg (k—p—> g (k+ l—p—>
T Nu/2-1 N Pt 2 2 (7)
m;{),nL é \/ IN. Z a;{),lej%rhng <m - 5)(4)
u I=—N./2 0_2 N, /2-1 . N—1
= _2a Z ed Fm(2k+1) Z [1-(=1)9]
In (3) and (4) the sequence§, anda! , denote the real " m=—N./2 =0
and imaginary parts of the complex data symbols trans- 12
mitted on theth subcarrier during theth OFDM/OQAM Xej%’q(kJrl)/ GW)G* (V _ g) e—i2mrl g,
symbol and g(k) denotes the real transmitted pulse- -1/2 N

shaping filter. It is assumed that

AS1) The data symbolga[;}>2 . and{al }o2 .,
vl € {—N,/2,...,N,/2 — 1}, belonging to a : . .
PAM constellation, are statistically independentdate second-order cyclostationary with peridd2. On

correlation function isN/2-periodic in k. Therefore, the

Result 2: The relation function (or the conjugate cor-

From result 1 we can observe that the unconjugate

transmitted OFDM/OQAM signal results to be unconju-

and identically distributed random variables with the other hand, from result 2 we can note that the

zero mean and?(|a),|’] = El|a ,|*] = o2.

The number of useful subcarrietg, is suffi-
ciently large so that the OFDM/OQAM signal

second-order cyclostationary with peridé

AS2) . ) .
In the absence of virtual subcarriers (that is fér=

conjugate correlation function results to be conjugate

s(k) can be modeled as a complex GaussiarfV+) @nd in the presence of a pulse-shaping filter satisfying

the orthogonality condition [4]

process.
i > pN pN 2
Let us observe _that fr_om the assu_mpnons (ASl) and Z g (k _ _) g (k + BN — _) = 25(8)
(AS2) we can easily derive the following results: o 2 2 N
Result 1: The unconjugate correlation function of the
transmitted OFDM/OQAM signad(k) at time k and lag VB eZ
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the unconjugate correlation function of the transmittedwith
OFDM/OQAM signals(k) at time k and lag! is equal

13
to (see [13]) Cr 2 E[rr™] = ®(X) | E[ss”] +02Tw | ¥*(\)

NUZ N——
Cs(ks1) :75(1761\7) Cs )
o0 hile
oYY g (- PY "
. p;wg ( 2 > / < T ) Ry 2 E[rr™] = W(\) E[ss"] T(\)  (14)
——
=024(1) Rs

(8) is the so-called relation matrix.
Moreover, the conjugate correlation function results to be By using the equalitieRzZ = R} andC% = C and
the properties of inversion of block matrices we have
-1

2
Ry (k3 1) :%5(% +1-BN)

C
> 1y (e PN _pN Qs ~(Cs+021)'Rs Q5"
9) —(Cs+02I)7'R5Q5" Q5"
From (8) we can deduce that the absence of virtual (15)

subcarriers can destroy the unconjugate cyclostatignaritvhere

of the OFDM/OQAM signal. In fact, in this case the 2 % 2 -1 o
) ; i . . =C Iw—Rs |C I R

OFDM/OQAM signal is stationary with respect to its Qs=Cstoulw—Rs [Cs + 0, Tw] s

unconjugate correlation function but cyclostationaryhwit is the Schur complement of the matgXs + o2 I'yy .

respect to its conjugate correlation function. Substituting (15) in (11) and dropping the constant
1
Ill. ML CFO ESTIMATOR m
In this section the ML CFO estimator for Ty et{ }

OFDM/OQAM systems is derived by maximizing independent of the parameters to estimate, we obtain that
the log-likelihood function (LLF) for the vector of the LLF for the vector of parameters of interest can be

unknown parameters\ = [v,¢]T. Precisely, let us written as

consider the observation vector of total length AN = log[f(r,r ;)]
W =nN
where (16)

T\ * * 2 -1
T(A) 2 diag {ej¢7 . ej[an(ﬁNfl)er)]} +rT W (A) [Cy+or Tw]
is theWW x W diagonal matrix parameterized by the vector XR.*SQEI‘I’*(A)T} :
of unknown parameteri. Moreover, The joint ML estimator is obtained by searching the value
A . of the vector A that maximizes the LLF. To proceed
s = [5(0),-..,s (W = 1)] we keep the parameter fixed and let¢ vary. In these
is the transmitted OFDM/OQAM vector, white denotes ~ conditions the functior () in (16) achieves a maximum
the noise vector modeled as a zero-mean circular CGRY{or
; ; ; H] _ 2 R
with covarlance_matrle[nn ]Af ol ly. Sarn(v)= larg {rTT*(y) [Cf§+ainrl
The observations vectar = [r(0),...,r(W — 1)]” 2 (17)
results to be a zero-mean NC-CGRV and, then, is char-

* —1 *
acterized by the joint pdf [15] xR5Q5 T*(v)r},
Flrr ) = 1 where Y (v) 2 diag {1,..., e/2™@N=D1  Then, ac-
o W, [det {C) counting for (16) and (17), the ML CFO estimator is given
(11) by
~ _ _ H ~ — 1A, ~
« exp<% [ ] o { :* }> VML—argmgX< §R{’r YP)Qs Y (V)r}
where + (o) [cg+agfw}‘1R;ler*(p)r‘
~ é T H T _ CT RT (18)
c=E {[ r* } [ ]} B { R, C7 } (12) " Wwheres is a trial value for CFO.
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Putting the relation matrixRs = Ow in (16), the shown in [17] and [16], théi, m)th entry of the Fisher
expression of the LLF becomes information matrix (FIM) for the vector of the parameters
4 of interest., is given by
A(w) = —R {THT(V) [Cs + 02 Tw)] T*(V)r} . _ _
1 oC -1 0C _ 1
(19) [F](i,m) = 5Tr NG c B\ C
Note that in this case the LLF does not depend on the (4) (m)
carrier phasep and, moreover, the expression of the Vi 1
corresponding CFO estimator exploiting uniquely the un- i,m € {0,1} 1)
conjugate correlation matri€'s (labeled as unconjugate where the matribxC is defined in (12). Substituting (12)

ML estimator) is given by into (21) and after algebraic manipulations we obtain the
ﬁUML: 2 x 2 FIM
8m?Tr{D,A,} 4rTr{D,A;}
arg max <—§R {THT(D) [Cs+0o2Iw] - T*(D)r}> . F= (22)
Y (20) 4rTr{D, Ay}  2Tr{A,}

In Fig. 1 we report the behavior, in a single run, of \yhere the matrixA ;) Vi € {0,1} is given by
CFO metrics in (18) and (20) as a function mf for an

OFDM/OQAM system withN = 16 subcarriersN, =  Ax@= R{[Cs +o2Iw]D,;Qs'
12 active subcarriers; = 32 OFDM/OQAM symbols and )
* 2 —1p* )~
for SNR £ 02 /o2 = 20 dB. As shown in the figure the +RsDy;)[Cs + onIw| ' R5Qs" — Dy }

metric in (18) exploiting both the unconjugate and the . AL, A
conjugate cyclostationarity of the OFDM/OQAM signal with D) =diag{0,..., W —1} and Dy =Iw.
The CRB forv and ¢ is given by the corresponding
presents a sharp peak at the actual value of the CFO. : .
. " . inverse FIM diagonal element, that is
Instead, the UML metric exploiting only the unconjugate

cyclostationarity of the OFDM/OQAM signal appears ~pp :i {TY[D A, -Tr[D,A ]2 Tr (A ]_1}71

much more flat. Y82 v vEe ¢ (23)
and

—1

0 CRB¢:% {Tr [Ay] ~Tr[D, Ay)> Tt [DVAV]’I}

(24)

The right hand side of (23) and (24) depends, through
unmanageable relations, on the number of observed sym-
bols 5, on the number of active subcarrief§,, on
the SNR value, and on the pulse-shaping filtgk).
Therefore, in the following a numerical example is carried
out to show this dependence. Precisely, Fig.s 2 and 3
report the behavior of bounds (23) and (24) normalized to
1/n® and 1/n, respectively, as a function of the number
of OFDM/OQAM symbolsn in the case of a square-
root raised cosine pulsgk) with a rolloff parametep.

The numerical results have been obtained for an SNR
value fixed atSNR = 20 dB and for different values of
the rolloff parameterp. By investigating these plots we
0 003 00z -001 0 o001 ooz o003 oos Can observe that th€RB, decreases at the ratie/n3
v and, moreover, the bound is lower for higher values of
the rolloff parameter. Moreover, as shown in Fig. 3 and
Figure 1. Behavior, in a single run, of CFO metrics as a fancof ~ according to [16], theCRB is inversely proportional to

v for an OFDM/OQAM system withV = 16, N,, = 12, n = 32 and .
SNR = 20 dB.
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V. NUMERICAL RESULTS AND COMPARISON

3 In this section the performance of ML and UML
IV. GAUSSIAN CRAMER-RAO BOUND CFO estimators reported in (18) and (20), respectively,
In this section we evaluate the CRB on CFO and carriefs assessed via computer simulations and compared with
phase estimation for OFDM/OQAM systems. Note thatthat of Bolcskei's algorithm derived in [12] and that of
since a Gaussianity assumption is imposed on the dathe CFO estimator proposed by Ciblat and Serpedin in [5]
vector and due to the noncircularity of the OFDM/OQAM and labeled in the following as CS estimator. The actual
signal, the derived CRB is the Gaussian [16] (or stochastigalues of the CFO and of the carrier phase have been
[17]) CRB for NC complex distributions. Therefore, as fixed atv = 1/(4W) and ¢ = 7/8, respectively, while
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Figure 2. Behavior of 73CRB, versus log,(n) for Figure 4. Performance of the considered CFO estimators irGAW
p€{0.1,0.2,0.6,0.9}, SNR=20 dB, N = 16 and N,, = 12. channel as a function of the number of observed OFDM/OQAMtBym

n, for N =16, N, = 12 and SNR = 20 dB.

AWGN channel withSNR, = 20dB. Moreover, the GCRB
obtained from (23) is also shown as a comparison. From
Fig. 4 we can see that the ML CFO estimator reveals
the best performance among all considered estimators and
assures an RMSE very close to the corresponding GCRB
while the UML CFO estimator presents an higher RMSE.
This is principally due to the much more flat behavior of
the UML CFO metric with respect to the ML CFO cost
function (see Fig. 1).

Fig. 5 presents the performance of the considered
algorithms as a function of SNR for an OFDM/OQAM
system with N = 16 subcarriers and an observation
window of lengthWW = 32N. The results show that
the CFO ML estimator achieves the GCRB at SNR
values higher than 20 dB. Moreover, the CS estimator,
demanding much more large observation intervals, reveals
log,(n) a severe performance degradation in the whole range of
the considered SNR values.

Figure 3. Behavior of nCRByg versus logy(n) for

0.1,0.2,0.6,0.9}, SNR=20 dB, N = 16 and N, = 12. .
Pt ) “ B. Multipath Channel

The performance of the considered estimators has also

102 trials have been used to obtain the performance plobeen assessed in the presence of an unknown multi-
Moreover, in all the simulation results we consider anpath channel. In each experiment the multipath channel
OFDM/OQAM system employing a pulse-shaping filter 2(I) has been modeled to consist &f,+1=4 indepen-
g(k) given by a square-root raised cosine with a rolloffdent Rayleigh-fading taps with an exponentially decaying
parametep = 0.6. power delay profile. Specificallyf[|h(1)[2] = Ce™!/*,

I € {0,...,N,}, whereC is a constant such that

Zf\;’g E[|h(1)|*] = 1. Moreover, the channel is fixed in
A. ANGN Channel the observation window but independent from one run to

In Fig.4 we compare the root mean-square erroanother.

(RMSE) of ML, UML, CS and Bolcskei's algorithms as  Fig. 6 displays the RMSE of ML, UML, CS and
a function of the number of observed symbgldor an  Bolcskei's algorithms as a function of the number of
OFDM/OQAM system withN = 16 total subcarriers, observed OFDM/OQAM symbols. As we can see, all the
N, = 12 active subcarriers and in the presence of arconsidered algorithms present a significant performance

© 2007 ACADEMY PUBLISHER



22

(1]
o
it o
Jid
Jid

—&— ML
SL —F—BOLCSKEI] ... .iooiiirsiieni
—8—CS
—6— UML

+CRBV
6

107 L L L
0 5 10 15

25 30 35

20
SNR [dB]

40

JOURNAL OF COMMUNICATIONS, VOL. 2, NO. 3, MAY 2007

-1

10

—#— ML

—%— BOLCSKEI
—8—CS

—— UML

-3

10

1 2 3 4 5 6
log, 1)

Figure 5. Performance of the considered CFO estimators irGAW  Figure 6. Performance of the considered CFO estimators itipatin
channel as a function of SNR for a number of observed OFDM/®IQA channel as a function of the number of observed OFDM/OQAMIEyYm

symbolsny = 32 for N = 16 and N,, = 12 .

degradation with respect to that in AWGN channel due
to the model mismatch. In particular, the ML CFO esti-
mator can outperform the Bolcskei's estimator only for
a relatively large number of symbols. Finally, the results
reported in Fig.7 show the RMSE of the considered CFC
estimators as a function of SNR for a sample size fixed &
W = 29 We can note that in the presence of a dispersivi
channel the UML CFO estimator can provide the most
accurate estimates for high SNR values.

VI. CONCLUSIONS

In this paper the problem of blind CFO estimation
in OFDM/OQAM systems in the presence of virtual
subcarriers has been considered. In particular, under tt
hypothesis that the number of useful subcarriers is sul
ficiently large, the transmitted OFDM/OQAM signal has
been modeled as an NC-CGRV. Exploiting the generalize:
expression of the pdf for NC-CGRVs, the joint ML

n for N = 16, N,, = 12 and SNR = 20 dB.

10 T T T T T T T

RMSE(v)

—k— ML

—%— BOLCSKEI
—8—CS

—— UML

10 T T i
0 5 10 15

20
SNR [dB]

25 30 35 40

estimator for the parameters of interest has been derived.

Moreover, a modified version of the ML CFO estimator Figure 7. Performance of the considered CFO estimators itipatin
is considered. The performance of the derived estimator@annel as a function of SNR fo¥ = 16, N, = 12 and7 = 32.
has been compared with that of the CS estimator derived

in [5] and that of the Bolcskei's algorithm proposed in
[12]. As illustrated by computer simulations, in AWGN

the considered estimators outperform those proposed in

[5] and [12] while in multipath channel the proposed

estimators can assure a satisfactory performance if g3

sufficiently large number of observed symbols or high
SNR values are considered.
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