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ABSTRACT
The paper deals with the problem of preamble-based synchronization for OFDM/OQAM systems. Specifically, by exploiting
the conjugate-symmetry property of a recently proposed preamble
structure, a simple and robust procedure for timing and CFO synchronization is proposed. The root mean square error of the proposed algorithms and the overall performance of an OFDM/OQAM
system exploiting them are evaluated via computer simulations.
1. INTRODUCTION
In the last years, filter-bank multicarrier (FBMC) systems have been
taken into account for high data-rate transmissions over both wired
and wireless frequency-selective channels. One of the most famous
multicarrier modulation techniques is orthogonal frequency division multiplexing (OFDM), other known types of FBMC systems
are filtered multitone systems [1] and OFDM based on offset QAM
modulation (OQAM) [2, 3].
The FBMC approach complements the FFT with a set of digital filters called polyphase network (PPN) while the OFDM approach inserts the cyclic prefix (CP) after the FFT. Unlike OFDM,
OFDM/OQAM systems do not require the presence of a CP in order to combat the effects of frequency selective channels. The absence of the CP implies on the one hand the maximum spectral efficiency and, on the other hand, an increased computational complexity. However, since the subchannel filters are obtained by complex
modulation of a single filter, efficient polyphase implementations
are possible. Another fundamental difference between OFDM and
OFDM/OQAM systems is the adoption in the latter case of pulse
shaping filters very well localized in time and frequency [4, 5].
OFDM/OQAM systems, as all multicarrier systems, are more
sensitive to synchronization errors than single-carrier systems. In
particular, the presence of carrier frequency-offset (CFO) and symbol timing (ST) estimation errors can lead to a severe performance
degradation. For this reason, it is very important to derive efficient
synchronization schemes. For example, in [6, 7, 8] blind CFO estimators that exploit the second-order cyclostationarity of the transmitted OFDM/OQAM signal are proposed while in [9] a synchronization scheme for data-aided ST and CFO estimation with robust
acquisition properties in dispersive channels is developed.
The contribution in [10] has shown the importance of using a
preamble in order to bypass the use of pilot subcarriers for channel estimation, which OFDM/OQAM cannot inherit from OFDM.
Subsequently, the research about the definition of a preamble structure has led to the proposal in [11] that appears much promising
since it simplifies the procedure for CFO and channel estimation,
that results to be similar to that adopted for OFDM systems; moreover, it can maintain a high efficiency in short-burst transmissions.
However, when the preamble defined in [11] is considered for ST
estimation, the usual approach, that is, to resort to techniques able
to exploit the periodic behavior of the transmitted signal within the
training-symbol interval [12], may fail. In fact, the presence of the
filter-bank implies that the periodic behavior of the transmitted signal longs (approximately) more than one multicarrier symbol interval.
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In this paper we show that the preamble proposed in [11]
presents the conjugate symmetry property (CSP) that can be exploited to derive an effective algorithm for ST estimation following
a procedure similar to that previously used in [13] for OFDM systems. Therefore, by exploiting the specific structure of the preamble
proposed in [11], a simple and robust procedure for ST and CFO
synchronization can be obtained.
The paper is organized as follows.
In Section 2 the
OFDM/OQAM system model is delineated. In Section 3 the considered preamble is described. In Section 4 it is derived the ST
estimator exploiting the CSP of the preamble proposed in [11]. In
Section 5 the CFO estimation method and the procedure for channel estimation are described. In Section 6 the performance analysis
of an OFDM/OQAM system exploiting the considered preamblebased synchronization/equalization procedure, carried out by computer simulations, is presented and discussed. Finally, conclusions
are drawn in Section 7.
△√
Notation: j = −1, superscript (·)∗ denotes the complex conjugation, ℜ[·] the real part, ℑ[·] the imaginary part, δ (·) the Kronecker delta, | · | the absolute value and ∠[·] the argument of a complex number in [−π , π ). Moreover, lowercase boldface letters denote column vectors, · the scalar product, × the component-wise
product between two vectors and, finally, 0 and 1 denote, respectively, the null vector and the vector whose entries are all ones.
2. SYSTEM MODEL
Let us consider an OFDM/OQAM system with M subcarriers. The
received signal when the information-bearing signal s(t) presents a
timing offset τ , a CFO normalized to subcarrier spacing ε = ∆ f T
and a carrier phase offset φ , can be written as
2π

r(t) = e j T

ε t jφ

e s(t − τ ) + n(t)

(1)

where n(t) is a zero-mean complex-valued white Gaussian noise
process with independent real and imaginary part, each with twosided power spectral density N0 . The signal s(t) is equal to
s(t) =

r

i
Mu h R
s (t) + jsI (t)
2M

(2)
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g(t − nT )

(3)

g (t − T /2 − nT )

(4)

where T is the OFDM/OQAM symbol interval, A ⊂ {0, . . . , M −1}
is the set of active subcarriers, the sequences aRn,k and aIn,k indicate
the real and imaginary part of the complex data symbols transmitted
on the kth subcarrier during the nth OFDM/OQAM symbol, Nb is
the number of training symbols, Ns is the number of payload symbols, while g(t) is the prototype filter.
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The signal s(t) is generated by exploiting the following efficient
strategy. The discrete-time low-pass version of the transmitted signal is given by
r
o
Mu n R
△
s[i] = s(t)|t=iTs =
s [i] + jsI [i − M/2]
(5)
2M

PPN
I
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△

where Ts = T /M is the sampling interval and Mu is the size of A .
The length of the burst signal s[i] is (Nb + Ns + K − 1)M + M/2
where K is the overlap parameter, that is, the ratio between the
length of the prototype filter g(t) and the multicarrier symbol interval T . The term sR [nM + k] in (5) is the (k + 1)th component of
(R)
the vector dn (k ∈ {0, . . . , M − 1}); such a vector-sequence is the
output of the PPN:
(R)

(R)

(R)

(6)

The (k + 1)th component of the vector gℓ in (6), denoted as gℓ,k , is
defined as follows
gℓ,k = g[ℓM + k] k ∈ {0, . . . , M − 1}, ℓ ∈ {0, . . . , K − 1},

(7)

where g[i] = g(iTs ), which is null for i ∈
/ {0, . . . , KM − 1}.
Analogously, the term s(I) [nM + k] in (5) is the (k + 1)th com(I)
ponent of the vector dn defined as the output of the PPN:
(I)

(I)

(I)

dn = g0 × bn + g1 × bn−1 + . . . + gK−1 × bn−(K−1) .
(R)

(8)

(I)

The inputs bn and bn of the PPNs in (6) and (8) are obtained
(I)
(R)
from the input vectors an and an by IFFT transformation:
(R) △

(I) △

(R)

(I)

bn = IFFT[an × w]

bn = IFFT[an × w]

(9)

where, for k ∈ A , the kth component wk of the M-vector w is
(R)
wk = jk , the kth component of the vector an is the symbol aRn,k
in (3), and the kth component of the vector

(I)
an

is the symbol

aIn,k

(R)

in (4) while, for k ∈
/ A , wk = 0 and the components of an and
(I)
an are irrelevant. A block diagram of the structure for the efficient
generation of the term sR [i] in (5) is reported in Fig. 1.
3. THE CONSIDERED PREAMBLE
In this section we describe in detail the preamble structure proposed
in [11] and considered in this paper.
In standard OFDM systems, the preamble is a sequence of special symbols processed by the IFFT in the transmitter and by the
FFT in the receiver. In FBMC systems, we could try to repeat this
procedure since IFFT and FFT are still present in the overall chain.
(R)
The sequence of real-valued M-vectors an in (9) is given by
(R)

(R)

(R)

a(T ) , . . . , a(T ) , aNb , aNb +1 , . . . , aNb +Ns −1
{z
}
|

(10)

Nb

i.e., the first Nb vectors of the sequence are equal to a known training symbol a(T ) . The components of training vector a(T ) and
(R)
(I)
of the payload vectors (an + jan for Nb ≤ n ≤ Nb + Ns − 1)
have the same energy but their real parts may belong to different
(R) △

constellations. Formally, (10) can be written as an

= a(T ) for

(R) △
an = 0

for n ∈
/ {0, 1, . . . , Nb + Ns − 1}.
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Figure 1: Structure for generating the term sR [i] in (5).
i.e., the sequence of input vectors to the PPN in (8) is null during

(R)

dn = g0 × bn + g1 × bn−1 + . . . + gK−1 × bn−(K−1) .

(I)

?
?

gK−1 ?
?
-×

(I) △

the training period. Formally, (11) can be written as an = 0 for
n∈
/ {Nb , . . . , Nb + Ns − 1}.
In order to maintain limited the number Nb of transmitted training symbols, the preloading technique [11] is often adopted: it con(R)
sists in initializing the memory of the PPN in (6) (i.e., bn for
(T
)
n ∈ {−(K − 1), . . . , −1}) with the vector IFFT[a × w], instead
of setting it null as (10) would imply. In this case the first Nb multicarrier symbol intervals of the obtained signal s[i] are equal, that
is s[i + pM] = s[i] for i = 0, 1, . . . , M − 1 and p = 0, 1, . . . , Nb − 1.
With such an adoption, the transmitted preamble possesses properties that, otherwise, could be achieved only with the transmission of
Nb + K training symbols. Note that the achieved efficiency can be
significant: in fact, for typical values: K = 4, Nb = 2, and Ns = 50,
the fraction of time dedicated to preamble transmission passes from
Nb
Nb + K − 1
≃ 9% to
≃ 3.85% while the loss of specNb + K − 1 + Ns
Nb + Ns
tral containment is negligible.
4. SYMBOL TIMING ESTIMATOR
In this section we show that the previously described preamble proposed in [11] presents the CSP that can be exploited to derive an
effective algorithm for ST estimation following a procedure similar
to that previously used in [13] for OFDM systems.
4.1 Remind about the procedure in [13]
In OFDM systems the vector w in (9) has unit components, the
PPN and the offset of M/2 samples are not present, i.e., the vec(R)
(I)
(R)
(I)
tor dn + jdn is defined as IFFT[an + jan ] and it is transmit(I)
ted after cyclic-prefix extension. Therefore, if an = 0, the vector
(R)
(I)
(R)
dn + jdn = dn possesses the well-known CSP, as synthetically
depicted in Fig. 2.
In the transmitted multicarrier symbol, the cyclic prefix is followed by M samples that possess the CSP: if such M samples are
collected in the vector [u0 u1 uM/2 u2 ] (where both vectors u1 and
u2 have M/2 − 1 components), then u1 = u#2 where u#2 denotes
the flipped and conjugate version of u2 (i.e., the kth entry of u1 ,
denoted as u1,k , is equal to u∗2,M/2−2−k for k = 0, . . . , M/2 − 2).
In the signal received on a flat channel in the absence of noise
and of frequency offset, each cyclic prefix is followed by M samples that possess the CSP: if such M samples are collected in the
△

vector [u0 e jφ u1 e jφ uM/2 e jφ u2 e jφ ] = [v0 v1 vM/2 v2 ] (where φ denotes the phase offset), then v1 e− jφ = [v2 e− jφ ]# = e jφ v2# or equivalently v1 = e j2φ v2# . Therefore, the end of the cyclic prefix and
the phase offset can be determined by scanning the received signal
and searching where such CSP is best approximated according to a
least-squares (LS) approach, that is,

(11)

Nb
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o
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Figure 2: Structure of the OFDM symbol for an = 0 [13].

θ̂ LS

where
denotes the LS estimate of the normalized delay θ =
τ /Ts assumed to be an integer and, moreover, the M vector
[v0 (θ ) v1 (θ ) vM/2 (θ ) v2 (θ )] has been extracted in correspondence of the candidate delay θ Ts . Note that the maximization procedure in (12) provides a closed-form solution for the phase estimate
φ̂ LS and, then, the ST estimation requires only a one-dimensional
search:
n
o
θ̂ LS = arg max 2|v1 (θ ) · v2# (θ )| − kv1 (θ )k2 − kv2 (θ )k2 . (13)
θ

In the following we consider a slightly different approach (modified LS (MLS)) that is aimed at simplifying the threshold setting as
suggested in [14]:
△

θ̂ MLS = arg max Ψ(θ ) = arg max
θ

θ

2|v1 (θ ) · v2# (θ )|
.
kv1 (θ )k2 + kv2 (θ )k2

(14)

Let us note that the estimation method in (14) is robust to the
the possible presence of the CFO in the received signal since both
the magnitude of the scalar product and the norms in Ψ(θ ) are independent of it.
4.2 Adapting the CS property to OFDM/OQAM
When the preloading technique is adopted with the considered
preamble, the following property holds:
(R)

b#

b

M/4

-

M

a#

b#

b



(R)

d0 = . . . = dNb −1 = [g0 + . . . + gK−1 ] × IFFT[a(T ) × w] (15)

Figure 3: The structure of each of the Nb equal symbols in the considered preamble for OFDM/OQAM systems when the multiplication for w is taken into account (left cyclic shift).
only in the second half of the interval because the vector g1 dominates the sum in (6) only in the last M/2 components while g2 ,
still multiplied by IFFT[a(T ) × w], dominates the first M/2 components. Note that the coefficients in the last components of g1 and
in the first components of g2 are those closest to the center of the
prototype filter g[i], which is located at the middle point i = 2M of
its length 4M. When a sequence of three and half multicarrier symbols possesses the cyclically-shifted CSP, then we can detect in five
positions the presence of the CSP in the overall sequence. In particular, the first of such five positions is located M/4 samples after
the beginning of the first symbol period and the other four ones are
regularly spaced and separated by M/2 samples. Moreover, M/2
samples before the first position and M/2 samples after the fifth position a weak CSP is detected since the property is suppressed only
on half of the observed interval (for the first weak position by the
noise samples proceeding the burst and for the second weak one
by the second half of the fourth interval). In Fig. 4 we depict the
sequence of the first three symbol periods in the transmitted signal
with a symbolism that represents which parts of the discrete-time
signal are the conjugate-symmetric versions of other parts. We also
denote with long arrows the five positions where a strong CSP is
detected in the following M samples and the two positions where a
weak CSP is detected. We can therefore utilize the procedure in (14)
to detect the presence of points that satisfy the CSP property and use
the quantity Ψ(θ ) in (14) to identify their positions; specifically, we
first filter Ψ(θ ) with the matched filter with impulse response:
△

(R)

since bn = IFFT[a(T ) ×w] for n ∈ {−K +1, . . . , −1, 0, 1, . . . , Nb −
1}. If the adopted prototype filter satisfies the condition
g0 + . . . + gK−1 = α 1

(R)

(R)

(17)

In the following, it will be considered the prototype filter derived in [5] by using the frequency sampling technique. It can be
easily verified that the adopted prototype filter satisfies condition
(16).
In OFDM/OQAM systems, as stated in Section 2, the kth
component of the vector w in (9) is not unit but it is equal to
(T ) is realjk = exp( j2π 14 k) = exp( j 2Mπ M
4 k), while the vector a

Then, we estimate the timing offset as the position where the filter
output is maximum; such a position, further reduced by M/4 + 1,
provides the beginning of the burst.
In Fig. 5 we report a typical realization of the statistics Ψ(θ )
in (14) in AWGN for Eb /No = −3 dB and M = 1024 that confirms the expected results. Although derived for the sake of clearness with reference to the special choice K = 4, often employed
in OFDM/OQAM literature, the method can be straightforwardly
extended to other values of K (and, obviously, of Nb ).
M

M

4 4
-

(R)
dn

valued; consequently, from (17) it follows that the vectors
(n = 0, . . . , Nb − 1) and, then, the first Nb multicarrier symbols of
the preamble at the beginning of the burst, possess a conjugate symmetry that is cyclically shifted of M/4 samples to the left, as synthetically depicted in Fig. 3. Moreover, also in the following K − 1
multicarrier symbol intervals such a property is partially present due
to the memory of the PPN but it is partially suppressed by the effect
of the contribution to s[i] in (5) due to the payload symbols in the
PPNs in (6) and in (8). For a typical choice of Nb = 2 and K = 4,
such a property is strictly present only in the first two multicarrier
symbol intervals but it is approximately present in the first three and
half multicarrier symbol intervals. In fact, during the whole third interval, the loss of CSP is minimal since the contribution from g0 in
(6) is marginal. In the fourth interval the loss becomes significant

(18)

M
M
1
+δ (θ + 3 M
2 ) + δ (θ + 4 2 ) + 2 δ (θ + 5 2 ).

(16)

where α is a constant real value, (15) becomes
d0 = . . . = dNb −1 = α IFFT[a(T ) × w].

M
M
hMF (θ ) = 21 δ (θ − M
2 ) + δ (θ ) + δ (θ + 2 ) + δ (θ + 2 2 )
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Figure 4: The structure of the first three symbol periods in the burst
(two of preamble and one of payload) and the five points where a
strong CSP is detected on the next M samples as well as the two
points where a weak CSP is also detected. In the third symbol, the
′
′
notation b′ (and, obviously, b# ,a′ ,a# ) denotes that it is not identical
#
#
to b (and, obviously, to b ,a,a , respectively) since a still negligible
effect of the payload is present on such a symbol.
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Figure 5: A typical realization of the statistics Ψ(θ ) in (14) in
AWGN for Eb /No = −3 dB and M = 1024.
5. CFO ESTIMATION AND ONE-TAP EQUALIZATION
The fact that the preamble proposed in [11] and described in Section
3 contains Nb equal multicarrier symbols can be used for synchronization and channel estimation as shown in the following.
Specifically, if Nb ≥ 2 a CFO estimate can be obtained by using the fact that the received signal in the nth (0 ≤ n ≤ Nb − 2)
multicarrier symbol period, collected in the vector r1 , and in the
(n + 1)th one, collected in the vector r2 , satisfy the following property in the absence of noise and of timing synchronization errors:
r2 = r1 e j2πε . Therefore, the following CFO estimator can be used

ε̂ =

1
∠{r2 · r1 }.
2π

(19)

Moreover, after the signal propagation over a multipath channel and neglecting the residual effects of imperfect timing and CFO
synchronization, the signal received in the nth symbol interval (provided that n ≥ 1), collected in the M-vector r, is equal to the cir(R)
cular convolution of the vector d1 with the discrete-time channel
impulse response. Consequently, taking into account the expression
(R)
(17) for d1 and neglecting the noise, the FFT R of the vector r
can be written as α H × a(T ) × w where H is the M-vector FFT
of the channel impulse response. Consequently, such a frequency
response can be estimated by the following relation Ĥ = α a(TR) ×w
where the division is defined component-wise. Note that such a division has not to be performed with reference to the subcarriers not
used, for which the corresponding component of w is null. On such
subcarriers the channel frequency response cannot be estimated by
using the received signal since there is no power in the transmitted signal on them. Note that an imperfect timing synchronization
can imply that the signal received in the (n + 1)th multicarrier symbol interval is only approximately equal to the circular convolution.
When a simple equalizer is desired, a zero-forcing one-tap equalizer
can be chosen: it can be implemented for each subcarrier exploiting
the estimation of the channel frequency response.
6. NUMERICAL RESULTS
In this section the performance of an OFDM/OQAM system exploiting the proposed method for ST estimation is assessed via computer simulations. A number of 5000 Monte Carlo trials has been
performed under the following conditions:
1. the considered FBMC system has a bandwidth B = 1/Ts = 11.2
MHz, M = 1024 subcarriers and overlap parameter K = 4;

2. the preamble is generated according to the scheme described in
Section 3 with Nb = 2;
3. the M-vector a(T ) , whose entries are antipodal symbols, is randomly generated in each trial;
4. the Ns payload symbols are the real and imaginary part of 4QAM symbols;
5. the considered multipath fading channel models are the ITU Vehicular A and the ITU Vehicular B [15];
6. the channel is fixed in each run but it is independent from one
run to another;
7. the bit-error-rate (BER) is evaluated on the fifth multicarrier
symbol of the burst;
8. the timing offset is uniformly distributed in {3M, . . . , 4M − 1},
i.e., at least three symbol intervals of pure noise are included at
the beginning of the transmitted signal; the overall length of the
observed interval is 10M;
9. the normalized frequency offset between transmitter and receiver is uniformly distributed in the range [−0.45, 0.45].
Figure 6 displays the root mean square error (RMSE) (normalized to the number of subcarriers M) of the proposed ST estimator
as a function of Eb /N0 both in multipath channels A and B. The
results show that in multipath channel A the normalized RMSE is
very small while in multipath channel B is contained. It is worthwhile to emphasize that in AWGN no errors were observed in the
performed 5000 trials.
Figure 7 shows that in multipath channel A the CFO estimator
exploiting the proposed ST estimator assures a performance slightly
different from that achieved in AWGN. The performance degradation of the ST estimator in multipath channel B leads to a corresponding degradation of the CFO estimator that is sensible only for
high values of Eb /N0 .
We also analyze the effects of using the proposed synchronization on the overall system performance. In particular, in order to
better single out the contribution to the overall performance of the
proposed method, we analyzed six different structures for the receiver. The structure denoted with 1 is an ideal structure, which
provides us an useful upper-bound to the system performance. It
perfectly knows the channel to be equalized and the timing and
CFO to be compensated at receiver. We also denote with 2 the
structure where in the time domain the timing and CFO compensations use the estimates obtained by the proposed method while
in the frequency domain the residual CFO compensation and the
equalizer setting are still ideal; we denote with 3 the structure that
differs from 2 only because the ideal compensation of the residual
CFO in the frequency domain is not performed. The ith structure
use an ideal equalizer for i = 1, 2, 3 while the structure i + 3 is the
same as i except for the use of a real one-tap equalizer, employing
the coefficients obtained by the channel-estimation procedure described in Section 5. Therefore, the structure 6 is the one that can
be implemented in practice. Figure 8 shows the BER of the considered six different reception structures in the presence of AWGN
(denoted with W in the figure) and multipath channels ITU-A and
ITU-B (denoted with A and B, respectively). We can notice that no
performance loss can be directly attributed to the errors in timing estimation in the three channels since the structures 1 and 2 perform
equivalently with an ideal equalizer while the structures 4 and 5 perform equivalently with the realistic equalizers. Since, as previously
stated, no timing errors were observed in AWGN, the performance
loss between the structures 1 and 3 (and, to a lesser extent, between
4 and 6) in AWGN is due to the residual CFO in the frequency
domain, which depends on the considered multicarrier symbol interval. Therefore, mismatches in the final frequency-domain compensation (here simulated by the decision on the eight multicarrier
symbol in the structures 3 and 6, which do not perform the compensation) cannot be reduced by improving the timing estimator, at
least where they appear able to affect the overall performance (i.e.,
in AWGN). Finally, the simulation results show that, also when the
residual CFO is perfectly compensated, a performance loss of 3 dB
has to be ascribed to the exploitation of the measured channel in the
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Figure 7: RMSE of the CFO estimator.
employed zero-forcing one-tap equalizer.
7. CONCLUSIONS
The problem of preamble-based synchronization for
OFDM/OQAM systems has been considered.
Specifically,
with reference to a recently proposed structure for the burst preamble, a simple and robust procedure for timing synchronization
has been proposed: it exploits the CSP of the transmitted signal,
extending the method proposed in [13] for OFDM systems. The
numerical results show that the proposed ST estimator, for the
adopted OFDM/OQAM system and in the considered scenarios,
is perfectly compatible with the use of a zero-forcing one-tap
equalizer.
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