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Abstract—Among the alternative multicarrier modulation
techniques to orthogonal frequency division multiplexing
(OFDM), a derivative of OFDM based on offset quadrature
amplitude modulation (OFDM-OQAM) has been one of the most
prominent to alleviate the sensitivity problem of the former to
timing and frequency mismatch. In this paper, we propose an
improved joint estimation method for carrier frequency offset
(CFO), sampling time offset (STO) and channel impulse response
(CIR) in OFDM-OQAM systems. The proposed method instru-
ments a data-aided maximum-likelihood (ML) joint estimation
of the unknown parameters, as derived under an assumption of
Gaussian noise and independent input symbols by splitting the
interference into pilot, non-pilot and noise terms. Performance
evaluation is carried out through simulations by comparing
the proposed method with a highly-cited previous work which
considers all the three types of parameters in one development.
The improvements in the results indicate the superiority of the
proposed joint ML-based estimator.

I. INTRODUCTION

Due to the several benefits of multicarrier modulation
(MCM) over single carrier modulation, the former has been
considered as the primary choice in the physical layer im-
plementation of telecommunication systems for quite a long
time. Among the MCM family, OFDM-based systems have
been largely studied and adopted in many wireless standards
[1]. Still, as an alternative and promising form of MCM,
OFDM-OQAM has attracted much research attention in recent
years, due to its advantages over classical OFDM, including
higher spectral efficiency and reduced sensitivity to timing and
frequency mismatch [2].

Data-aided CFO, STO and CIR estimation has been a topic
of great interest in connection with OFDM-OQAM systems
lately. Regarding the CFO and STO synchronization methods,
in [3], an ML STO estimator has been derived by using two
training symbols as a preamble per burst transmission while
in [4], the same preamble and a similar approach have been
used for joint CFO and STO synchronization. In [5], by using
two identical pilot symbols per burst transmission as preamble,
a joint least squares (LS) CFO and STO estimation method
has been developed. As well, in [6], a method has been pro-
posed that exploits a polyphase network (PPN) implementation
of OFDM-0OQAM, a preloading technique and a conjugate-
symmetric preamble to jointly estimate the CFO and the STO.

This research was jointly funded by InterDigital Canada and the Natural
Sciences and Engineering Research Council (NSERC) of Canada, under a
CRD Grant.

More recently, in [7], the use of a particular four-column
preamble, containing zeros in every other subcarrier and every
other symbol time index, has been proposed for the same
purpose. Among these techniques, the latter appears to provide
better results but lacks the consideration of proper means for
the estimation and equalization of fading channels.

In parallel to the CFO and STO synchronization methods,
during the past decade, many channel estimation schemes
have been proposed for OFDM-OQAM systems. Several of
these techniques obtain estimates of the channel or subchannel
responses directly in the frequency domain, based on the
assumption of nearly flat subchannels [8], [9]. However, in
highly frequency-selective channels or when the number of
subcarriers is insufficient to cope with the frequency dispersion
in fast fading environments, this assumption may not hold and
result in severe error floors at medium to high signal-to-noise
ratio (SNR) values. In contrast to the above techniques, time-
domain channel estimation methods obtain the estimate of the
CIR itself and make no assumption on the degree of frequency
selectivity of subchannels [10] [11]. Moreover, in time-domain
channel estimation, a priori information about the channel
statistics can be employed to improve the estimation accuracy,
as e.g. in [12] for conventional OFDM.

As for the time-domain CIR estimation methods for
OFDM-OQAM systems, in [13], the CIR has been estimated
by using preamble pilots. Therein, a time-domain channel
estimator has been proposed based on the multiple signal
classification (MUSIC) and LS algorithms. Later, in [14], a
per-subchannel estimator has been developed in which the
CIRs on different subcarriers are estimated separately. In a
recent paper [11], a general time-domain model for channel es-
timation in OFDM-OQAM systems has been introduced where
frequency domain pilots are used to obtain two estimators,
namely the linear-minimum-mean-square-error (LMMSE) and
the weighted-least-square (WLS).

Although the aforementioned synchronization and equal-
ization problems have been separately addressed throughout
the literature on OFDM-OQAM systems, only a few research
papers can be found, e.g. [15], that are devoted to STO, CFO
and channel estimation at the same time, let alone a joint esti-
mation approach. In fact, to the best of our knowledge, a joint
estimation method for OFDM-OQAM systems, accounting for
all the three aforementioned error sources, has not yet been
developed. Hence, our focus in this work is to develop and
investigate a general method for this purpose. The proposed
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Fig. 1: OFDM-OQAM system model

method relies on a data-aided maximum-likelihood (ML)-
based joint estimation of the unknown parameters, as derived
by assuming Gaussian noise and independent input symbols,
and by splitting the interference into pilot, non-pilot and noise
parts. Such a general, joint ML-based method offers many
advantages, such as a unified framework for the estimation of
multiple parameter using a common preamble/burst structure
and the proper treatment of different types of interference in
the estimator derivation. Indeed, as it will be seen from the
results, the proposed method is capable of significant improve-
ments in parameter estimation accuracy leading to a lower bit
error rate (BER) of the compensated (i.e. synchronized and
equalized) transceiver system.

The paper is organized as follows. Section 2 is dedicated
to reviewing the system model of the OFDM-OQAM system.
In Section 3, the proposed joint ML estimator is presented and
described in details. The simulation setup and the results are
provided in Section 4. Section 5 contains conclusion.

II. SYSTEM MODEL

The OFDM-OQAM system model, as implemented in this
work and commonly used in the literature, see e.g. [16], is
illustrated in Fig. 1. The signal at the output of the transmitter
synthesis filter bank (SFB) can be described as

22 L [m- %]GTW (1)
n ok

Sk,n

where n € Z and k € {0,1,..., M — 1} are the symbol time
index and frequency index, respectively, and M is the number
of subcarriers. In the preprocessing stage, the input symbols
2k, n are complex-to-real converted and multiplied by 0y, ,, =
j**™. The resulting symbols sy, ,,, are then upsampled by M /2
and passed through their corresponding subband filters, fj[m].
The latter are derived from modulation of a common prototype
— plm]ed % (m= 5,

p[m] via the relationship fj[m)]

Upon passing through the channel, the received signal,
suffering from CFO, STO, Rayleigh channel effect and additive
noise, can be written as

j2mpgm

ylm] = (h[m] * y[m +nlm] )
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where h[l] represents the Ith coefficient of the CIR, assumed
to be of finite with length (), 7y is the normalized STO with
respect to one half of an OFDM-OQAM symbol duration,
and g is the normalized CFO with respect to the subchannel

—70])e

frequency spacing, denoted as Af. Finally, n[m| represents
the additive zero-mean white Gaussian noise. It is worth
mentioning that, similar to most of the previous works on this
subject, the second-order effects, i.e. those of CFO and STO
and CIR on one another, have been neglected in this model.
It will be seen from the results that these effects are, indeed,
negligible.

The OFDM-OQAM symbols at the output of the receiver
analysis filter bank (AFB), therefore, will take the form
= M7 . 2zim
gkz,n = Z y[ ]gk |:m - nT:| 6]2 ICCI + Nk,n (4’)
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which by using (2) can be rewritten as
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where ny, ,, represents the additive noise (i.e. the contribution
from 7[m]) passed through the AFB.

III. PARAMETER ESTIMATION

In this work, an OFDM-OQAM symbol at time n is
defined as the ordered set of M subband inputs, sy ,, for
k € {0,1,..., M — 1}, entering the SFB (after OQAM pre-
processing). To allow for flexibility in the application of the
derived method, we consider a general framework for the allo-
cation of pilots. Specifically, within a burst of N consecutive
symbols (e.g., from time 7 = 0 to N —1), a total of 7" symbols
with time indexes in 7 C {0, ..., N — 1}, are selected for the
transmission of pilots over selected subbands from a subset of
S subbands with frequency indexes in S C {0,1,..., M — 1}.

Starting from (5) and by substituting from (3) and (1), the
following expression can be obtained for the output symbols,

Q-1
Sk.n = Z h[l])\k,n(LM(LTO) + Nk,n (6)
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In turn, we have
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The term fy,]::;bn,(l, 1o, To) characterizes the level of the ‘in-
trinsic interference’ of the n’th input sample from the k’th
subband, sj/ ./, on the nth output sample from the Fkth
subband, Sj_,,, through the Ith path of the channel A[l] in the
presence of CFO, pg, and STO, 7. We note that due to the
finite length of the subband filter fi[m], the summation in (9)
is in fact performed over a finite range. It is worth mentioning
that in previous works, e.g. [7] and [15], it has been assumed
that due to the finite duration of the filter bank and the fact that
CFO values are often small, the CFO term e/2m#0m/M remains
constant. Under this assumption, hence, this term could be
taken out of the summgltign over m in (9) and as a result, the
CFO contribution to 7,’:’;1” (1, 1o, 7o) would be negligible when
n' # n and k' # k. However, in this work, the intention is to
avoid such a simplification to achieve an ML solution that is
more accurate than the simplified methods.

Next, focusing on the pilot symbols, i.e. n € 7 and k €
S, and by replacing sy, by pps s in (8) for the sent pilot
symbols, we define

Mo (b0, 70) = D D pwwp s (Lo, 70)  (10)
k'eSn'eT
Consequently, (6) is changed to the following form

Q-1
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In (12), wy,,,, represents the interference contribution from all
non-pilot symbols surrounding the desired pilot to the corre-
sponding received pilot, which is called ‘data-interference’.

Assuming independent and identically distributed data
symbols with zero mean and variance of U‘?, similar to [17],
it can be shown that the interference terms, {wkn}, can be
approximated as independent Gaussian random variables with
zero mean and variance of
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Introducing vy, = W,y + Nk,n and assuming that the data
and the additive noise are independent, it follows that vy, ,, are
independent Gaussian random variables with variance 02 =
2 2
Oy + 05,
Next, by substituting vy, ,, in (11) and letting

h = [1[0], A[1], ..., h[Q — 1]]"
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we will have

gk,n = AIc,n(MOa 7-O)h + Vk,n (14’)

By stacking Aj (o, 70). Sk and vy, over the time index
n € T for each k, and then over the frequency index k € S,
we define the corresponding matrix and vectors A(ug, ), S
and V. In terms of these new quantities, (14) now takes the
following matrix-vector form,

S = A(po, 70)h +V (15)

As a result of the AWGN assumption and the ensuing
approximations on the interference wy, ,,, V' will be a complex
circular Gaussian random vector with zero mean and diagonal
covariance matrix Cy = E[VVH] = ¢2I. Similarly, for
given values of 9, 79 and h, the observation vector S is
also complex circular Gaussian with mean A(po,79)h and
covariance C'g = o21. Hence, the probability density function
(PDF) of S can be presented as

_ 1
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where N, = TS is the number of pilots. Thus, the log-
likelihood function (LLF) is written, up to a constant, as

‘C(‘ga o5 70, h) = IOg(f(S’, o, T0, h))
~ L5~ Ao, o))" [S — Alpo, )] (17)
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The joint ML estimators of the CFO, CIR and STO can be
obtained by maximizing the derived LLF with respect to the
parameters (i, 7o and h. By fixing ;o and 79 and varying h
in C¥, the LLF achieves its maximum at

h(po, 70) = A(po, 70)'S (18)

where A(,uo,To)T = (A(MmT())HA(/JmT()))_lA(,uo,To)H is
the psudo-inverse of A(pg, o). By substituting (18) into the
LLF we can obtain the CFO and STO estimates using a 2-
dimensional search according to

(f1,7) = arg max L(S; po, 70, h) (19)
Ho,T0
Finally, the ML estimate of the CIR can be obtained by
substituting the estimates (i, 7), resulting in
h =h(i,7) = A(i, 7)'S (20)
In our implementation of the above ML approach, certain
simplifications are made to (10) in order to reduce the com-
putational complexity; however, these cannot be described in
details due to space limitations.

Fig. 2 illustrates the block diagram of the OFDM-OQAM
receiver as implemented in the proposed method for estimation
and compensation of CFO, STO and CIR. First, after passing
through the AFB, the received symbols are used to obtain
the ML estimates of the CFO, STO and CIR. The CFO and
STO estimates are then fed back to correct the symbols at the
input of the receiver. Next, the STO-CFO corrected symbols
pass through the AFB again where, this time, a single-tap per
subcarrier equalization is performed based on the DFT of the
estimated CIR. The final received symbols are obtained by
undergoing the OQAM post-processing stage.
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Fig. 2: Block diagram of the OFDM-OQAM receiver with ML-based compensation

IV. PERFORMANCE EVALUATION

In this section, the proposed method is compared with the
one in [15], the only research paper found by the authors
that has considered all three parameters of concern, namely,
STO, CFO and CIR. However, in [15], this has been achieved
by using different ideas for different parameters rather than
developing a joint method from a unified, general criterion.

A. Simulation Setup

To compare the two methods, two different distributions
of pilots are considered in the implementation of the proposed
method. In the first distribution, the pilots are scattered within
each burst as mentioned in [15]. Specifically, the size of the
transmitted bursts in time and frequency are according to DL-
PUSC configuration as illustrated in Figs. 4 and 5 of this
reference, with M = 256 subcarriers and N = 12 OQAM
subsymbols (6 OQAM symbols before preprocessing) in total.
The other distribution, which also uses M = 256 subcarriers,
adopts a full preamble of 7" = 12 pilot tones, followed by
N — T = 72 data symbols. The consideration of these two
different distributions of pilot tones is useful to assess the
performance of different transmission modes. Moreover, in
order to have a fair comparison, all the three implementations
share the same bit rate.

The prototype filter of the transceiver system is obtained
using the frequency sampling technique with overlap factor
K = 4 as described in [16] and used in [15]. The data
are modulated to a 4-QAM constellation. The input sampling
frequency is F; = 43.75kHz corresponding to a channel
bandwidth of MF, = 11.2MHz. To obtain BER that are
more representative of a practical digital communications
system, a punctured convolutional channel coding scheme is
applied to the information sequence with the overall rate of
3/4 by using constraint length x = 7, function generators
g1 = [133], go = [171] and the puncture pattern vector
[110110]. A frequency selective wireless channel is used with
@ = 8 randomly generated coefficients h[l] based on the ITU-
Vehicular A channel guidelines [18]. The channel is assumed
constant during the transmission of a burst but changes over
different transmissions. During each transmission, the STO and

CFO are chosen randomly within the intervals [—% 2T and

% %] where AT = MT,. The root mean squared error
(RMSE) and BER results are obtained by running 500 indepen-
dent Monte-Carlo simulations. Regarding the implementation
results of [15], we follow the estimation and equalization
algorithms and structure precisely as described in the paper.

This method is referred to as ‘Stitz’ in Figs. 3—6.

B. Results

Fig. 3 compares the proposed method with [15] in terms
of RMSE of CFO. The estimation is jointly performed in the
presence of other sources of error, namely, a fixed STO of 10%
with respect to one half of an OQAM symbol duration and
Rayleigh channel as described earlier. The figure indicates that
the proposed method not only outperforms the other method
as implemented with a preamble of full 256 x 12 pilot tones,
but also, is capable of significant improvement when adopting
the burst structure of DL-PUSC.

Comparison of the two methods in terms of RMSE of
STO is depicted in Fig. 4, where a fixed CFO of 5% and
the multi-path channel are used. The superior performance
of the proposed method implemented in both configurations
can be seen in the figure. Again, the best result belongs to
the one based on a full grid of pilot tones followed by the
data; although, the proposed method remarkably reduces the
estimation error with the same burst structure as in [15]. The
flattening of the graphs at the end is due to the limited search
resolution of the implementation compared to the fractional
delay that could occur. This can be overcome by adding a fine
STO estimation with a more accurate search grid as a second
step.

In Fig. 5, the RMSE of CIR, in the presence of fixed
CFO and STO, is depicted for the three implementations.
Similar to the previous Figs., the proposed method achieves
a lower estimation error in both configurations. Finally, the
coded BER performance of the methods, after estimation and
compensation, are compared in Fig. 6. The figure indicates
that, in both configurations, the proposed method is capable
of a significant decrease in BER of the system especially at
high input Ej/Ny.

After applying the aforementioned simplifications in Sec-
tion 3, the proposed method achieves about the same order
of computational complexity as [15], in terms of the running
time.

V. CONCLUSION

A new general data-aided ML-based joint estimation
method for OFDM-OQAM systems has been developed and
evaluated. The CFO, the STO, and the CIR effects have been
jointly estimated and compensated. The comparison has been
made with a highly-cited method among the few research
papers to consider all the three parameters at the same time.
The results have shown the significant improvement that the
proposed method offers in both transmission modes, i.e., as
scattered pilots in data and as a full preamble of pilot tones
followed by the data.
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