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Abstract—Filter-bank based multicarrier (FBMC) transmis-
sion is an alternative to orthogonal frequency division mul-
tiplexing (OFDM) transmission, more spectrally efficient and
more robust to asynchronisms than the latter. For these reasons,
the FBMC waveform is a promising candidate for SG mobile
networks. Using offset quadrature amplitude (OQAM) symbols
and a proper prototype filter, the FBMC waveform may become
orthogonal for flat fading single-input single-output (SISO) chan-
nels. However, for frequency selective or multiple-input multiple-
output (MIMO) channels, the FBMC waveform is generally no
longer orthogonal and inter-carrier interference (ICI) is present
at reception. This ICI makes difficult the combination of FBMC
waveforms with some MIMO schemes such as the Alamouti
scheme in particular. In this context, the purpose of this paper
is to introduce a new Alamouti receiver for the detection of the
OQAM symbols transmitted by a FBMC waveform. This receiver
is based on the maximum likelihood (ML) joint detection of the
symbols transmitted by both the subcarrier of interest and its two
adjacent subcarriers. Challenges for the receiver implementation
are discussed jointly with sub-optimal alternatives to decrease
the complexity.

I. INTRODUCTION

FBMC waveforms are an alternative to OFDM waveforms,
much better localized in the frequency domain and offering
a better spectral efficiency than the latter. Moreover, FBMC
waveforms do not require any cyclic prefix (CP) and are more
robust to asynchronisms than OFDM waveforms [1]. For these
reasons, FBMC waveforms are a promising candidate for 5G
mobile networks [2]. It has been shown in [3] that by using
OQAM constellations, it is possible to achieve a baud-rate
spacing between adjacent subcarriers and still recover the
information symbol, free of both inter-symbol interference
(ISI) and ICI, for ideal or flat fading SISO propagation
channels. This gives rise to FBMC-OQAM waveforms whose
efficient implementations based on the discrete Fourier trans-
form are given in [4], [5]. However, for frequency selective or
MIMO propagation channels, the FBMC waveform loses its
orthogonal character and ICI is present at reception.

In recent years, FBMC waveforms have attracted a lot of
interest and many equalization and synchronization methods
have been proposed for SISO systems corrupted by frequency
selective propagation channels [6-8]. However, if multiple
antennas are incorporated at both ends of the link, MIMO
communications can be designed to boost the performance,
in terms of reliability or bit rate, as shown in [9], [10].
Nevertheless, due to the presence of ICI at reception, the

way to reach the full potential of MIMO schemes for FBMC
waveforms remains an open topic.

Recently, some transmitter-receiver designs using channel
state information (CSI) at transmission have been proposed
for MIMO FBMC-OQAM systems for both single-user [11],
[12] and multi-user transmissions [13—18]. Several receiver
designs have also been developed for MIMO FBMC-OQAM
systems exploiting no CSI at transmission and using spatial
multiplexing [19-24].

The works related to MIMO FBMC-OQAM systems using
space-time coding mainly concern the Alamouti scheme [25].
Note that the latter is a space-time block code aiming at ex-
tracting the full spatial diversity of the system at transmission.
Despite the fact that FBMC system is not a block transmission
system due to ISI, the Alamouti scheme may still be used to
extract the spatial diversity of the system at transmission pro-
vided the ISI is efficiently processed by the receiver, as shown
in [26] in another context. However, due to the presence of ICI
at reception, the Alamouti scheme, which can be implemented
easily for OFDM transmissions, cannot be directly applied
to FBMC-OQAM waveforms [27]. For this reason, several
transmitter-receiver designs have been proposed recently to
couple the Alamouti scheme with FBMC-OQAM waveforms.
Unfortunately, all these solutions have serious drawbacks. In
particular, a pseudo-Alamouti transceiver is proposed in [27]
for FBMC-OQAM systems, whereas a new FBMC scheme,
called FFT-FBMC, allowing to easily couple the Alamouti
scheme with FBMC-OQAM waveforms is proposed in [23],
but both solutions require the insertion of a CP. A block-wise
version of the Alamouti scheme for FBMC-OQAM systems is
proposed in [28] but it requires the insertion of guardbands and
guard periods between the blocks, which decreases the spectral
efficiency. In [29] it is shown that the Alamouti scheme can
be coupled with FBMC-OQAM waveforms but provided that
it is combined with code division multiple access (CDMA).
In [30] a modification of the Alamouti scheme is proposed for
FBMC-OQAM waveforms, jointly with an iterative processing
at reception to cancel ICI. However, this iterative processing
may generate error propagation for moderate signal to noise
ratio.

In this context, the purpose of this paper is to introduce
a new Alamouti receiver for FBMC-OQAM waveforms. For
each subcarrier, this receiver is based on the ML joint detection
of the symbols transmitted by the subcarrier of interest and its
two adjacent subcarriers, assuming that the adjacent subcarri-



ers are the only ones which contribute to the ICI. Challenges
for the receiver implementation are discussed jointly with sub-
optimal alternatives to decrease the complexity. The proposed
receiver does not have the drawbacks of existing solutions
but requires the ML joint detection of three subcarriers per
subcarrier, which may be costly for constellations with high
number of states.

The system model associated with the Alamouti scheme for
a FBMC-OQAM waveform is introduced in section II. The
proposed ML Alamouti receiver is presented in section III,
together with its main properties, implementation issues and
associated complexity. Section IV concludes the paper.

II. RECEPTION MODEL
A. Transmitted Alamouti FBMC-OQAM signals

Let us recall that the baseband signal, s(¢), of an OQAM
signal transmitting the complex symbols cj, of duration T%,
can be written as

s(t) = Zc};v(t — kTy) + jcio(t — kTs —To/2) (1)
k

where ¢} and ¢ are real quantities corresponding to the real
part and the imaginary part of the associated QAM symbol cj
respectively, whereas v(t) is the pulse shaping filter. Defining
the real symbols bay, and bk 11 by bag = (—1)%ck and boji1 =
(—1)*ci respectively, it is straightforward to show that s(t)
can also be written as

s(t) =Y j*bpo(t —kT) 2> apo(t—kT)  (2)
k k

where T2 T,/2 and aj, £ j*b;,. Equation (2) means that the
OQAM signal (1) can also be interpreted as a signal which
transmits, without any staggering operation, the complex sym-
bols ay, or the real symbols by, with a symbol duration equal
to T

We consider a radio communication system that employs the
Alamouti scheme, with two transmit antennas [25], on each
subcarrier of a FBMC-OQAM waveform, as depicted at Fig.
1. Under this assumption and using (2), the baseband signals,
s1(t) and so(t), transmitted by antennas 1 and 2 respectively,
can be written as
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Here, (.)* means complex conjugate, L is the number of
subcarriers, 1/2T = 1/T is the subcarrier spacing, v(t) is
the prototype filter and a; = j*b,, where by is the real
symbol transmitted (without the Alamouti encoding) at time
kT on subcarrier [. Note that the Alamouti scheme is applied
here to the complex symbols a; ; = jkbl,k (which are either
real or purely imaginary) of duration T = T,/2, and not to
the associated QAM symbols, ¢; = (—1)*[by 2k + 5br.2k+1]

of duration T, before staggering. This allows to consider
spatio-temporal Alamouti code words of duration T instead
of 27, and this imposes constant propagation channels over
T, instead of 27. Note that the Alamouti scheme has already
been applied with success to real-valued symbols instead of
complex ones in [31].
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Fig. 1. MIMO 2 x NN system using Alamouti space-time coding per subcarrier

B. Received Alamouti FBMC-OQAM signals

Assuming a reception with N antennas, and denoting by
h;(¢) (i = 1, 2) the impulse response vector of the propagation
channel between the transmit antenna ¢ and the reception array,
the observation vector at time ¢ at the output of the receive
antennas is given by

x(t) =Y si(t) « hy(t) + n(t) %)

i=1

Here, * is the convolution operation, n(t) is the background
noise vector assumed to be zero-mean, Gaussian, circular,
stationary, spatially and temporally white.

C. Observation model after low-pass filtering

Considering that [y is the subcarrier of interest for the
processing we consider, the vector x(t) is first frequency
shifted by e 7™0t/T to put the subcarrier [, at baseband.
Then an arbitrary low-pass filter, p(¢), is applied to the shifted
observation vector to isolate the baseband contribution of
the subcarrier ly and to remove both the noise outside its
bandwidth and the subcarriers which do not overlap with [g.
The bandwidth B of the filter p(t) must be that of a subcarrier,
ie. B = 2/Ts = 1/T. An example of filter p(¢) may be
v*(—t), the matched filter associated with v(t), but this is not
mandatory. Under these assumptions, we deduce from (5) that
the observation vector after frequency shifting and low-pass
filtering takes the form

x,(t) 2 p(t) + |77 F ()]



III. MAXIMUM LIKELIHOOD RECEIVER

A. Presentation of the ML approach

The receiver which is proposed in this paper consists first in
jointly demodulating, from a ML approach, the subcarrier of
interest, [y, and the subcarriers which overlap with the latter
after the low-pass filtering operation. Then, the idea is to retain
only the demodulated symbols belonging to the subcarrier of
interest, [y, and to discard the others. The operation of joint
demodulation of the overlapped subcarriers aims at mitigating
the ICI for the subcarrier [y instead of considering ICI as
an additional noise for [y. The subcarriers corresponding to
the ICI for the subcarrier [, are then discarded since they
will be much better demodulated when they will correspond
themselves to the subcarrier of interest.

In order to take easily into account the potential temporal
coloration property of n,(t) and to remove the potential
influence of the sampling rate, we adopt a continuous time
ML approach to develop the proposed receiver. In this context,
under the assumptions of section II-B, we deduce from (6)
that the ML joint detection of the symbols belonging to the
subcarrier of interest ly and to the 2M subcarriers which
overlap with the latter, consists in generating the symbol set
b = {bixlo— M <1<ly+ M,k € Z} which minimizes
the following criterion [32], [33]'

C(b) :/ [Xp(f)_zsphyi(f)] np |: Zsphz :|
B i=1

@)

where (.) means transpose and conjugate whereas R, ,,(f)
is the power spectral density matrix of n,(¢), defined by

R,.,(f) = No p(f)]° 1 )

where Ny is the power spectral density of n(¢) and I is
the identity matrix. We assume in the following that the
propagation channels are known and approximately flat over
the bandwidth B. This holds in practice as long as the delay
spread of the channels remains much lower than 7', which is
always true beyond a sufficient number of subcarriers. Under
this assumption, we deduce from (6) that s, ;(f) can be

written as
synl) = p0)5s (14 5 s = (s (£ + 53 s )

where h; = h;(f + 1o/2T) = h;(lp/2T) and sg.i(f +
1o/2T) £ s;(f+10/2T)Rp(f), (i = 1,2), such that Rp(f) =
1for—B/2 < f < B/2and Rp(f) = 0 otherwise. Moreover,
we assume that M = 1, i.e. that only the two adjacent
subcarriers, o — 1 and [y + 1, overlap with the subcarrier
lp. Note that this assumption is in particular true for the
PHYDYAS prototype filter [34] which is chosen for this paper.
Besides, to simplify the notations, we denote by by, j, the real-
valued symbol b,y (=1 < m < 1) and we consider that

' All Fourier transforms of vectors x and matrices X use the same notation
where ¢ is simply replaced by f.

am.k = j¥bpm. k. Under these assumptions, we deduce from (3)
and (4) that
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Using (8) and (9) into (7), we obtain an alternative expression
of (7) given by

2 lo 2
C(b) = ;sm (f+ QT)hZ df (12)
where xp(f) 2 Rp(f)x(f + lo/2T). Criterion (12) shows
that the joint ML receiver depends on the prototype filter v(t)
but does not depend on the form of the low-pass filter p(t),
provided that p(f) # 0 for —B/2 < f < B/2. Inserting
(10) and (11) into (12), we obtain, after straightforward
manipulations
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1

D3

m=—1k
x Jlo+m(_1)k{jbm72k—1 [ejQWTf(_1)7TL+1h1 + h2]
2

+ bz [27T (<1)"hy — ] | df (13)

B. Alternative expression of C(b)

To express the criterion C(b) as a function of discrete-time
signals only, we must introduce a set of quantities defined
hereafter. We introduce the following quantities: v,,(t) =
V()T X py () 2 eI TX (1) % Rp(t) * v%,(—t),
T (t) 2 v (=t) % vy (t) and TR (t) = vE(—t) * Rp(t) *
v (t), for (=1 < m;n < 1), where we recall that Rp(t)
is the inverse Fourier transform of Rp(f). The quantities
XRo,m(t) and T ., . (t) are the inverse Fourier Transform of

their Fourier Transform and we then obtain

XRo,m(t) = /ej%fth(f)v*( - %)df

TR,m,n(t) :/ej%ft (f) ( - 7) (f - 7)df (15)

Note that the samples 7, (kT) for (=1 <m <1, -4 < k < 4)
define the joint ISI/ICT table of the PHYDYAS prototype filter,
corresponding to Table 1. These samples are zero for |k| > 4.
The samples rg (kT define another ISI/ICT table related
to Table I by the following relations: 7z, 0(kT) = 7 (kT)
and rron(kT) = (=1)k"r_,(kT) for (=1 < m,n < 1),
TR717_1(]<5T) = TR7_171(]€T) = 0, TR,171(]€T) = (—1)k11(k‘T)

(14)



. Symbol k 4 -3 -2 -1 0 1 2 3 4
Carrier m
—1 0.0054 | j0.0429 | -0.1250 | -j0.2058 | 0.2393 | j0.2058 | -0.1250 | -j0.0420 | 0.0054
0 0 -0.0668 0 0.5644 I 0.5644 0 -0.0668 0
I 0.0054 | -j0.0420 | -0.1250 | j0.2058 | 0.2393 | -j0.2058 | -0.1250 | j0.0429 | 0.0054
TABLE I

ISI/ICI TABLE OF THE PHYDYAS PROTOTYPE FILTER (7, (KT'))

and rp_1_1(ET) = (-
I_1(kT) are defined by

DRI

/ ST () df (16)

1(kT) /

It is easy to verify that R[I1 (kT')] = R[I_1(kT)] = ro(kT)/2
while S[I1(kT)] = —S[I_1(kT)] has an infinite support
whose first values are illustrated at Fig. 2.
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Fig. 2. S[I1(kT)] as a function of k
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We define the (3 x 1) and (6 x 1) vectors by, and by

by bk £ [b,Lk,boJ@,bLk]T and l~)k = [bgk_l,bgk,]T and
the (3N x 1) and (6N x 1) vectors Xpo(KT) and X(kT)

by iRU(kT) 2 [ng —1(kT) XR'U O(kT) X%v,l(kT)]T and
x(kT) & [xE, ((2k — 1) ), X5, (2KT)]T. We also define the
(6 x 6N) channel matrix H by

H12>

Hjy

s (Hu

H= (H21
where the (3 x 3N) matrices H;; (1 < ,j < 2) are defined b
Hy £ AuK{, Hip 2 A KY, Hy £ —jA1Kf, Hy
—jA; K, where the (3 x 3) matrix Aq; is defined by Aq;
Diag(1, j, —1) whereas the (3 x 3N) matrix K7 (1 <i <2)
is defined by

(18)

«<

> >

KT hf! (19)
h#

(2

1(kT) where I1(kT) and Finally, we define the (6 x 6) matrix F'(k) by

Fii(k) Fia(k)
F(e) 2 (fn 12(

(k) (Fm k)  Faa(k)
where Fj;(k) (1 < 4,5 < 2) are (3 x 3) matrices whose
coefficients F;;(k)[2 + m,2 + n| for (-1 g m,n < 1) are
such that

Fi(k)[24+m, 2+4n] 257~ m{[(—l)m+nh{1h1 +h§{h2]

(20)

X ’I“R,n’m(2kT) + (—1

T (—1) R By (2K + 1>T>}

)" hihorg o (26 — 1)T)

21

Fro(k)[2+m, 2+n] 2 jn~ m+1{[(—1)m+”+1h{fh2—h§hl]
X T‘R7n7,,L(2kT) + (—

+ (=1)"h horp o (2 + l)T)}

D™ hyrg o ((2k — 1)T)

(22)

Fau (k)[24+m, 24n) éj""”“{ (=17 0y — h'hy

X T Rnm (2KT) 4+ (=1)"h3 hor g p (26 — 1)T)

)
+ (=1)"bf hyrg m ((2k + 1)T)} (23)

Fao(k)[24+m, 2+n] éj"_m{ {(—1)m+"h§h2 + hfhd
X TR nm(2KT) + (=)™ hihyrg 0 (26 — 1)T)
+ (=1)"" " hyrp o (2k + 1)T)} (24)

Using these notations and inserting (14) and (15) into (13),
we obtain an alternative expression of C(b), given by

C(b) { —22 ka%[ —ZOHx(kT)}

+ZZ )bi}

Using (20) and the definition of bk, (25) can also be written
as

C(b) :NO{ - 22 kaére[ —lOHx(kT)]

+ ZZ
+ bszm(k —i)by; + by, [Fia(k — i)
+ g (- R)ba}}

kﬂ{ bl Fi1(k —i)bo;_1

(26)
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Fig. 4. Alternative structure of the ML receiver for [g

Using (16), (17), Table I and (21) to (24), it is possible to verify
that the (3 x 3) coupling matrix, K2[k] £ Fi2(k)+ F (—k),
between the symbol vectors at odd and even sample times is
not zero. More precisely, it can be verified that Ky5(k) has
only two non-zero elements corresponding to K12(k)[1,1] and
K12(k)[3, 3], which are associated with the couples (m,n) =
(=1,-1) and (m,n) = (1,1) respectively. We deduce from
this result that the two sets of symbol vectors {baj;_1} and
{bo} cannot be demodulated separately but have to be jointly
demodulated. The problem is then to find the set of symbol
vectors, by, which minimizes (25).

C. Interpretation

The vector xX(kT') appearing in (25) contains the samples,
at odd and even sample times, (2k — 1)T and 2kT, of the
vectors va’m(t) for (—1 < m < 1). Moreover, expression
(14) shows that Xpy m,(kT) is the sample, at time k7T, of
the output of the matched filter, v}, (—t), whose input is
xp(t) & Rp(t) * (e79™0t/Tx(t)). The structure of the ML
receiver for the subcarrier of interest [y is depicted at Fig.
3. It is composed of a frequency shifting operation which
puts the subcarrier [y at baseband, a low-pass filtering by
the ideal filter Rp(¢), which keeps the subcarrier /y, removes
the subcarriers which do not overlap with [, and keeps a
temporally white noise inside its bandwidth, a set of three
filters, v}, (—t) (=1 < m < 1), adapted to the pulse shaping
filter of each of the three subcarriers we jointly demodulate,
a sampling operation at the symbol rate 7', a coupling of
the samples of the matched filters outputs at odd and even
time samples, a matched filtering operation to the propagation
channels, a derotation operation of the subcarrier [y, a real
part capture, a decision box implementing the vector Viterbi
algorithm and a box which keeps only the decided symbols of
the subcarrier of interest. Using the fact that Rp (t) xvg(—t) =
Rp(t) x v*(—t) = v*(—t), an equivalent structure of the ML

receiver is presented at Figure 4, where the filter Rp(t) has
been removed from the branch associated with the subcarrier
m = 0.

D. Implementation issues and perspectives

Once the propagation channels vectors, h; (i = 1,2), have
been estimated, the first difficulty which is encountered to
implement the previous ML receiver is related to the fact that
Rp(t) is a non-causal infinite impulse response, impossible
to implement. The second difficulty, which is related to the
first one, concerns the size of the ISI before decision, which
controls the complexity of the vector Viterbi algorithm and
which is infinite, as shown by Fig. 2, due to the presence of
the ideal low-pass filter Rp(t).

In practice, the first difficulty may be solved by replacing
in Fig. 3 or Fig. 4, the filter Rp(t) by an arbitrary low-pass
filter p(t), having a bandwidth B, and whose time support is
as small as possible to minimize the size of the ISI before
decision. One solution may be to choose p(t) = v*(—t), the
filter matched to the PHYDYAS prototype filter. Once this
choice has been done, the structures of Fig. 3 or Fig. 4 may
be modified accordingly, by replacing in all parts of these
structures, the parameters which are built from the filter Rp(¢)
by parameters built from p(t). Note that while the structures
of Fig. 3 and Fig. 4 are equivalent for p(t) = Rp(t), they
lose their equivalence for p(t) # Rp(t). Another approach,
alternative to the two previous ones, is to implement, after the
low-pass filtering operation by p(t), the joint ML receiver of
the three subcarriers m = —1,0,1 under a false assumption
of temporally white noise. This is equivalent to consider the
optimization criterion (7), assuming that R,, ,(f) = NoI. This
approach is justified by the fact that the presence of the filter
Rp(t) in the ML structure is directly linked to the noise
whitening operation contained in the ML criterion (7). For
each of the three sub-optimal receivers previously described,



the size of the ISI may be strongly reduced with respect to the
one of the ML receiver. Despite this fact, one may still decide
to constraint the ISI size used in the Viterbi algorithm, or
equivalently the number of states, to have a given size. This
will solve the second difficulty and a compromise between
performance and complexity must be found. Another option
to solve the second difficulty is based on the fact that only two
elements of matrix K5[k] are non-zero. This option consists
in forcing the decoupling of the metric and to implement two
separate receivers for the demodulation of the symbol vectors
associated with the odd and even samples time. All these
options may be mixed to find the best compromise between
performance and complexity. This comparative study of the
three sub-optimal receivers jointly with the optimization of
the compromise between performance and complexity are out
of the scope of this paper and will be analyzed elsewhere.

IV. CONCLUSION

In this paper, a new Alamouti receiver has been presented
to demodulate the OQAM symbols of a FBMC waveform.
For each subcarrier, this receiver is based on the ML de-
modulation of the subcarrier of interest jointly with its two
adjacent subcarriers, assuming that the latter are the only
ones which overlap. The ML metric has been computed and
the structure of the ML receiver has been described. The
difficulties to implement this receiver have been pointed out
and alternative sub-optimal solutions have been described. The
performance analysis of these sub-optimal receivers jointly
with the optimization of the compromise between performance
and complexity will be analyzed elsewhere.
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