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Executive Summary
The goals of the WONG5 project are to study and propose the most appropriate waveforms
that are adapted to critical machine type communications. The derived waveforms will be used
for the definition of a new physical layer adapted to this context. Deliverable D4.1 describes
the state of art and preliminary MIMO schemes adapted to the waveforms which have been
selected in WP2 and presented in D2.1.
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1. Introduction
1.1 Context

The objective of the WONG5 project is to study and propose the most appropriate post OFDM
waveform (WF) for critical machine type communications C-MTC.

Requirements for C-MTC systems have been described in deliverable D1.1 and can be
summarized as follows: low latencies, very high reliability and data integrity, high energy
efficiency for mobile systems and resistance to asynchronous users (time and frequency).

Based on these requirements, a comparative analysis of available post-OFDM WF has been
done in the deliverable D2.1. The output of the comparison corresponds to a restricted set of
possible candidates WFs for C-MTC. These WFs will be further studied in WONG5 project.

In task 2.2, studies will be conducted in order to enhance their properties related to C-
MTC context. In task 3, energy efficiency improvement will be studied together with their
adaptation to analog RF components. During task 4, adaptation of candidate WFs to MIMO
systems will be developed.

1.2 Objectives

The objectives of this deliverable D4.1, the first deliverable related to WP4 entitled "Benefits
of MIMO technics to decrease latency", is to take into account the selected waveforms for
MTC presented in D2.1 (critical and comparative performance analysis of filtered multi-carrier
waveforms), and to present the state of art and preliminary MIMO schemes adapted to these
selected waveforms. The selected waveforms belong to three families of waveforms:

• The waveforms which are orthogonal in the complex domain : WOLA-OFDM, F-OFDM,
FFT-FBMC, BF-OFDM, UFMC

• The waveforms which are orthogonal in the real domain : FBMC-OQAM

• The non-orthogonal waveforms : FBMC-QAM

For latency reasons, the considered MIMO schemes are open-loop schemes, which do not
take into account any Channel State Information at Transmission (CSIT). These schemes
implement either Spatio-Temporal Coding or Spatial Multiplexing at transmission.

1.3 Organization of the report

The selected waveforms are recalled in Section 2. Section 3 presents the MIMO technology
jointly with the selected MIMO schemes. Section 4 presents a critical analysis of the state of
art related to the coupling of MIMO schemes with the selected filtered multi-carrier waveforms.
Section 5 proposes and analyses several preliminary MIMO solutions for the selected waveforms.
Finally section 6 concludes this report.
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2. Selected waveforms for Machine Type Communications
2.1 WF with complex orthogonality

2.1.1 CP-based: OFDM, WOLA, BF-OFDM and FFT-FBMC

2.1.1.1 CP-OFDM

CP-OFDM is the most well documented multicarrier waveform. It is widely used in several
wireless standards (e.g. IEEE 802.11. a/g/n and 3GPP-LTE). It consists of splitting up of a
stream of complex symbols at high-rate into several lower-rate streams transmitted on a set of
orthogonal subcarriers which are implemented using the inverse fast Fourier transform (IFFT).
The OFDM receiver can be implemented using the fast Fourier transform (FFT). In order to
keep the orthogonality between subcarriers, a cyclic prefix (CP) is usually inserted transforming
thus the linear channel convolution into circular convolution if the CP is longer than the channel
impulse response. Therefore, after the FFT operation, the channel equalization becomes trivial
through a single coefficient per subcarrier.

2.1.1.2 WOLA-OFDM

The weighted overlap and add (WOLA) could be applied to CP-OFDM to obtain WOLA-
OFDM. WOLA was initially introduced in [Qua] by Qualcomm Incorporated and has been
studied in [ZMSR16] with OFDM in asynchronous 5G scenario.

In the WOLA transmitter process, a time domain windowing operation is performed pro-
ducing thus soft edges at the beginning and the end of original transmitted block. These soft
edges are added to the cyclic extension of the OFDM symbol of length Ns = N . Indeed,
the smooth transition between the last sample of a given symbol and the first sample of the
next symbol is provided with point-to-point multiplication of the windowing function and the
symbol with cyclic prefix and cyclic suffix. The samples corresponding to CP (of size CP )
from the last part of a given symbol are copied and appended to its beginning. Besides, the
first WTx samples of the symbol are added to the end, corresponding to the cyclic suffix.
Thus, the WOLA-OFDM time domain symbols are cyclically extended from Ns samples to
Ns + CP +WTx.

After the cyclic extensions insertion, a window of length L = Ns + CP + WTx samples
is applied. In fact, many windowing functions have been studied and compared [BT07]. In
addition to the transmit windowing, which is used to improve the spectral confinement of the
transmitted signal, the WOLA processing is also applied at the receiver side in order to enhance
asynchronous inter-user interference suppression. Note that the applied receive window is
independent of the transmit one and its length is equal to Ns + 2WRx. This windowing is
followed by Overlap and Add processing which minimizes the effects of windowing on the useful
data.It is worth emphasizing that the first window part [0, 2WRx] applied at the receiver must
be symmetrical w.r.t the point (WRx,

1
2), in order to correctly recover the weighted samples.

2.1.1.3 f-OFDM

Filtered-OFDM (f-OFDM) has been recently proposed as a 5G candidate at the 3GPP RAN1
workgroup [AJM15, HiS16]. This scheme is based on traditional CP-OFDM and follows a
pragmatic approach to overcome problems raised by the use of asynchronous communications
for which traditional CP-OFDM is known to provide poor performance:
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• At the transmission, the poor out-of-band radiation of traditional CP-OFDM is improved
using a filter at the output of a CP-OFDM transmitter,

• At the reception, the interferences coming from time and frequency asynchronous ad-
jacent users are lowered thanks to the filtering (signal of interest is supposed to be
centered at 0 Hz) at the input of a CP-OFDM receiver.

The advantage of f-OFDM is to keep traditional CP-OFDM as its core waveform at both
transmission and reception. All existing and already developed OFDM-based designs are ap-
plicable to f-OFDM such as MIMO, channel estimation/equalization, pilot, synchronization,
PAPR reduction (DFT precoding or any others approaches). In addition, an important ad-
vantage of f-OFDM is to enable the co-existence of different time-frequency granularities (i.e.
numerologies), such as different subcarrier spacings, cyclic prefix sizes, burst lengths, . . .

The filtering process required by the f-OFDM scheme introduces some drawbacks such as
complexity, potential inter block interference and an increase of the burst length and conse-
quently an increase of the latency.

2.1.1.4 FFT-FBMC

In order to overcome the FBMC intrinsic interference issue, FFT-FBMC scheme, together with
a special data transmission strategy has been proposed in [ZR12,ZLR10a]. This scheme pro-
ceeds by precoding the data in a subcarrier-wise manner using an IFFT. Thus, the interference
coming from the same subcarrier is removed by a simple equalization thanks to the subcarrier-
wise IFFT/FFT precoding/decoding and cyclic prefix (CP) insertion. Whereas the interference
coming from the adjacent subcarriers can be avoided by a special data transmission strategy
and a good frequency-localized prototype filter.

In FFT-FBMC proposal, blocks of N/2 data complex symbols in each subcarrier k go
through a N -IFFT operation. The N/2 data symbols are alternately fed to the first and last
N/2 bins of the N -IFFT. When the subcarrier index k is odd (resp. even), the symbols are
fed to the first (resp. last) N/2 bins. After that, the N -IFFT outputs are extended with a
cyclic prefix (CP) of size L, and fed to the FBMC modulator in a given subcarrier k. Fig. 2-1
depicts the scheme of the FFT-FBMC proposed in [ZLR10a]. Let us denote by dk,p[l] the l-th
complex data symbol in the p-th block to be transmitted in the k-th subcarrier. According
to the FFT-FBMC scheme developed in [ZR12], the symbols ak,n at the input of the FBMC
modulator can be written as:

ak[n] = ejπn(k+1)
√
N

N
2 −1∑

l=0
dk,p[l]ej

2πnl
N (2.1)

where p is the block index given by p =
⌈

n
N+L

⌉
+ 1. It is worth noticing that the first

exponential term in the equation above is related to the alternating rule mentioned in the
beginning of this section.

At the output of the FBMC demodulator, the serial symbols zq[n] in each subcarrier q are
reshaped into blocks of size N + L to only keep N symbols in each block. This operation is
referred to as "S/P + CP removal" in Fig. 2-2. After that, N symbols of each block p′ are
fed to a N -FFT whose only N/2 output symbols are kept for detection. Again, the first N/2
output symbols are kept when the subcarrier index q is odd, and the last N/2 symbols are
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Figure 2-1: FFT-FBMC transmitter scheme
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Figure 2-2: FFT-FBMC receiver scheme

kept when q is even. Fig. 2-2 depicts the overall scheme of FFT-FBMC receiver. Therefore,
the FFT-FBMC demodulated symbols (just before Equalization block) can be expressed as:

xq,p′ [l′] = 1√
N

∑

n∈Bp′
e−jπn(q+1)zq[n]e−j 2πnl′

N for l′ ∈
{

0, ..., N2 − 1
}

(2.2)

where Bp′ =
{

(p′ − 1)(N + L) + L/2, ..., p′(N + L) − L/2 − 1
}
. We note again that the

first exponential term in the equation above is related to the alternating rule concerning the
N/2 kept symbols for detection in each subcarrier q.

xq,p′ [l′] = H̃q[l′]dq,p′ [l′] + w̃q,p′ [l′] (2.3)

where w̃q,p′ [l′] is the noise term, and H̃q[l′] is the equivalent channel coefficient given by [ZR16]

H̃q[l′] = H
[
l′ + q

N

2

]
× F [l′] for l′ ∈

{
−N4 , ...,

N

4 − 1
}

(2.4)
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Figure 2-3: Illustration of the complex orthogonality in FFT-FBMC.

with H[µ] = ∑
τ h[τ ]e−j 4π

MN
µτ denotes the discrete frequency response of the channel h[τ ] at

tones 2µ
MN

, and where F [l] is the discrete Fourier transform (DFT) of the downsampled by
M/2 of the prototype filter autocorrelation.

Therefore, one can observe that according to (2.3) the complex orthogonality is restored
in FFT-FBMC. The intercarrier interference is avoided thanks to the N/2 zeros inserted in the
N -IFFT in each subband. For the sake of clarity and illustration, Fig 2-3 depicts in a qualitative
manner the spectrum of two active adjacent subcarriers in FBMC and FFT-FBMC. The first
plot shows that ICI in FBMC is generated due to the overlapping of both filter frequency
responses. Whereas, we show for FFT-FBMC in the second plot that each subband is devided
into N smaller subbands where only the N/2 middle ones are active. This corresponds to
the N/2 nonzero symbols at the input of the N -IFFT in each subcarrier. That is, the N/2
zeros inserted in each N -IFFT serve to isolate the adjacent subbands. It is worth noticing
that normally, in Fig. 2-1, the N/2 zeros should be in the middle of each N -IFFT. However,
since the "FBMC modulator" introduces a phase rotation of Φk[n] = ej

π
2 (k+n)−jπkn [ZR12],

the zero positions are changed accordingly.

2.1.1.5 BF-OFDM

Block-Filtered OFDM (BF-OFDM) is a precoded filter-bank multi-carrier modulation [DGD+17]
[GDDK17]. The precoding scheme is performed by means of Inverse Fourier Transforms (IFTs)
and Cyclic Prefix (CP) insertion, hence the name of the modulation scheme. The idea of such
precoding was first proposed in [ZR12] and is detailed in previous sub section. It aims at highly
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attenuating the filter-bank inherent interferences but leads to a complex receiver structure com-
posed of a synthesis filter bank concatenated with CP-OFDM demodulators. BF-OFDM can
be seen as an improved version of FFT-FBMC. The key idea is to prepend a pre-distortion
stage to the transmitter chain in order to rely on a low-complex CP-OFDM like receiver.

The transmitter and receiver schemes are respectively depicted in figures 2-4 and 2-5.
The transmitter is thus composed of a precoding stage followed by a filter bank. Regarding
the precoding, the pre-distortion stage compensates the distortion induced by filter bank (in
both amplitude and phase) in order to flatten the received signal spectrum inside the carrier
bandwidth at the receiver side. Then, the framing maps the N/2 active subcarriers for each
carrier. The subcarrier allocation depends on the carrier index (its parity) and ensures the
perfect complex orthogonality at the carrier level [DGD+17]. Finally, there are the CP-OFDM
modulators. Indeed, a CP insertion is required in order to preserve the circularity of the
signal, so as in legacy CP-OFDM. The filtering is operated by means of a M-point IFFTs
and a PolyPhase-Network (PPN). As the symbols are spread in time because of the PPN
(with an overlapping factor equal to K), an overlapping stage is considered at the end of the
transmission chain in order to improve the Spectral Efficiency (SE). However the overlapping
generates Inter-Symbol Interferences (ISI) as neighbour symbols in time are captured with the
useful one. To come up with it, the CP length must be greater or equal than 2K−1 [DGD+17].
This condition on the CP length leads to a significant loss of SE therefore in practice shorter
CP are used at the expense of a Signal-to-Interference Ratio (SIR) penalty. The common
choice is to set the CP length so that the SE is equivalent to the legacy CP-OFDM.

The receiver is simply composed of a MN
2 -point FFT and is therefore highly similar to the

receiver used in conventional OFDM. No filtering stage are required thanks to the predistortion
stage that is added at the transmitter side.

BF-OFDM is said to be complex-orthogonal but rigorously it is not. Indeed even if a
perfect orthogonality is satisfied at the carrier level by the framing, inter-carrier interferences
are generated by the filter bank. However, the rejection of those interferences are controlled
by both the filter shape and the CP and provides SIR of about 60 dB. Such a SIR level does
not disturb the transmission over the other carriers and that is why the modulation scheme is
said to be complex orthogonal.

2.1.2 ZP-based: UFMC (UF-OFDM)

Universal Filtered MultiCarrier (UFMC) has recently been proposed by Alcatel-Lucent Bell
Laboratories [VWS+13], and it is also referred to UF-OFDM in the literature [WSC14]. UFMC

WONG5 Deliverable D4.1 11/61
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is a combination of ZP-OFDM (traditional CP-OFDM where the CP is replaced by a Zero
Padding (ZP)) and filtered-OFDM: each OFDM symbol at the output of the IDFT is filtered
and the ZP is used to absorb the filter transient response. In the absence of a multipath
channel, UFMC holds the orthogonality of the subcarriers. Nevertheless, the orthogonality is no
longer sustained as the time spreading of the channel increases and only soft protection against
multipath effects is possible at the receiver. At the reception, the multiuser interferences
coming from time and frequency asynchronism are first reduced by applying a window on
the received UFMC block symbols [SW14]. This windowing is similar to the one used for
WOLA-OFDM. It has to be noted that this processing destroys the subcarrier orthogonality
even if the channel is perfect. Finally a FFT of size two times greater than the IFFT used
at the transmission is applied to the received UFMC block symbols and only even subcarrier
indexes are kept. It is important to note that the complexity of the receiver can be reduced
by collecting additional samples corresponding to the length of the ZP and using an overlap-
and-add method to obtain the circular convolution property [MWG+02]. In this case, the
required FFT size is identical to the size of the IFFT used at the transmission. All existing
and already developed OFDM-based designs are applicable to UFMC such as MIMO, channel
estimation/equalization, pilot, synchronization, PAPR reduction (DFT precoding or any others
approaches).

The filter is predefined and set to reduce the out of band radiation of a single resource
block composed of 12 subcarriers. Any bandpass filter that covers the subcarriers of the user
of interest may be used. The Dolph-Chebyshev filter has been initially proposed [VWS+13]
because it provides a good trade-off between filter length and out of band reduction. However
other choices are also possible [WWS15,WWSdS14], for instance methods to design filters
that provide improved robustness to carrier frequency offset (CFO) and timing offset (TO)
also have been reported.

2.2 WF with real orthogonality: FBMC-OQAM

Despite the large success of CP-OFDM as the multicarrier benchmark, it has to deal with the
many requirements envisaged in future generation physical layer. Indeed, the capability of using
non-contiguous spectrum with a relaxed synchronization are the main challenges of the desired
future waveform that OFDM cannot fulfill. In fact, the poor localized frequency response of
rectangular transmit filter of CP-OFDM induces high level of Out-Of-Band (OOB) radiation.
Besides, the rectangular receive filter also brings an important amount of interference from
other asynchronous users [FBM16]. In order to overcome the main OFDM shortcomings,
Filter-Bank based MultiCarrier (FBMC) systems have been proposed as an alternative to

WONG5 Deliverable D4.1 12/61
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OFDM offering better frequency localization and flexible access to the available resources.
The key-idea of FBMC is to use well-frequency localized prototype filters (like PHYDYAS

[VIS+09] and IOTA [LFAB95]), instead of the OFDM rectangular one, providing thus better
adjacent channel leakage performance compared to OFDM. In order to ensure orthogonality
between adjacent symbols and adjacent subcarriers, while keeping maximum spectral efficiency,
Nyquist constraints on the prototype filter combined with Offset Quadrature Amplitude Mod-
ulation (OQAM) are used. In OQAM, the in-phase and the quadrature components of a given
QAM symbol are time staggered by half a symbol period, N/2 (i.e. T/2). The duration of
the prototype filters is usually a multiple of the FFT size (L = KN), where K is called the
overlapping factor.

Using OQAM modulation, the real-valued input symbols are phase-shifted by multiples
of π/2 along both time and frequency axis. The pre-processed data is then filtered in the
frequency domain (i.e. Frequency spread filtering). Actually, since FBMC prototype filters
are usually designed by applying the frequency sampling technique, the number of non-zero
samples in the frequency response is given by P = 2K − 1 i.e. the number of multicarrier
symbols which overlap in the time domain [Bel12c].

2.3 WF without orthogonality: FBMC-QAM

As previously discussed, filter-bank based waveforms use a per-subcarrier filtering, reducing
thus out-of-band emission and providing more flexibility to meet the future physical layer
requirements. As emphasized earlier, such enhancements are at the price of orthogonality
condition that only holds in the real domain and is no longer valid in the presence of practical
channels. Indeed, the self-interference inherent to OQAM-based schemes can be as strong
as the useful signal power [BLRR+10], [ZLRM12]. This is a major problem when considering
spatial multiplexing with maximum likelihood detection [ZR14]. In fact, the proposed iterative
interference cancellation schemes are limited by error propagation induced by the residual
interference signal. In order to overcome this problem, it has been demonstrated, in [AS97]
and [VBRB06], that the interference power must be small and should be kept under a certain
threshold, in order to counteract the error propagation phenomenon and consequently make
more efficient the interference cancellation scheme. In order to achieve this objective and
reduce the interference level, the authors in [ZLRM12] were the first to propose the utilization
of QAM modulation, instead of OQAM one, in FBMC systems. Actually, a significant part of
self-interference is avoided by only transmitting QAM symbols every signalling period nT, n ∈
Z. In other words, the interference induced by OQAM symbols transmitted in (2n+1)T2 , n ∈ Z
is no longer considered [ZR14]. Such a combination is called FBMC-QAM systems. In order to
improve the performance of FBMC-QAM symbols, new prototype filters have been designed,
optimizing simultaneously spectrum localization, self-interference level, and overall spectral
efficiency [YKK+15].
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3. MIMO Technologies
3.1 Overview

3.1.1 Presentation and interests

A multi-input multi-output (MIMO) system [PGNB04] is a system which uses several antennas
at both transmission and reception, contrary to a single-input single-output system which uses
only one antenna at both sides.

For ideal propagation channel, i.e. for line of sight (LOS) radiocommunications, a MIMO
system allows us to focus the transmitted energy in the receiver direction by steering a beam in
the latter. In a same manner a beam may also be steered at reception in the transmitter direc-
tion. In this case, the MIMO system is a set of two beamformers, generating an improvement
of the budget link for a given transmitted power.

For multi-paths propagation channels, a MIMO system allows us to extract the spatial
diversity present at both transmission and reception in order:

• to improve the budget link

• to spatially multiplex several statistically independent data streams at the same time on
the same bandwidth.

The improvement of the budget link allows to increase the reliability, the range or the date
rate of the communication by choosing higher order constellations. The spatial multiplexing
allows to increase the data rate without any change in the constellation.

3.1.2 MIMO schemes

Two families of MIMO schemes at transmission, corresponding to closed-loop and open-loop
schemes respectively may be implemented.

Closed-loop schemes correspond to schemes using channel state information (CSI) at trans-
mission. In Frequency Division Duplexing (FDD) systems, this CSI is estimated by the receiver
and sent to the transmitter through a feedback link. This requires slow variations of the chan-
nel and generates some additional "latency" in the processing. For this reason, these schemes
are not selected for MTC links.

Open-loop schemes do not use any CSI at transmission. Open-loop schemes which improve
the budget link at reception do not implement spatial multiplexing but use spatio-temporal
coding (STC) at transmission [TSC98]. The most famous STC, optimized for Nt = 2 trans-
mit antennas, is the Alamouti STC [Ala98b]. Among open-loop schemes which use spatial
multiplexing we may cite the V-BLAST scheme [Fos96] or STC with spatial multiplexing such
as the Golden code [BRV05]. The open-loop schemes are the ones which are considered in
this project for MTC links.

3.2 Coupling of MIMO technology with MC waveforms

3.2.1 MIMO for OFDM waveforms

The coupling of the MIMO technology with OFDM waveforms consists in implementing the
MIMO schemes on each sub-carrier of the OFDM waveform. This is a straightforward task
thanks to the orthogonality of the sub-carriers in the complex domain whatever the selectivity
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degree of the propagation channel, provided that the CP size remains greater than or equal
to the delay spread of the channel. Indeed, under this assumption, each sub-carrier sees a flat
fading channel without any inter-symbol interference (ISI) and any inter-carrier interference
(ICI), which allows us to obtain the performance of MIMO links for single carrier waveforms
in flat fading channels. For this reason, the MIMO for CP-OFDM will be the reference for
WONG5.

3.2.2 MIMO for filtered MC waveforms

On the contrary, the coupling of the MIMO technology with filtered MC-waveforms may be
more difficult, depending on the amount of residual ISI and ICI at reception and the scheme
considered. Indeed, Spatial Multiplexing with linear receivers applied to filtered MC waveforms
give the same performance as CP-OFDM. However, when STC is considered the residual ISI
and ICI could break the properties of the coding scheme.

Filtered MC waveforms which are said to be orthogonal in the complex domain (WOLA-
OFDM, UFMC, N-Continuous OFDM, FMT) are in fact orthogonal only for propagation
channels which are not too frequency selective. For such channels and for such MC waveforms,
the use of MIMO technology is straightforward. However, it will be interesting to evaluate
in the project the degree of frequency selectivity over which the performance of the MIMO
schemes for these MC-waveforms degrade.

However, filtered MC waveforms which are not orthogonal in the complex domain (FBMC-
OQAM, Laped-OFDM-OQAM, WCP-COQAM, FBMC-QAM, GFDM) generate both ISI and
ICI at reception. These interference explain the strong performance degradation of most
of the standard MIMO schemes used for CP-OFDM, even for propagation channels which
are relatively weakly frequency selective . For this reason, new MIMO schemes, aiming at
mitigating the effects of ISI and ICI, are required for non orthogonal filtered MC waveforms.
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4. MIMO for filtered waveforms
4.1 WF with complex orthogonality or near complex orthogonality

As aforementioned, this study focuses on open-loop systems. Two schemes will be assessed
for the considered waveforms: Alamouti and V-Blast.

4.1.1 Alamouti

¤ Description
The Alamouti scheme aims at enhancing the reliability of the link by exploiting the channel
diversity. Indeed, transmitting multiple copies of the signal over different channel realizations
improves the probability to properly recover the information. At the receiver side, the different
copies are linearly combined.
For this study, we will consider a 2× 1 system based on the following code :

transmit antennas

time slots
y

−−−−−−−−−−→
1√
2



s1 s2

s∗2 −s∗1




(4.1)

The transmitted signal can therefore be expressed as follows:

s = s0 + s1 + n (4.2)

with n the Additive White Gaussian Noise realization over two time slots (assuming a depen-
dant and identical distribution) and





s0 = 1√
2 [s1H0,T1 s2H0,T2 ] for Antenna 0

s1 = 1√
2 [s∗2H1,T1 − s∗1H1,T2 ] for Antenna 1

(4.3)

By applying a ZF detection, the estimated symbols s̃ can be determined as shown below :

s̃1 =
√

2
(
s(T1)H∗0,T1 +

(
(s(T2)H∗1,T2

)∗)

|H0,T1|2 + |H1,T2|2
(4.4)

s̃2 =
√

2
((
s(T1)H∗1,T1

)∗
+ s(T2)H∗0,T2

)

|H1,T1|2 + |H0,T2|2
(4.5)

¤ Scenario Description
The parameters described in Table 4-1 are considered for performance assessment. OFDM
and UFMC waveforms are compared in the broadband LTE configuration (10MHz).

The tap-delay table of the BRAN-E channel model is reminded in Table 4-2.

¤ Simulation Results
The first simulation aims at assessing the performance gain provided by the Alamouti scheme
over the corresponding single antenna system. The results are depicted in Figure 4-1.
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Table 4-1: Simulation parameters

Simulation parameters

Channel Model Bran-E
Type Rician fadings
Speed 5, 50, 100 km.h−1 @ 5.5GHz

Constellations QPSK, 16-QAM, 64-QAM
Decoding ZF Hard

Channel Estimation 1-tap every symbol periods
Channel Realizations 100

OFDM parameters

FFT size 1024
CP length 72

Number of Resource blocks 50

Number of active subcarriers 50× 12 = 600

Sampling Frequency Fe 15.36 MHz (15kHz subcarrier spacing)
RB bandwidth 180 kHz

UFMC parameters

FFT size, Fe, subcarrier spacing same as OFDM
Filter Dolph-Chebyshev, 73 taps, 40dB rejection

Table 4-2: Bran-E tap-delay

delay [ns] 0 10 20 40 70 100 140 190 240 320 430 560 710 880 1070 1280 1510 1760

Average Power [dB] -4.9 -5.1 -5.2 -0.8 -1.3 -1.9 -0.3 -1.2 -2.1 0 -1.9 -2.8 -5.4 -7.3 -0.6 -13.4 -17.4 -20.9

We can observe that for small constellations (QPSK), the Alamouti scheme provided a
significant SNR gain for all the considered speeds: about 5dB SNR gain for a Raw BER=10−2

for all the speeds. It can be explained by the extra diversity provided by the multiplexing.
Indeed the channels are rather uncorrelated : measured correlation of 0.05 for 5 km.h−1, 0.20
for 50 km.h−1 and 0.14 for 100 km.h−1. However, for larger constellations (64-QAM), the
performance of the Alamouti scheme is degraded and the MIMO scheme proves to be even
worse than the SISO configuration for 100 km.h −1. It can be explained by the partial channel
compensation and the fact that the coherence time of the channel becomes too short for the
Alamouti to perform well. as weel as the hypothesis we did for the receiver.

The second simulation aims at comparing the considered waveforms for the different speeds
and constellations. The simulation results are depicted in Figure 4-2. We can observe that
OFDM and UFMC exhibit the same performance. It is an expected result as they have identical
symbol duration and thus equivalent robustness against Doppler impairments.

In the following, we will provide additional results with the new waveforms proposed in the
context of Wong5 project, namely BF-OFDM and FFT-FBMC.
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Figure 4-1: Performance Gain provided by the Alamouti scheme with respect to the single
antenna configuration
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Figure 4-2: Performance obtained by the considered waveforms with Alamouti scheme
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Figure 4-3: Performance obtained by the considered waveforms with V-BLAST scheme

4.1.2 Spatial-Multiplexing V-Blast

¤ Description
The second multiple antennas scheme which is addressed in this study is the Spatial-Multiplexing
V-BLAST. This scheme aims at improving the throughput by transmitting independent data
stream over the available transmit antennas. To be able to properly recover the information
the number of receive antennas Nr must be higher or equal to the number of transmit antennas
Nt.

The simulation parameters is the same as for the Alamouti section and is given Figure 4-1.

¤ Simulation Results
For the study, a system 2×2 is considered with a Zero-Forcing based detection. The comparison
between the considered waveforms is depicted in Figure 4-3. Like with the Alamouti scheme,
we can observe that OFDM and UFMC exhibit the same performance.

In the following, we will provide additional results with the new waveforms proposed in the
context of Wong5 project, namely BF-OFDM and FFT-FBMC.

4.2 WF with real orthogonality: state of the art

This section revisits the techniques that have been specifically designed for MIMO-FBMC/OQAM
systems. First, the emphasis is put on schemes that achieve spatial multiplexing gains assum-
ing non-high frequency selective channels. Next, it is pursued the development of MIMO
techniques that achieve spatial diversity.
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4.2.1 Spatial multiplexing schemes

In MIMO spatial multiplexing, we consider NT antennas are used to transmit NT data symbols
and NR antennas are used to collect the transmitted signals. The vector of the demodulated
signals over all the receive antennas at a given frequency-time position (q, k), after phase
compensation is expressed in matrix formulation as

rq[k] = Hq


dq[k] +

∑

(m,τ)∈Ωq,k
dm[k − τ ]Γqm[τ ]

︸ ︷︷ ︸
juq [k]


+ w̌q[k], (4.6)

where Hq denote the (NR × NT ) channel matrix, dq[k] the symbol vector, Γqm[τ ] is the
tansmultiplexer response coefficient with τ is the time delay index, and w̌q[k] = θ∗q[k]wq[k].
Equivalently, (4.6) can be compactly expressed as

rq[k] = Hq(dq[k] + juq[k]) + w̌q[k], (4.7)

Linear equalization as ZF and MMSE in FBMC/OQAM context can be performed as
described in [TJH07] where a virtually transmitted vector cq[k] = dq[k] + juq[k] is considered
instead of the effective one. The vector rq[k] represents the input of the equalizer having as
output the equalized virtually transmitted vector c̃q[k]:

c̃q[k] = GH
q rq[k], (4.8)

where Gq ∈ CNR×S is the equalization matrix based on the ZF or MMSE criterion, namely

GMMSE
q = (HqHH

q + σI)−1HH
q (4.9)

GZF
q = (HqHH

q )−1HH
q . (4.10)

Then, the real part retrieval of c̃q[k] yields the real equalized data vector d̃q[k] [TJH07], i.e.

d̃q[k] = R(c̃q[k]) (4.11)
The intrinsic interference in FBMC/OQAM can be seen as a 2D-ISI in the time-frequency

plane since it depends on the transmitted data symbols in the neighborhood around the
considered position (q, k). Therefore, the Maximum Likelihood (ML) detection should per-
form a 2D-Viterbi algorithm. However, due to the huge complexity of the optimal detection
algorithms, it is very difficult to implement them in the context of MIMO-FBMC/OQAM.
Consequently in order to achieve close to the optimal ML detection, different suboptimal so-
lutions have been proposed in the literature. Most of these solutions are based on interference
estimation and cancellation.

4.2.1.1 MMSE-ML and Rec-ML receivers

The first attempt to estimate the intrinsic interference and then perform cancellation has been
proposed in [ZLRB10] where the interference is estimated using a linear MIMO equalizer.
The proposed receiver is called MMSE-ML scheme and is depicted in Fig. 4-4. As we have
seen, the MMSE equalizer provides an estimation of the virtual transmitted symbol vector
cq[k] = dq[k] + juq[k]. Therefore, an evaluation of the interference terms is available by
taking only the imaginary part of c̃q[k]. This estimation is used to cancel the interference
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Figure 4-4: Basic scheme of the MMSE-ML receiver

contribution from the received vector rq[k]. Hence, the obtained vector yq[k] is expressed as
[ZLRB10]:

yq[k] = rq[k]− jHqũq[k]
= Hq(dq[k] + jεq[k]) + w̌q[k], (4.12)

where ũq[k] is the estimated interference vector given by ũq[k] = Im{c̃q[k]}, and εq[k] =
uq[k]− ũq[k] is the interference estimation error.

Assuming perfect interference estimation, that is εq[k] ≈ 0, we consider that the vector
yq[k] at the output of the interference canceller is free of interference. Thus, ignoring the
presence of εq[k] term, we perform a conventional ML detector. One of the advantages of this
receiver is the fact that it does not introduce any processing delay in the system; the inter-
ference is estimated from the current received vector and is immediately removed. However,
this receiver is based on the assumption that yq[k] is free of interference. But unfortunately,
the error term in equation (4.12) is obviously non-zero (εq[k] 6= 0). Consequently, it is clear
that we cannot reach the optimal bit-error-rate performance as if there is no interference.

In order to improve the performance, the outputs of the MMSE-ML detector can be
exploited and used as tentative decisions to estimate again the interference as shown in Fig.
4-5. This receiver is referred to as Rec-ML (Recursive ML). The advantage of this receiver is
that the tentative decisions are now more reliable.

When the transmitter structure is based on space-time bit interleaved coded modulation,
it is possible to implement an iterative receiver based on the turbo principle. The first stage is
a space-time equalizer, which mitigates the interference and provides soft information to the
second stage, where a classical soft-input soft-output binary decoder is employed [ZLR11a] as
shown in Fig. 4-6.

At the transmitter side, the binary information enters a convolutional encoder to produce
an encoded binary sequence which is bit-interleaved by a random interleaver. Then, the
interleaved bits are mapped by a memoryless modulator into symbols belonging to a PAM
constellation set A with cardinality of 2 q

2 , where q
2 is the bit number in the PAM symbol.

After that, the PAM symbols are demultiplexed onto NT branches (corresponding to NT

antennas). Over each branch the data are sent to the FBMC/OQAM modulator and then
transmitted through the radio channel. At the receiver side, the signal in each receive antenna
branch is demodulated, forming thus demodulated NR-vectors rq[k].
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The soft ML detectors (Soft MLD in Fig. 4-6) provide soft outputs in the form of LLR (Log-
likelihood ratio) values [SLW03,HtB03]. Then, these soft values are multiplexed, deinterleaved,
and decoded to provide decision bits. Thus, the interference estimation is improved since the
information bits are encoded and some errors would be corrected.

4.2.1.2 Partial interference cancellation

While in the previous section, the first MMSE equalizer was used to directly estimate the
overall intrinsic interference, in this section, the receiver is composed of a tentative detector
stage followed by a partial interference estimator as shown in Fig. 4-7.

linear 
estimation

Intrinsic 
interference 
estimation 

Full or partial 
cancellation

detection

[ ]q kr

[ ]ˆ
q kd

Figure 4-7: General receiver structure

In [ZLR11b] the partial interference cancellation (PaIC) with Viterbi detection receiver
has been proposed where the optimum performance is almost reached but the complexity
is significantly reduced. ISI cancellation is effective only under some strict conditions. One
of these conditions is that the ISI must be sufficiently small. Unfortunately, the intrinsic
interference, in FBMC, has the same power as the desired symbol. Hence, a receiver composed
of a tentative detector giving decisions which serve to partially cancel the interference, followed
by a Viterbi detector matching the non-canceled ISI has been proposed.

In this scheme the set Ωq,k is split into subsets Ω′q,k and Ω′′q,k. Equation (4.6) becomes

rq[k] = Hq


dq[k] +

∑

(m,τ)∈Ω′q,0

dm[k − τ ]Γqm[τ ]

+
∑

(m,τ)∈Ω′′q,0

dm[k − τ ]Γqm[τ ]

+ w̌q[k]

= Hq


dq[k] + ju′q[k] + ju′′q [k]


+ w̌q[k] (4.13)

The interferences ju′q[k] and ju′′q [k] are respectively the interferences associated to the
subsets Ω′q,k and Ω′′q,k. The first stage of the receiver producing tentative decisions and an
interference cancellation performed only over the set Ω′′q,k

Assuming that the intrinsic interference resulting from the set Ω′′q,k has been completely
removed, and that consequently interference only comes from the remaining set Ω′q,k, a main
Viterbi detector is then performed. Depending on the set Ω′q,k a 2D-Viterbi detector can be
required. However, designing a 2D-Viterbi is quite challenging and therefore, for simplicity
reasons, it was chosen to limit the size of the set Ω′q,k in order to perform a 1D Viterbi
detection.
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Figure 4-8: BER performance comparison of interference cancellation receiver in 2 × 2 SM
system

In [ZLR16], the authors show that for PHYDYAS filter the set Ω′q,k which achieve a best
tradeoff between complexity and performance is given by:

Ω′q,k = {(q, k − 1); (q, k + 1)} (4.14)

The Remaining ISI power in this case is 0.3638 while the total interference is given by
∑

(q,τ)6=(0,0)
|Γqm[τ ]|2 = 1. (4.15)

After removing the interference and assuming perfect interference estimation, the vector
yq[k] is expressed as

yq[k] = Hq(dq[k − 1]Γqq[−1] + dq[k] + dq[k + 1]Γqq[+1]) + w̌q[k]. (4.16)
The receiver complexity strongly depends on that of the Viterbi detector. When a spatial mul-
tiplexing system with NT transmit antennas is considered, the Viterbi detector has to compute
M i×NT

a branch metrics, where Ma is the number of all possible symbols dq[k] (constellation
size) and i is the number of the taps (i = 3 for the first set). In order to reduce the receiver
complexity, the Viterbi detection algorithm can be replaced by the M-Algorithm [AM84] which
keeps only a fixed number (J) of inner states instead of all the inner states (M (i−1)×NT

a ).
Hence, the M-algorithm has to compute only J ×MNT

a branch metrics.

4.2.1.3 Simulation results

In this section we present the simulation based BER performance of the considered receivers.
We have tested the receivers in a 2× 2 SM system. The number of subcarrier is M = 1024,
and the data symbols are 4-OQAM modulated. Perfect channel state information at the
receiver side is assumed. Fig. 4-8 shows the BER performance of the MMSE, MMSE-ML,
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and PaIC/Viterbi receivers. Those receivers are compared to the OFDM-ML. We remark that
we obtain better BER performance than the MMSE-ML one; we note an SNR gain of about
1 dB with respect to MMSE-ML. But the performance of IC-ML still remains far from the
optimum one. This performance limitation is due to the reliability level of the MMSE equalizer.
Furthermore, the MMSE equalizer achieves exactly the same performance than OFDM-MMSE.
We also show the simulation results for MMSE-ML and Rec-ML receivers using the (171,133)
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Figure 4-9: BER performance of the FBMC receiver using soft interference cancellation in
2× 2 MIMO case and scenario 3

convolutional encoding . In order to improve the interference cancellation, we estimate the
interference by using soft decided symbols. The soft received symbols are determined by
calculating their expectation values from their Log-Likelihood ratios that calculated using
the BCJR algorithm. We test the soft Rec-ML receiver with the same parameters as given
previously. Fig. 4-9 depicts the obtained BER performance of the soft Rec-ML receiver. For
the sake of comparison, the BER performance of the hard Rec-ML receiver is also depicted.
One can observe a performance improvement by using soft interference estimation. However,
there is still a performance gap of about 1 dB at BER = 10−4 between the Genie-Aided and
the soft Rec-ML receiver with 2 iterations. It is worth noting that we do not observe more
performance improvement with more than 2 iterations.

4.2.2 Spatial diversity schemes

The application of space time block codes (STBC) or space time treillis codes (STTC) in
a straightforward manner to the FBMC/OQAM leads to the appearance of an inherent in-
terference which cannot be easily removed [LSL10]. For example, the difficulty to apply the
Alamouti scheme with FBMC can be conceptually explained by the fact that the Alamouti
scheme relies on a complex orthogonality whereas FBMC/OQAM has only a real orthogonality
that cannot lead to the same type of equations [LSL10]. To tackle this drawback, some works
have been carried out on this topic. This section reviews most of these works and summarizes
their important results.
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4.2.2.1 Transmit diversity schemes

Bellanger proposed a single delay STTC for FBMC/OQAM [Bel08] wherein the same sequence
of symbols is transmitted through two transmit antennas (NT = 2) with a delay. This scheme
avoids totally the intrinsic interference related to the prototype filter. However, the proposed
processing of the received signals leads to a sequence of a weighted sum of data symbols in
time domain. Indeed, the received signals after the FBMC demodulation is given by

rq[k] =H2(q) (dq[k − 1] + juq[k − 1])
+H1(q) (dq[k] + juq[k]) + wq[k], (4.17)

whereH1(q) andH2(q) are the channel coefficients at subcarrier q between the receive antenna
and both transmit antennas. Then, the following sequence is formed:

vq[k] = R (H2(q)∗rq[k] +H1(q)rq[k + 1]∗) (4.18)

which yields :

vq[k] =|H2(q)|2dq[k − 1] + 2< (H1(q)H2(q)∗) dq[k]
+ |H1(q)|2dq[k + 1] + <(H2(q)∗wq[k])
+ <(H1(q)wq[k + 1]∗) (4.19)

Thus the data symbols are recovered from the obtained sequence through the maximum
likelihood technique, with the help of the Viterbi algorithm. Furthermore, this scheme is quite
sensitive to the phase and amplitude of the channels. Indeed, it is shown in [Bel08] that
when one of the transmission paths has a much larger magnitude than the other, then the
proposed approach exhibits similar performance as single delay STTC. However, it is fairly
sensitive to the relative phases of the channel coefficients when their magnitudes are similar,
while the single delay STTC scheme is not. The decoding process has been extended to
the case of NT > 2 antennas in [LRZ09]. For NT = 2, an iterative decoding method has
been proposed to cancel the intrinsic interference and the obtained performance can slightly
outperform CP-OFDM.

4.2.2.2 Pseudo Alamouti scheme for CP-FBMC/OQAM

CP-FBMC/OQAM was basically proposed in [LS08] for the SISO case to solve the performance
floor problem when using high order constellations with selective channels. CP introduction
in this context aims to avoid complexity increase by retaining one-tap equalization but at the
expense of spectral efficiency. We present this scheme in this section because it provides a
possibility to perform Alamouti coding as it is shown in [LLS09].

The main idea of CP-FBMC/OQAM is that the symbols first pass through an FBMC/OQAM
modulator. Then the modulated signal is grouped into successive blocks with sizeM . Then CP
is appended to each block in time domain before transmitting. On the receiver side, after CP
removing and applying the FFT a one-tap ZF equalization is carried out. Then the ZF equal-
ized signals are transformed back to time domain by IFFT. Finally the resulting equalized signal
is fed to the FBMC/OQAM demodulator. The pseudo Alamouti in [LLS09] is an extension
of the CP-FBMC SISO transceiver to 2x1-MISO system with an adaptation of the Alam-
outi coding/decoding. Indeed, the Alamouti encoder is performed after the FBMC/OQAM
modulator in a block-wise manner with the block size of M symbols. In order to keep the
Alamouti orthogonality, both symbol blocks transmitted simultaneously at the second period
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are reversed. The Alamouti decoding is performed instead of the ZF equalization after the first
FFT. The authors in [LLS09] show, by simulations, that due to a specific and efficient channel
estimation (CE) method [LJL+07], the proposed pseudo Alamouti transceiver can outperform
the Alamouti OFDM scheme. Nevertheless, it is worth noting that the simulation results in
[LLS09] are obtained by considering a prototype filter with an overlapping factor of K = 1.
This avoids any interference between useful data in the time domain.

4.2.2.3 Alamouti coding scheme for CDMA-FBMC

The authors in [LSL10] showed that the 2 × 1 Alamouti coding can be performed when it
is combined with code division multiple access (CDMA). It is shown in [LSLB] that it is
possible to have a complex orthogonality with FBMC/OQAM thanks to a subset of CDMA
Walsh-Hadamard (WH) codes. That is because when using a subset of Nc/2 spreading codes
of length Nc the FBMC interference is cancelled during the CDMA despreading operation,
which allows us to recover a complex orthogonality property. At the transmitted side, complex
symbols are grouped into blocks of Nc/2 symbols. Each symbol du (with u = 1, ..., Nc/2)
within a group is spread by a Walsh-Hadamard code cu of length of Nc. The resulting Nc/2
spread signals are summed, which gives us an Nc-block of complex symbols. Then, the Nc-
blocks thus formed are fed to the FBMC/OQAM modulator either in frequency-wise or in
time-wise.

At the receiver side and after FBMC/OQAM demodulating, the Nc-blocks are formed from
the received symbols. Then, each Nc-block is despread by using the Nc/2 codes. Assuming
that the channel coefficient H is constant along the Nc-block, it is shown that one can obtain
at the despreading output:

ru = Hdu + wu (4.20)

where u ∈ {1, ..., Nc/2}, and du is a complex data symbol. Therefore, the principle in
this proposal is to take advantage of the orthogonality property resulting from the CDMA-
FBMC/OQAM combination to obtain a new MIMO Alamouti scheme with FBMC.

Two different approaches with Alamouti coding are proposed [LSL10], by considering either
a CDMA spreading in the frequency or in the time domain. If the CDMA spreading is carried
out in the frequency domain, the Alamouti decoding scheme can only be applied if the channel
is assumed to be flat.

For the 2× 1 Alamouti scheme with time spreading CDMA-FBMC/OQAM, two strategies
are elaborated for implementing the MIMO space-time coding scheme. Strategy 1 implements
the Alamouti over pairs of adjacent frequency domain samples whereas the strategy 2 processes
the Alamouti coding scheme over pairs of spreading codes. The authors show that Strategy
2 appears to be more appropriate since it requires less restrictive assumptions on the channel
variations across the frequencies. Let dm,1 and dm,2 denote two complex data symbols to be
transmitted at subcarrier "m", and c1 a c2 two spreading codes of length Nc. After spreading,
antenna 1 transmits the complex symbols

a(1)
m [k] = c1[k]dm,1 + c2[k]d∗m,2 for k = 1, ..., Nc, (4.21)

whereas antenna 2 transmits

a(2)
m [k] = c1[k]dm,2 − c2[k]d∗m,1 for k = 1, ..., Nc. (4.22)
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The received symbols at subcarrier q and after the despreading with the codes c1 and c2 are
respectively:

rq,1 = H1(q)dq,1 +H2(q)dq,2 + wq,1

rq,2 = H1(q)d∗q,2 −H2(q)d∗q,1 + wq,2 (4.23)

which can be rewritten in a matrix form as:


rq,1

r∗q,2


 =



H1(q) H2(q)

−H2(q)∗ H1(q)∗






dq,1

dq,2


+



wq,1

w∗q,2


 (4.24)

Therefore, under some channel hypothesis, the combination of Alamouti with complex
CDMA-FBMC/OQAM is possible without increasing the complexity of the Alamouti decoding
process. Furthermore, in the case of a frequency selective channel, FBMC/OQAM keeps its
intrinsic advantage with a SNR gain in direct relation with the CP length.

4.2.2.4 Block-wise Alamouti scheme for FBMC

Renfors et al. in [RIS10] have proposed a solution to combine the Alamouti scheme with
FBMC/OQAM, where the Alamouti coding is performed in a block-wise manner inserting
gaps (zero-symbols and pilots) in order to isolate the blocks. This solution is feasible when
the FBMC/OQAM transmultiplexer impulse response Γqm[τ ] is conjugate symmetric along
the time axis. That is, Γqm[τ ] = Γqm[−τ ]∗. Let {d1

m[k]} and {d2
m[k]} be two data symbol

blocks in the time-frequency domain simultaneously transmitted from antenna 1 and antenna
2, respectively. After that, the time-reversal version of the aforementioned data blocks are
transmitted as follows: the first antenna transmits {−d2

m[N − k]} whereas the second one
transmits {d1

m[N − k]} [RIS10], where N is the block length. Assuming that the channels
H1 and H2 are invariant during the transmission of both symbol blocks, the first signal block
collected at the receive antenna can be written as:

y1
q [k] =H1

∑
m

∑
τ

d1
m[k − τ ]Γqm[τ ]

+H2
∑
m

∑
τ

d2
m[k − τ ]Γqm[τ ] + w1

q [k] (4.25)

where w1
q [k] is the noise term. The second received signal block is:

y2
q [k] =H2

∑
m

∑
τ

d1
m[τ − k +N ]Γqm[τ ]

−H1
∑
m

∑
τ

d2
m[τ − k +N ]Γqm[τ ] + w2

q [k] (4.26)

Then, we have:

y2
q [N − k]∗ = H∗2

∑
m

∑
τ

d1
m[k + τ ]Γqm[τ ]∗

−H∗1
∑
m

∑
τ

d2
m[k + τ ]Γqm[τ ]∗ + w2

q [N − k]∗ (4.27)
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which can be written as:

y2
q [N − k]∗ = H∗2

∑
m

∑
τ

d1
m[k − τ ]Γqm[τ ]

−H∗1
∑
m

∑
τ

d2
m[k − τ ]Γqm[τ ] + w2

q [N − k]∗ (4.28)

This last expression stands thanks to the fact that Γqm[τ ] is conjugate symmetric along the
time axis (Γqm[τ ] = Γqm[−τ ]∗). Therefore, applying the Alamouti decoding, we have:

r1
q [k] =

H∗1y
1
q [k] +H2y

2
q [N − k]∗

|H1|2 + |H2|2

=
∑
m

∑
τ

d1
m[k − τ ]Γqm[τ ] +

H∗1w
1
q [k] +H2w

2
q [N − k]∗

|H1|2 + |H2|2 , (4.29)

and

r2
q [k] =

H∗2y
1
q [k]−H1y

2
q [N − k]∗

|H1|2 + |H2|2

=
∑
m

∑
τ

d2
m[k − τ ]Γqm[τ ] +

H∗2w
1
q [k]−H1w

2
q [N − k]∗

|H1|2 + |H2|2 . (4.30)

The terms∑m

∑
τ d

i
m[k−τ ]Γqm[τ ], with i ∈ {1, 2}, contain the transmitted data symbols diq[k]

and also the inherent interference. Since the interference term ∑
m6=q

∑
τ 6=0 d

i
m[k − τ ]Γqm[τ ]

is purely imaginary, the transmitted data symbols are easily estimated by a simple real part
retrieval.

4.2.2.5 Interference cancellation in Alamouti coding scheme for FBMC

The issue of performing the Alamouti coding in FBMC/OQAM is the presence of the intrinsic
interference. To remove this interference term, some works based on iterative interference
estimation and cancellation were also carried out. Unfortunately, detection schemes with
interference estimation and cancellation are subject to error propagation and are not always
effective [ZLR11b]. Therefore, the challenge in this kind of schemes is to mitigate the error
propagation through iterations [AS97].

Aiming to reduce the intrinsic interference power, the authors in [ZR13] propose some ar-
rangements in the space-time and frequency block coding (STBC, SFBC) in order to improve
the signal to interference ratio (SIR). The idea behind these arrangements is to automatically
remove an important part of the interference only by performing the adequate Alamouti de-
coding. Then, the remaining interference is cancelled iteratively by interference estimation
and cancellation procedure. The selected arrangement that minimizes the remaining interfer-
ence consists of interleaving two Alamouti blocks (in time or in frequency domain) with an
alternating rule in position of the minus sign between both blocks. The following matrices
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illustrates the selected arrangement:

D1 =




. . .
...

...
...

...
... . .

.

. . . d0[−1] d0[0] d0[1] d0[2] d0[3] . . .

. . . d2[−1] d2[0] d2[1] d2[2] d2[3] . . .

. .
. ...

...
...

...
...

. . .




D2 =




. . .
...

...
...

...
... . .

.

. . . d0[−3] d0[2] −d0[3] −d0[0] d0[1] . . .

. . . d1[−3] d1[2] −d1[3] −d1[0] d1[1] . . .

. . . d2[−3] d2[2] −d2[3] −d2[0] d2[1] . . .

. .
. ...

...
...

...
...

. . .




(4.31)

where D1 and D2 are the data blocks transmitted at the first and the second antennas,
respectively. The proposed Alamouti schemes applied in FBMC/OQAM are tested and it is
shown that the BER performance curves converge to the free-interference performance. The
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Figure 4-10: Performance of the STBC scheme [ZR13] in FBMC/OQAM using OQPSK mod-
ulation

BER performance with OQPSK mapping is shown in Fig. 4-10. The BER performance of the
first iteration corresponds to the tentative Alamouti decoding and the BER floor at 7× 10−3

is due to the remaining interference. However, one can observe that the performance curves
reach the Genie-Aided performance after 3 iterations.

It is worth noticing that the weakness of these IIC receivers is the fact that the performance
is promptly decayed when higher mapping orders are considered [ZR14,ZR13].
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4.2.3 Principal limitations of existing solutions

Because of the intrinsic interference, the full potential performance of FBMC/OQAM cannot
be straightforwardly reached when combined with some MIMO schemes. Therefore, specific
signal processing techniques had been developed and used. In this section, an overview of
known solutions for FBMC/OQAM with Alamouti and SM-ML was presented. Solutions
based on iterative interference estimation and cancellation exhibit a significant complexity
increase and processing time delays. Moreover, the performance is promptly decayed when
higher mapping orders are considered [ZR14,ZR13]. Other solutions have been also presented,
which require some modifications in the original FBMC/OQAM structure such as appending
a CP in CP-FBMC/OQAM or adding extra FFT/IFFT blocks in FFT-FBMC to restore the
complex orthogonality. All the different overviewed solutions for FBMC/OQAM may offer
good performance at the expense of either complexity increase or spectral efficiency reduction.
Therefore, the combination of FBMC/OQAM modulation with MIMO techniques such as
Alamouti coding and SM-ML is still an open issue and a challenging topic. In section 5,
we present some perspectives and preliminary new solutions dealing with the association of
FBMC/OQAM and MIMO systems.

4.3 WF without orthogonality: state of the art

To reduce the power of the intrinsic interference, it was proposed in [ZLRM12] to modify the
conventional FBMC/OQAM system by using Quadrature Amplitude Modulation (QAM) sym-
bols instead of OQAM ones and by transmitting the data symbols on each period T instead of
transmitting them on each half period T/2. That is, the authors utilize the conventional lattice
structure of OFDM with complex-valued symbols and localized filters. Thus, the interference
coefficients corresponding to the odd multiples of T/2 are avoided, and the overall interfer-
ence power is reduced. However, as a consequence of this modification, the real orthogonality
condition of FBMC/OQAM is no longer satisfied [ZR14]. Therefore, even in SISO system,
interference cancellation methods must be applied at the receiver.

4.3.1 Spatial multiplexing

In MIMO spatial multiplexing, the MMSE equalizer is used as the first tentative detector.
After interference estimation and cancellation, a conventional ML detection is applied. Fig.
4-11 depicts the obtained BER performance of the FBMC/QAM using PHYDYAS filter. We
compare the performance of IIC-ML in FBMC/QAM with the Rec-ML (proposed in [ZLRB10])
one in FBMC/OQAM using -for both of them- the PHYDYAS filter. We also show the BER
performance of the OFDM using ML detector. We notice that IIC-ML performance almost
converges to the optimum one after 5 iterations. However, one can observe a slight SNR loss
less than 0.5 dB compared to the Genie-Aided performance. On the other hand, one can
notice that MMSE equalizer for FBMC/QAM exhibits worse BER performance compared to
FBMC/OQAM. This is explained by the fact that the intrinsic ISI term in FBMC/QAM is
complex as the transmitted data symbols (no orthogonality), whereas in FBMC/OQAM the
interference terms are pure imaginary and the data symbols are real-valued (real orthogonality).
However, the situation is different with IIC-ML and Rec-ML receivers, we clearly notice that
Rec-ML with conventional FBMC/OQAM suffers from the error propagation effect and the
BER performance converges to a suboptimal one, whereas the ISI cancellation is effective with
IIC-ML in FBMC/QAM system, where we obtain almost the same performance as OFDM-ML.
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Figure 4-11: Performance of IIC-ML receiver in FBMC/QAM system using PHYDYAS filter
and 4-QAM constellation for 2× 2 spatial multiplexing

Recently, Sim and al. [SKL16] have optimized the prototype filter to reduce the intrinsic in-
terference power in FBMC/QAM. Moreover, they have proposed a layered detection algorithm
based on interference cancellation for FBMC-QAM. In this proposed algorithm, the authors
have define two thresholds, a selection threshold and a region threshold for efficient inter-
ference cancellation. Depending on the value of the subcarrier channel gains, the algorithm
decides whether to apply IC or not.

4.3.2 Space-time block coding

As for the STBC decoding, a first Alamouti decoder is used as tentative detector providing
tentative estimations of the data symbols. Based on these tentative estimates, the interference
canceler calculates an estimation of the interference, and then its contribution is removed from
the received vector. After that, the Alamouti decoding is again applied, and the operation
is repeated several times. The authors in [ZR14] show by simulations that Alamouti coding
scheme with Iterative Interference Cancellation (IIC) applied in FBMC-QAM provides satis-
factory performance. Fig. 4-12 depicts the BER performance obtained of the IIC-Alamouti in
FBMC-QAM with three iterations and compare them to the OFDM and genie-aided Alamouti
performance. This latter is obtained by assuming perfect intrinsic interference cancellation.
We observe an SNR loss of only 0.5 dB compared to the genie-aided performance. Neverthe-
less, the IIC-Alamouti in the FBMC-QAM system exhibits almost the same performance as
that obtained with OFDM; this is due to the Eb/N0 loss caused by the Cyclic Prefix (CP) in
OFDM.
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Figure 4-12: Performance of IIC-Alamouti receiver with FBMC-QAM using PHYDYAS filter
and 4-QAM constellation.
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5. New MIMO tranceiver schemes for filtered waveforms
This section presents preliminary new MIMO transceiver schemes for filtered waveforms which
are not orthogonal in the complex domain. Section 5.1 introduces some preliminary ideas
about per-carrier joint demodulation-based processing, section 5.2 briefly presents the potential
interest of WL processing for FBMC-OQAM waveforms, section 5.3 presents preliminary results
about Frequency-Spreading detectors and finally section 5.4 introduces briefly the principle of
a multi-carrier approach using linear receivers.

5.1 Carrier per Carrier processing

5.1.1 ML with 3 sub-carriers

5.1.1.1 Reception model

¤ Transmitted Alamouti FBMC-OQAM signals

Let us recall that the baseband signal, s(t), of an OQAM signal transmitting the complex
symbols ck, of duration Ts, can be written as

s(t) =
∑

k

crkv(t− kTs) + jcikv(t− kTs − Ts/2) (5.1)

where crk and cik are real quantities corresponding to the real part and the imaginary part of
the associated QAM symbol ck respectively, whereas v(t) is the pulse shaping filter. Defining
the real symbols b2k and b2k+1 by b2k , (−1)kcrk and b2k+1 , (−1)kcik respectively, it is
straightforward to show that s(t) can also be written as

s(t) =
∑

k

jkbkv(t− kT ) ,
∑

k

akv(t− kT ) (5.2)

where T , Ts/2 and ak , jkbk. Equation (5.2) means that the OQAM signal (5.1) can
also be interpreted as a signal which transmits, without any staggering operation, the complex
symbols ak, or the real symbols bk, with a symbol duration equal to T . We consider a
radio communication system that employs the Alamouti scheme, with two transmit antennas
[Ala98b], on each sub-carrier of a FBMC-OQAM waveform, as depicted at Fig. 5-1. Under this
assumption and using (5.2), the baseband signals, s1(t) and s2(t), transmitted by antennas 1
and 2 respectively, can be written as

s1(t)=
L−1∑

l=0

∑

k

[
al,2k−1v(t−(2k−1)T )− a∗l,2kv(t−2kT )

]
jlejπ

lt
T (5.3)

s2(t)=
L−1∑

l=0

∑

k

[
al,2kv(t−(2k−1)T ) + a∗l,2k−1v(t−2kT )

]
jlejπ

lt
T (5.4)

Here, (.)∗ means complex conjugate, L is the number of sub-carriers, 1/2T = 1/Ts is the
sub-carrier spacing, v(t) is the prototype filter and al,k , jkbl,k, where bl,k is the real symbol
transmitted (without the Alamouti encoding) at time kT on sub-carrier l. Note that the
Alamouti scheme is applied here to the complex symbols

al,k = jkbl,k (5.5)
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Figure 5-1: MIMO 2×N system using Alamouti space-time coding per sub-carrier

(which are either real or purely imaginary) of duration T = Ts/2, and not to the associated
QAM symbols,

cl,k , (−1)k[bl,2k + jbl,2k+1] (5.6)

of duration Ts, before staggering. This allows to consider spatio-temporal Alamouti code words
of duration Ts instead of 2Ts and this imposes constant propagation channels over Ts instead
of 2Ts. Note that the Alamouti scheme has already been applied with success to real-valued
symbols instead of complex ones in [PCa11].

¤ Received Alamouti FBMC-OQAM signals

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

x(t) =
2∑

i=1
si(t) ∗ hi(t) + n(t) (5.7)

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

¤ Observation model after low-pass filtering

Considering that l0 is the sub-carrier of interest for the processing we consider, the vector
x(t) is first frequency shifted by e−jπl0t/T to put the sub-carrier l0 at baseband. Then an
arbitrary low-pass filter, p(t), is applied to the shifted observation vector to isolate the baseband
contribution of the sub-carrier l0 and to remove both the noise outside its bandwidth and the
sub-carriers which do not overlap with l0. The bandwidth B of the filter p(t) must be that of
a sub-carrier, i.e. B = 2/Ts = 1/T . An example of filter p(t) may be v∗(−t), the matched
filter associated with v(t), but this is not mandatory. Under these assumptions, we deduce
from (5.7) that the observation vector after frequency shifting and low-pass filtering takes the
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form

xp(t) , p(t) ∗
[
e−jπ

l0t
T x(t)

]

=
2∑

i=1
p(t) ∗

[
e−jπ

l0t
T si(t) ∗ hi(t)

]
+ np(t)

,
2∑

i=1
sph,i(t) + np(t) (5.8)

Here, np(t) , p(t) ∗ [e−jπl0t/Tn(t)] and sph,i(t) , p(t) ∗ [e−jπl0t/T si(t) ∗ hi(t)].

5.1.1.2 Maximum Likelihood receiver

¤ Presentation of the ML approach

The receiver which is proposed in this paper consists first in jointly demodulating, from a
ML approach, the sub-carrier of interest, l0, and the sub-carriers which overlap with the latter
after the low-pass filtering operation. Then, the idea is to retain only the demodulated symbols
belonging to the sub-carrier of interest, l0, and to discard the others. The operation of joint
demodulation of the overlapped sub-carriers aims at mitigating the ICI for the sub-carrier l0
instead of considering ICI as an additional noise for l0. The sub-carriers corresponding to the
ICI for the sub-carrier l0 are then discarded since they will be much better demodulated when
they will correspond themselves to the sub-carrier of interest.

In order to take easily into account the potential temporal coloration property of np(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
5.1.1.1, we deduce from (5.8) that the ML joint detection of the symbols belonging to the
sub-carrier of interest l0 and to the 2M sub-carriers which overlap with the latter, consists
in generating the symbol set b = {bl,k, l0 −M ≤ l ≤ l0 + M,k ∈ Z} which minimizes the
following criterion [MSC12,Ung74]1

C(b)=
∫

B

[
xp(f)−

2∑

i=1
sph,i(f)

]H
R−1
n,p(f)

[
xp(f)−

2∑

i=1
sph,i(f)

]
df ; (5.9)

where (.)H means transpose and conjugate whereas Rn,p(f) is the power spectral density
matrix of np(t), defined by

Rn,p(f) = N0 |p(f)|2 I (5.10)
where N0 is the power spectral density of n(t) 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
T , which is always true beyond a sufficient number of sub-carriers. Under this assumption, we
deduce from (5.8) that sph,i(f) can be written as

sph,i(f) = p(f)si
(
f + l0

2T

)
hi = p(f)sR,i

(
f + l0

2T

)
hi (5.11)

1All Fourier transforms of vectors x and matrices X use the same notation where t is simply replaced by
f .
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where hi , hi(f+l0/2T ) = hi(l0/2T ) and sR,i(f+l0/2T ) , si(f+l0/2T )RB(f), (i = 1, 2),
such that

RB(f) = 1 for |f | ≤ B/2 and RB(f) = 0 otherwise (5.12)
Moreover, we assume that M = 1, i.e. that only the two adjacent sub-carriers, l0 − 1 and
l0 + 1, overlap with the sub-carrier l0. Note that this assumption is in particular true for
the PHYDYAS prototype filter [BLRR+10,Bel10] which is chosen for this work. Besides, to
simplify the notations, we denote by bm,k the real-valued symbol bl0+m,k (−1 ≤ m ≤ 1) and
we consider that am,k , jkbm,k. Under these assumptions, we deduce from (5.3) and (5.4)
that

sR,1

(
f + l0

2T

)
= RB(f)

1∑

m=−1

∑

k

[
am,2k−1e

j2πTf (−1)m − a∗m,2k
]
e−j4πkTfv

(
f − m

2T

)
jl0+m

(5.13)

sR,2

(
f + l0

2T

)
= RB(f)

1∑

m=−1

∑

k

[
am,2ke

j2πTf (−1)m + a∗m,2k−1

]
e−j4πkTfv

(
f − m

2T

)
jl0+m

(5.14)

Using (5.10) and (5.11) into (5.9), we obtain an alternative expression of (5.9) given by

C(b) = 1
N0

∫ ∥∥∥∥∥xR(f)−
2∑

i=1
sR,i

(
f + l0

2T

)
hi
∥∥∥∥∥

2

df (5.15)

where
xR(f) , RB(f)x(f + l0/2T ) (5.16)

Criterion (5.15) 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) 6= 0 for −B/2 ≤ f ≤
B/2. Inserting (5.13) and (5.14) into (5.15), we obtain after straightforward manipulations

C(b)= 1
N0

∫ ∥∥∥∥∥∥
xR(f)−RB(f)

1∑

m=−1

∑

k

e−j4πkTfv
(
f− m

2T

)
jl0+m(−1)khm,k (f)

∥∥∥∥∥∥

2

df (5.17)

where

hm,k (f) = jbm,2k−1
[
ej2πTf (−1)m+1h1 + h2

]
+ bm,2k

[
ej2πTf (−1)mh2 − h1

]
(5.18)

¤ Alternative expression of C(b)

To express the criterion C(b) as a function of discrete-time signals only, we must intro-
duce a set of quantities defined hereafter. We introduce the following quantities: vm(t) ,
v(t)ejπmt/T , xRv,m(t) , e−jπl0t/Tx(t)∗RB(t)∗v∗m(−t), rm(t) , v∗(−t)∗vm(t) and rR,m,n(t) ,
v∗n(−t)∗RB(t)∗vm(t), for (−1 ≤ m,n ≤ 1), where we recall that RB(t) is the inverse Fourier
transform of RB(f). The quantities xRv,m(t) and rR,m,n(t) are the inverse Fourier Transform
of their Fourier Transform and we then obtain

xRv,m(t) =
∫
ej2πftxR(f)v∗

(
f − m

2T

)
df (5.19)
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HHHHHHm
k −4 −3 −2 −1 0 1 2 3 4

−1 0.0054 j0.0429 -0.1250 -j0.2058 0.2393 j0.2058 -0.1250 -j0.0429 0.0054

0 0 -0.0668 0 0.5644 1 0.5644 0 -0.0668 0

1 0.0054 -j0.0429 -0.1250 j0.2058 0.2393 -j0.2058 -0.1250 j0.0429 0.0054

Table 5-1: ISI/ICI table of the PHYDYAS prototype filter (rm(kT )) with m Carrier index and
k Symbol index

rR,m,n(t) =
∫
ej2πftRB(f)v∗

(
f − n

2T

)
v
(
f − m

2T

)
df (5.20)

Note that the samples rm(kT ) for (−1 ≤ m ≤ 1, −4 ≤ k ≤ 4) define the joint ISI/ICI table
of the PHYDYAS prototype filter, corresponding to Table 5-1. These samples are zero for
|k| > 4. The samples rR,m,n(kT ) define another ISI/ICI table related to Table 5-1 by the
following relations:




rR,m,0 (kT ) = rm (kT )

rR,0,n (kT ) = (−1)knr−n(kT )
for (−1 ≤ m,n ≤ 1) (5.21)

rR,1,−1 (kT ) = rR,−1,1 (kT ) = 0 (5.22)

rR,1,1 (kT ) = (−1)kI1 (kT ) and rR,−1,−1 (kT ) = (−1)kI−1 (kT ) (5.23)

where I1(kT ) and I−1(kT ) are defined by

I1(kT ) =
∫ 0

− 1
2T

ej2πkTf |v(f)|2 df (5.24)

I−1(kT ) =
∫ 1

2T

0
ej2πkTf |v(f)|2 df (5.25)

It is easy to verify that <[I1(kT )] = <[I−1(kT )] = r0(kT )/2 while =[I1(kT )] = −=[I−1(kT )]
has an infinite support whose first values are illustrated at Fig. 5-2.

We define the (3 × 1) and (6 × 1) vectors bk and b̃k by bk , [b−1,k, b0,k, b1,k]T and
b̃k , [bT2k−1,bT2k]T and the (3N×1) and (6N×1) vectors x̃Rv(kT ) and x̃(kT ) by x̃Rv(kT ) ,
[xTRv,−1(kT ),xTRv,0(kT ),xTRv,1(kT )]T and x̃(kT ) , [x̃TRv((2k − 1)T ), x̃TRv(2kT )]T . We also
define the (6× 6N) channel matrix H by

H ,



H11 H12

H21 H22


 (5.26)

where the (3×3N) matrices Hij (1 ≤ i, j ≤ 2) are defined by H11 , Λ11K
H
1 , H12 , Λ∗11K

H
2 ,

H21 , −jΛ11K
H
2 , H22 , −jΛ∗11K

H
1 , where the (3 × 3) matrix Λ11 is defined by Λ11 ,
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Figure 5-2: =[I1(kT )] as a function of k
=

x(t)
e−jπ

l0

T
t RB(t)

xR(t)
v∗
0
(−t)

v∗
−1

(−t)

v∗
1
(−t)

Coupling of
x̃Rv((2k − 1)T )
& x̃Rv(2kT )

H j−l0 <{.}
Vector
Viterbi

Algorithm

b̂0,k

b̂−1,k

b̂1,k

xRv,−1(t)

xRv,0(t)

xRv,1(t)

t = kT

Figure 5-3: Structure of the ML receiver for l0

Diag(1, j,−1) whereas the (3× 3N) matrix KH
i (1 ≤ i ≤ 2) is defined by

KH
i ,




hHi
hHi

hHi




(5.27)

Finally, we define the (6× 6) matrix F (k) by

F (k) ,



F11(k) F12(k)

F21(k) F22(k)


 (5.28)

where Fij(k) (1 ≤ i, j ≤ 2) are (3 × 3) matrices whose coefficients Fij(k)[2 + m, 2 + n] for

x(t)
e−jπ

l0

T
t v∗

0
(−t)

v∗
−1

(−t)

v∗
1
(−t)

RB(t)

RB(t)

Coupling of
x̃Rv((2k − 1)T )
& x̃Rv(2kT )

H j−l0 <{.}
Vector
Viterbi

Algorithm

b̂0,k

b̂−1,k

b̂1,k

xRv,−1(t)

xRv,0(t)

xRv,1(t)

t = kT

Figure 5-4: Alternative structure of the ML receiver for l0
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(−1 ≤ m,n ≤ 1) are such that

F11(k)[2+m, 2+n] , jn−m
{ [

(−1)m+nhH1 h1 + hH2 h2

]
rR,n,m(2kT )

+(−1)m+1hH1 h2rR,n,m ((2k − 1)T )

+(−1)n+1hH2 h1rR,n,m ((2k + 1)T )
} (5.29)

F12(k)[2+m, 2+n] ,−jn−m+1
{ [

(−1)m+n+1hH1 h2−hH2 h1

]
rR,n,m(2kT )

+(−1)mhH1 h1rR,n,m ((2k − 1)T )

+(−1)nhH2 h2rR,n,m ((2k + 1)T )
} (5.30)

F21(k)[2+m, 2+n] , jn−m+1
{ [

(−1)m+n+1hH2 h1 − hH1 h2

]
rR,n,m(2kT )

+(−1)mhH2 h2rR,n,m ((2k − 1)T )

+(−1)nhH1 h1rR,n,m ((2k + 1)T )
} (5.31)

F22(k)[2+m, 2+n] , jn−m
{ [

(−1)m+nhH2 h2 + hH1 h1

]
rR,n,m(2kT )

+(−1)m+1hH2 h1rR,n,m ((2k − 1)T )

+(−1)n+1hH1 h2rR,n,m ((2k + 1)T )
} (5.32)

Using these notations and inserting (5.19) and (5.20) into (5.17), we obtain an alternative
expression of C(b), given by

C(b) = 1
N0

{
− 2

∑

k

(−1)kb̃Tk<
[
j−l0Hx̃(kT )

]
+
∑

k

∑

i

(−1)k+ib̃TkF (k − i)b̃i
}

(5.33)

Using (5.28) and the definition of b̃k, (5.33) can also be written as

C(b) = 1
N0

{
−2∑k(−1)kb̃Tk<

[
j−l0Hx̃(kT )

]

+∑
k

∑
i(−1)k+i

{
bT2k−1F11(k − i)b2i−1 + bT2kF22(k − i)b2i

+bT2k−1

[
F12(k − i) + F T

21(i− k)
]
b2i

}}
(5.34)

Using (5.24), (5.25), Table 5-1 and (5.29) to (5.32), it is possible to verify that the (3 × 3)
coupling matrix, K12[k] , F12(k) + F T

21(−k), between the symbol vectors at odd and even
sample times is not zero. More precisely, it can be verified that K12(k) has only two non-
zero elements corresponding to K12(k)[1, 1] and K12(k)[3, 3], which are associated with the
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couples (m,n) = (−1,−1) and (m,n) = (1, 1) respectively. We deduce from this result that
the two sets of symbol vectors {b2k−1} and {b2k} cannot be demodulated separately but have
to be jointly demodulated. The problem is then to find the set of symbol vectors, b̃k, which
minimizes (5.33).

¤ Interpretation

The vector x̃(kT ) appearing in (5.33) contains the samples, at odd and even sample times,
(2k − 1)T and 2kT , of the vectors xRv,m(t) for (−1 ≤ m ≤ 1). Moreover, expression (5.19)
shows that xRv,m(kT ) is the sample, at time kT , of the output of the matched filter, v∗m(−t),
whose input is xR(t) , RB(t) ∗ (e−jπl0t/Tx(t)). The structure of the ML receiver for the sub-
carrier of interest l0 is depicted at Fig. 5-3. It is composed of a frequency shifting operation
which puts the sub-carrier l0 at baseband, a low-pass filtering by the ideal filter RB(t), which
keeps the sub-carrier l0, removes the sub-carriers which do not overlap with l0 and keeps a
temporally white noise inside its bandwidth, a set of three filters, v∗m(−t) (−1 ≤ m ≤ 1),
adapted to the pulse shaping filter of each of the three sub-carriers we jointly demodulate,
a sampling operation at the symbol rate T , 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 sub-carrier l0, a real part capture, a decision box
implementing the vector Viterbi algorithm and a box which keeps only the decided symbols of
the sub-carrier of interest. Using the fact that RB(t) ∗ v∗0(−t) = RB(t) ∗ v∗(−t) = v∗(−t),
an equivalent structure of the ML receiver is presented at Figure 5-4, where the filter RB(t)
has been removed from the branch associated with the sub-carrier m = 0.

¤ Implementation issues and perspectives

Once the propagation channels vectors, hi (i = 1, 2), have been estimated, the first
difficulty which is encountered to implement the previous ML receiver is related to the fact
that RB(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.
5-2, due to the presence of the ideal low-pass filter RB(t).

In practice, the first difficulty may be solved by replacing in Fig. 5-3 or Fig. 5-4, the filter
RB(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. 5-3 or Fig. 5-4 may be modified accordingly, by
replacing in all parts of these structures, the parameters which are built from the filter RB(t)
by parameters built from p(t). Note that while the structures of Fig. 5-3 and Fig. 5-4 are
equivalent for p(t) = RB(t), they lose their equivalence for p(t) 6= RB(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 sub-carriers m = −1, 0, 1 under a false assumption
of temporally white noise. This is equivalent to consider the optimization criterion (5.9),
assuming that Rn,p(f) = N0I. This approach is justified by the fact that the presence of the
filter RB(t) in the ML structure is directly linked to the noise whitening operation contained
in the ML criterion (5.9). 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
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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 K12[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.

5.1.2 Alternative ML

As said previously, for both FBMC-QAM and FBMC-OQAM, the intrinsic interference can be
seen as a 2D-ISI in the time-frequency domain. Consequently, the complexity of the exact
ML estimation is intractable due to the number of states of the can be seen as a. Since
the input output relation in both cases can be described using a factor graph representation
[KFL01], it is possible to apply message passing algorithm over this graph in order to estimate
the posterior probabilities. In this project, we will study and evaluate different suboptimal ML
algorithms based on message passing algorithm on factor graphs.

5.1.3 Joint SIC and MMSE/ZF

In section 4.2, we have introduced different algorithms based on interference cancellation for
MIMO-FBMC/OQAM and MIMO-FBMC/QAM such as MMSE-ML and Rec-ML. Recently,
Sim and al. [SKL16] have proposed a layered detection algorithm based on interference can-
cellation for FBMC-QAM. In this proposed algorithm, the authors have define two thresholds,
a selection threshold and a region threshold for efficient interference cancellation. Depending
on the value of the subcarrier channel gains, the algorithm decides whether to apply IC or not.

In [IL09], Ikhlef and Louveaux have considered the MMSE ordered successive interference
cancellation (MMSE-OSIC) receiver. To further improve the performance of the OSIC receiver,
it is possible to combine it with a two-stage SIC. The main idea behind the two stage OSIC
receiver is that, after applying the OSIC algorithm once, subtraction of the contribution of the
adjacent subcarriers from the subcarrier of interest becomes possible since a first estimate of
all streams on all subcarriers is already available. The decisions used here are coming from
the first application of the OSIC algorithm. The contributions of the current subcarrier are
removed during the second stage of the OSIC algorithm using the most recent estimates of the
symbol streams. This means that the interference coming from adjacent subcarriers is always
canceled using the results of the first stage, and the interference coming from the subcarrier
of interest is canceled using the OSIC technique in the second stage.

In [SL17], the authors have proposed the so-called two-step MIMO maximum likelihood
detection receiver with a two-dimensional ordering algorithm for MIMO-FBMC/QAM.

In this project, we will first extend the proposed solutions given in [SKL16] and [SL17] to
the case of FBMC/OQAM where the interference level is higher than for FBMC/QAM. We
will also evaluate different classes of linear or low complexity equalizer in order to improve the
performance of the MMSE-ML, Rec-ML and PaIC schemes described in section 4.2.
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5.2 Widely Linear processing

Widely linear (WL) processing, consisting in processing linearly and independently the observed
signals and their complex conjugate, outperform linear processing for second-order non-circular
signals such as OQAM signals. For this reason, it is worth of consideration for FBMC-OQAM
waveforms. In the following, we will try to evaluate the potential of WL processing for both
ISI and ICI mitigation, in comparison to linear processing.

5.3 Frequency-Spreading detectors

5.3.1 Introduction

Fitting the communication systems with multiple antennas is a common solution to improve
the throughput and the transmission reliability. Although MIMO techniques are well suited with
CP-OFDM, the application to FBMC systems is not straightforward mainly due to the inherent
interference. For instance, the Maximum-Likelihood detection (ML) requires an important
complexity that can not be practically implemented. Indeed, the inherent interference term
generated by the 2-D transmultiplexer response requires a large computation overhead because
of the ML full research process even for small constellations [Zak12].

When the carrier spacing widens, the channel variations may become appreciable at the
layer band level. Consequently, with a simple 1-tap equalization stage the channel effects
may not be properly compensated. Therefore the orthogonality would no longer be satisfied
and the performance would considerably decrease. Using precoding at the transmitter side
and/or multi-tap equalizers is an efficient way to significantly improve the performance for
transmissions over highly frequency-selective channels [CPNK14]. In this work, we consider
an open-loop system, without any channel knowledge at the transmitter side. The aim of this
section is twofold:
• extend linear detectors to multi-tap equalizer using the FS scheme. Indeed, as the

symbols are spread over a set of subcarriers with the FS scheme, a per-layer 1-tap
detection can be seen as a multi-tap detection at the carrier level.

• study and implement a modified Alamouti coding procedure compatible with FS-based
FBMC-OQAM.

5.3.2 Soft-Decision Linear Receivers for Spatial-Multiplexing FBMC/OQAM with
Frequency Spreading receiver

5.3.2.1 System Model

An open-loop spatial multiplexing system (SM-MIMO) based on a Bit Interleaved Coded
Modulation scheme (BICM) [CTB97] will be considered. The transmitter is fitted with NT

antennas and the receiver with NR antennas with NT ≤ NR. At any time instant n, NT data
streams are transmitted over the NT transmit antennas (or layers). The received data stream
vector transmitted at carrier k at time instant n will be denoted as rk,n (length NR). The
corresponding baseband system model can be expressed as:

rk,n = Hk,nsk,n + nk,n (5.35)

where the channel matrix Hk,n is a NR × NT channel response at frequency k composed
of uncorrelated Rayleigh fading gains, nk,n is the Additive White Gaussian Noise term with
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zero-mean and a variance σ2
n. The noise realizations are assumed statistically independent and

identically distributed. sk,n is the demodulated signal which exact expression depends on the
receiver scheme. The symbols are taken from a 2N -QAM alphabet. The average energy of the
constellation per antenna is normalized to unity. Besides, the antennas are assumed spatially
uncorrelated. At the receiver side, we assume a perfect Channel State Information (CSI) and
perfect synchronization.
Notations :
In the rest of the section, indexes k denotes the carrier index (k ∈ [0,M − 1]) and m the
subcarrier index (m ∈ [0, KM − 1]) with M the number of carrier and K the overlapping
factor of the prototype filter.

5.3.2.2 Recall of FBMC/OQAM

¤ Principles
In the framework of 5G and cognitive radio related projects, there has been a renewed interest
for FBMC modulation scheme that was introduced in the mid-60s [Cha66]. FBMC is likely
to outperform OFDM in its drawbacks, mainly the bit rate limitation due to the cyclic prefix
insertion and the poor frequency localization due to the rectangular filter shape at the price
of a slightly increased complexity induced by the filtering stages.

With FBMC modulation scheme, the data at each carrier is shaped by a finite pulse filter.
The shape of the filter controls the localization of the modulated pulse both in time and
frequency domains. However the Balian Low Theorem [FS98] states that it is not possible to
obtain a well-localized filter shape in time and frequency that also satisfies the orthogonality
between carriers. The key point of FBMC/OQAM is to relax the orthogonality condition by
restricting it to the real field and to be able to use a well-localized prototype filter shape.
Thus the transmitted data must be real-valued. The QAM symbols are converted into two
Pulse Amplitude Modulation (PAM) symbols (corresponding to the in-phase and quadrature
components of the complex symbol) that are transmitted with half symbol duration delay to
acheive maximum spectral efficiency.

When it comes to the prototype filter, we consider in this study the PHYDYAS filter that
has been introduced in [Bel10]. The frequency shape of the filter is determined by 2K − 1
non-zero coefficients Gk (Gk 6= 0 for k ∈ [0, 2K − 1] and 0 otherwise).

With a transmission over a multipath channel, the perfect reconstruction would be lost
due to the delay spread as no CP is inserted between adjacent symbols. It is assumed that
the channel delay spread is far smaller than the filter impulse response: L � KM where L
denotes the channel spread. It implies that the filter impulse response fluctuations over a time
slot comparable to the channel spread are very limited and can be neglected. In other words,
the channel can be considered as flat for each carrier. This is the flat fading approximation at
the carrier level.

In the literature, two FBMC receiver schemes are commonly considered: PPN-FBMC
[SSL02] [Bel10] and FS-FBMC [Bel12b][DBK15]. With the PPN architecture, the data is fil-
tered in the time domain for both the transmitter and the receiver. The receiver is composed
of a PPN which decomposes the received sequence (KM samples) into K sequences of M sam-
ples before summing them and a M-points FFT. The block diagram of the receiver is depicted
in Fig. 5-5. The FS architecture avoids computation redundancies induced by the PPN by
replacing the latter by a FFT and thus makes the receiver implementation more straightfor-
ward at the expense of larger FFT size. When the FS architecture is used, the equalization

WONG5 Deliverable D4.1 44/61



WONG5 Date: 10/5/2017

PPN M-point FFT Equalizer

KM-point FFT Equalizer Filtering K Decimation

FS Receiver

PPN Receiver

channel demapper

channel demapper

Figure 5-5: PPN and FS receiver schemes

is performed at the ouput of the KM-FFT (at the subcarrier level and not the carrier level as
in PPN), and before the filtering stage. The frequency resolution of the FS receiver is thus
improved by moving the detection stage before the filtering. This solution proves to be more
robust to FFT misalignment and large delay spread channel [Bel12a][DBK15]. The channel
estimation must be performed with a spacing frequency of 1

KM
.

¤ PPN Model
The received vector (input of the equalizer) is expressed as follows [Zak12]:

rk,n = Hk,n (ak,n + juk,n) + nk,n (5.36)
where ak,n is the transmitted PAM symbol vector (σ2

a = 1/2) and uk,n the real inherent
interference induced by the non-complex orthogonality.

¤ FS Model

The received vector (input of the equalizer) is expressed as follows [DBK15]:
rm,n = Hm,n(bm,n + im,n) + nm,n (5.37)

with bm,n =





GK−1az,ne
jθz,n if z ∈ N

GK+l−1abzc,nejθbzc,n +Gl−1abz+1c,nejθbz+1c,n otherwise
(5.38)

where bxc is the largest integer less than or equal to x and with l ≡ m−K + 1(mod K) and
z = m−K+1

K
.

im,n is the complex interference term induced by the non-complex orthogonality, and θk,n the
phase term that ensures a phase shift of π/2 between adjacent PAM symbols in time and
frequency [Zak12].

Assuming an ideal channel and a noiseless transmission, the transmitted PAM symbols ak,n
are recovered by filtering with the prototype filter G and compensating the phase term ejθk,n

[DBCK14]. Finally, the real part is taken in order to remove the inherent interference which
is purely imaginary:

ak,n = <

e−jθk,n




2K−1∑

p=0
Gp(bkK+p,n + ikK+p,n)




 (5.39)

The channel is assumed to be time invariant. Therefore to simplify the notations, the
instant time index n will be omitted in the rest of the paper for both PPN and FS system
models.
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5.3.2.3 Soft Linear Detection

This section is dedicated to the detection stage. As stated in introduction, this paper focuses
on linear detection with both Zero-Forcing (ZF) and Minimum Mean Square Error (MMSE)
equalization criterion adressed.

The equalizer is linear, i.e. the incoming signal rk [resp. rm] is processed with a linear
filter Wk [Wm]. The output of the equalizer r̃k [resp. r̃m] can be expressed as:

r̃k = Wkrk (5.40)

To cancel the inherent interference, the real value of estimated symbol is taken before
being demapped. Let ˜̃rk be the real signal at the input of the soft-demapper.

˜̃rk[l] denotes the lth stream of the kth carrier with 0 ≤ l ≤ NT − 1.

¤ Likelihood Bit Metrics
The receiver computes soft-decision metrics that are reliability quantifiers for each received
bit. Then, for each received symbol ˜̃rk[l], N metrics are computed (1 for each bit bik[l] with
i ∈ [0, N − 1]). The soft bit information assigned on bit bI,ik [l], which is the Log-Likelihood
Ratio (LLR) is defined by [TB02]

LLR(bik[l]) = log P [bik[l] = 1 | ˜̃rk[l]]
P [bik[l] = 0 | ˜̃rk[l]]

(5.41)

By assuming that the probability density functions are Gaussian and by considering the max-log
approximation (log(∑ exi) ≈ max(xi))[TB02] the expression can be simplified. This approx-
imation yields as long as the sum is dominated by its largest term. Therefore, we obtain
:

LLR(bik[l]) ≈
1

2σ2
k[l]


 min
α∈S(0)

i

∣∣∣˜̃rk[l]− α
∣∣∣
2 − min

α∈S(1)
i

∣∣∣˜̃rk[l]− α
∣∣∣
2

 (5.42)

where S(b)
i represents the symbol set with a bit value ‘b’ (either 0 or 1) in position i. (5.42)

is valid for both PPN and FS schemes.

¤ Linear Detection for PPN

Zero Forcing case
The Zero-Forcing equalization scheme processes the received vector by the pseudo-inverse of
the channel matrix: WZF,k = (HH

k Hk)−1HH
k (for k ∈ [0,M − 1]) where (.)H stands for the

Hermitian transpose (assuming that H is well-conditioned). Applying the pseudo-inverse of H
cancels all the ISI coming from others antennas (as WZFH = INT ). Therefore, the symbols
at the output of the equalizer are defined by

r̃ZF,k[l] = ak[l] + juk[l] + ñk[l] (5.43)

with ñk[l] Ã N
(
0,∑NR

i=1 | (WZF,k)l,i |2 σ2
n

)
.

The conditional PDF of ˜̃rZF,k[l] = <(r̃ZF,k[l]) is thus normally distributed.

P [˜̃rk[l] | ak[l] = α] = 1√
2πσ2

ñ/2
exp

{
−1

2
| ˜̃rk[l]− α |2

σ2
ñ/2

}
(5.44)
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Therefore, the simplified LLRs for ZF equalization can be expressed as follows:

LLR(bik[l]) = 1
σ2

ZF,k[l]

(
min
α∈S(0)

i

∣∣ ˜̃rZF,k[l]− α
∣∣2 − min

α∈S(1)
i

∣∣ ˜̃rZF,k[l]− α
∣∣2
)

(5.45)

with

σ2
ZF,k[l] =



NR∑

i=1
| (WZF,k)l,i |2


σ2

n (5.46)

ZF scheme is convenient as it requires a simple LLR factor to be computed. However, the
equalization scheme may suffer from noise enhancement.

MMSE case
The second equalization scheme is based on the Minimum Square-Error criterion. The MMSE
criterion limits noise enhancement at the expense of a poorer Inter-Antenna Interference (IAI)
cancellation. For PPN FBMC transmissions, two different expressions of the Mean Square
Error can be of interest:

argmin
Wk

{
E
[
||Wk(Hk(ak + juk) + nk)− (ak + juk) ||2

]}
(5.47)

argmin
Wk

{
E
[
|| <[Wk(Hk(ak + juk) + nk)]− ak ||2

]}
(5.48)

The difference lies in the definition of the Mean Square Error: either a virtually transmitted
symbol composed of the effective one and the inherent interference term is considered (5.47)
[TJH07] or only the effective transmitted symbol with the projection on the real domain of the
received and equalized symbol (5.48). It can be shown that, under the frequency flat channel
per carrier condition, the two definitions lead to the same expression of WMMSE:

WMMSE,k = (HH
k Hk + σ2

n

2σ2
a

INT )−1HH
k (5.49)

In the MMSE case, residual Inter-Layer Interferences remain (as WMMSEH is not diagonal).
It illustrates the trade-off operated by the MMSE equalizer between noise enhancement and
IAI cancellation. This latter aspect makes the MMSE detector biased. It can also be noted
that (5.49) matches with the OFDM expression of WMMSE.

The symbol (lth stream and kth carrier) at the output of the equalizer can be expressed as
˜̃rk[l] = βl,l(ak[l] + juk[l]) +

∑

j 6=l
βl,j(ak[j] + juk[j]) + ñk[l]

︸ ︷︷ ︸
ωk[l]

(5.50)

where βi,j = (WMMSEH)i,j. ñk[l] is the noise term with ñk[l] =
(∑NR

i=1 | (WMMSE)l,i |2
)
nk[l].

ωk[l] is the interference plus noise term of the lth stream. It can be approximated as a zero-
mean Gaussian variable [KLP08]. Since βl,l ∈]0, 1[ and is real-value [KLP08], the simplified
LLR expression becomes

LLR(bik[l]) = 1
σ2

MMSE,k[l]


 min
α∈S(0)

i

∣∣∣∣∣
˜̃rk[l]
βl
− α

∣∣∣∣∣
2

− min
α∈S(1)

i

∣∣∣∣∣
˜̃rk[l]
βl,l
− α

∣∣∣∣∣
2

 (5.51)

with

σ2
MMSE,k[l] =


∑

j 6=l

β2
l,j

β2
l,l


σ2

a +


NR∑

i=1

| (WMMSE,k)l,i |2
β2
l,l


σ2

n (5.52)
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Figure 5-6: FS receiver structure with two reception antennas

¤ Linear Detection for FS
ZF case
The expression of WZF only depends on H and then does not differ from expressions intro-
duced in the previous section. However, it is worth pointing out that its values are different
as H is estimated for each subcarrier (frequency spacing of 1

KM
) and not for each carrier

(frequency spacing of 1
M
) like for PPN.

WZF,m = (HH
mHm)−1HH

m (5.53)

σ2
ZF,m[l] = 1

∑NR
i=1 | (WZF,m)l,i |2 σ2

n

(5.54)

MMSE
When it comes to the MMSE, we can use the same approach as for the PPN: considering a
virtually symbol including the interference term (bk + ik) (5.55).

argmin
Wm

{
E
[
||Wm(Hm(bm + im) + nm)− (bm + im) ||2

]}
(5.55)

With the FS scheme, it is not possible to virtually remove the interference and thus to apply a
solution similar to (5.48). Indeed, both the useful symbol term bm and the interference term
im are complex.

The FBMC filter design insures that σ2
b = σ2

a (using normalized filter shape) [Bel10](5.38).
When it comes to the variance of the interference term, we have σ2

i = σ2
b like with the PPN.

That is why W keeps the same expression as in (5.49). It is worth pointing out that, like the
ZF case, the channel matrix H is defined at the subcarrier level for the FS and not at the
carrier level like for the PPN.

WMMSE,m = (HH
mHm + σ2

n

2σ2
a

INT )−1HH
m (5.56)

σ2
MMSE,m[l] =

(∑
j 6=l

β2
l,j

β2
l,l

)
σ2
a +

(∑NR
i=1

|(WMMSE,m)l,i|2
β2
l,l

)
σ2
n (5.57)

¤ LLR computation
The σ2

m given in (5.54) and (5.57) corresponds to the variance of the estimates determined
at the subcarrier level (output of the detection stage). The objective now is to determine
the variance of the estimates at the carrier level σ2

k which corresponds to the input of the
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soft-demapper. With the Frequency-Spreading scheme, the symbols are spread over 2K − 1
consecutive subcarriers. During the over-the-air transmission, the 2K−1 symbols are affected
by different channel coefficients and at the receiver side they will be equalized independently.
The estimated symbols ˜̃rk[l] are determined through filtering. The variance σ2

k therefore
corresponds to the variance of the linear combination of the subcarrier interference-plus-noise
terms weighted by the filter coeffcients. The non-correlation of those terms is ensured by
the independence of the subcarrier noise terms. Consequently, the expression of σ2

k can be
simplified:

σ2
Eq,k =

kK+2K−1∑

m=kK
G2
m−kKσ

2
Eq,m[l] (5.58)

where Eq ∈ [ZF, MMSE]. A block diagram of the FS receiver is depicted in Fig 5-6. The
LLR expression for the FS can thus be obtained by inserting (5.58) in (5.42).

5.3.2.4 Simulation results

In this section, the Bit Error Rate is evaluated for a 2×2 MIMO system. The overlapping factor
of the PHYDYAS filter has been set toK = 4. At the transmitted side, the data is encoded and
processed through the convolutional encoder of rate 1/2 and constraint length 7. The binary
sequence is mapped to a QAM constellations (QPSK and 64-QAM). The LTE extended VehA
[3GP12] channel model is used for the channel impulse responses which coefficients follow a
Rayleigh distribution. The tap/delay table of the EVehA channel is depicted in Tab.5-2. The
sampling frequency is set to 15.36 MHz. Two system configurations are assessed: 128-carrier
system (Configuration 1) and 256-carrier system (Configuration 2). One can notice that the
Configuration 1 is designed to suffer more from fast fading because of its larger inter-carrier
spacing. On the contrary, as the duration of the symbol is decreased compared to configuration
1, configuration 2 is more robust to doppler shift. The BER at the output of the receiver is
simulated by averaging 500 channel realizations. Simulation results for configurations 1 and 2
are respectively presented in Fig.5-7 and Fig.5-8.

Tap 1 2 3 4 5 6 7 8 9

Delay [ns] 0 30 150 310 370 710 1090 1730 2510

Power [dB] 0.0 -1.5 -1.4 -3.6 -0.6 -9.0 -7.0 12.0 16.9

Table 5-2: Multipath Profile of LTE Extended VehA Model

Observing the results, the FS scheme globally achieves better performances with both
equalizer techniques (ZF and MMSE). Indeed for the PPN scheme, the variations of the
channel at the carrier spacing level becomes appreciable and therefore the 1-tap equalizer does
not fully compensate the channel effects. Therefore the orthogonality is not satisfied and
the PPN exhibits an error floor due to the huge amount of residual interferences. On the
contrary, the FS remains closer to the flat fading approximation thanks to its (2K − 1)-tap
equalization at the carrier level. The channel is better counteracted and the orthogonality is
better satisfied. Consequently, the FS scheme outperforms the PPN.

As expected the MMSE equalizer performs better than the ZF thanks to its limited noise
amplification. One can observe that the SNR gain provided by the FS scheme is slightly greater
with the MMSE than with the ZF.

WONG5 Deliverable D4.1 49/61



WONG5 Date: 10/5/2017

−6 −4 −2 0 2 4 6 8 10
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Es/NO [dB]

BER

4 6 8 10 12 14 16 18 20 22
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Es/NO [dB]

BER

FS ZF PPN ZF FS MMSE PPN MMSE

Figure 5-7: Performances for M=128 (QPSK top and 64-QAM bottom)
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Figure 5-8: Performances for M=256 (QPSK top and 64-QAM bottom)
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5.3.2.5 Conclusion

We have applied soft-input decoding to linear FBMC receivers and in particular to FS-FBMC
receiver. The objective was to enhance the robustness the FBMC modulation to selective
channels by improving the frequency resolution of the receiver. The FS scheme, with detection
stage at the subcarrier level, performs a multi-tap equalization and therefore provides an
appreciable SNR gain with respect to the PPN especially when the carrier spacing is larger than
the coherence bandwidth of the channel. However, this scheme makes the channel estimation
in pratice more complex as the channel should be estimated at the subcarrier level (with a
frequency resolution of 1

KM
). This solution is not only interesting for high rate applications

(with joint high number of carriers and large constellations) but also for cost-effective systems.
Indeed, one can expect that it is possible to perform as well as a PPN receiver withK times less
carrier by considering a FS receiver (same the frequency resolution). Reducing the number of
carrier is a way to reduce the Peak-Power-to-Average Ratio and therefore to relax constraints
on the efficiency enhancement techniques at the transmitter side.

5.3.3 Alamouti coding with FBMC/OQAM combined with Frequency Spreading
receiver

In FBMC/OQAM, each subcarrier is filtered by a protype filter and is modulated with an Offset
Quadrature Amplitude Modulation (OQAM). Real and imaginary symbols are transmitted with
a delay corresponding to half the symbol period; consequently the orthogonality condition is
only considered in the real field. At the receiver side, data symbols are carried by the real (resp.
imaginary) component of the signal, whereas, the imaginary (resp. real) part is an inherent
interference term. Alamouti coding intrinsically uses the complex orthogonality which makes
its combination with FBMC not straightforward. In particular, the direct application of the
well known Alamouti coding scheme [Ala98a] is not possible; the intrinsic interference breaks
the orthogonality expected with Alamouti coding.

In [ZR13] the original Alamouti scheme is proposed for FBMC. The orthogonality of the
the coding scheme is restored at the receiver by canceling the interference terms. The au-
thors demonstrate that the receiver suffers from error propagation and the cancellation is not
sufficiency effective to converge to performance offers by an Alamouti coded OFDM scheme.

In [LSL10] the authors prove that Alamouti coding can be performed when it is combined
with a precoder (Walsh Hadamard codes). Full rate is achieved when particular subsets of
precoders are combined and the complex orthogonality is preserved; complex symbols are
sent and demodulated. However, interference appears between consecutive precoded symbols,
making necessary the introduction of guard symbol(s), or making necessary to increase the
size of the precoder. A similar approach was proposed in [ZLR10b]; the precoder is based
on Fourier matrix coefficient (once again a subset of precoder has to be chosen carefully to
guarantee the orthogonality). This scheme allows the transmission of complex symbols but
needs the insertion of a cyclic prefix, reducing the overall efficiency.

In [RIS10], a block-wise Alamouti scheme is proposed. Such schemes have been initially
applied in single-carrier [LP00] and in spread spectrum [MC05] transmission on channel with
inter symbols interference. The orthogonality of the Alamouti coded frame is preserved by
sending the conjugate time reverse block. In the basic scheme, guard times are inserted
between the Alamouti coded frames to manage the interference. The performance of the
block-wise Alamouti scheme combined with a PPN (poly phase network) based receiver is
quite good in case of stationary channel with small frequency selectivity.
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We propose to investigate how the block -wise Alamouti scheme and the Frequency-
Spreading FBMC receiver can be adapted to improve performance in case of channel with
high frequency selectivity.

5.4 Multi-Carriers approaches with linear receivers

The context is the multi-carriers transmission of FBMC-QAM. The main problem of such
waveforms is the ISI/ICI interference between symbols and carriers respectively. For instance
the ISI/ICI of the PHYDYAS[BLRR+10,Bel10] prototype filter are given in Table 5-1 where
rm(kT ) is the QAM symbol interference values of equations (5.20)(5.21) for i = 2k. According
to Table 5-1 there is ICI without ISI for PHYDYAS. In section 5.1 the carrier per carrier MIMO
receivers need interference cancelation for ISI/ICI.

Thus in this section, solutions associated to joint estimation of symbols on each carrier
are proposed in order to take into account ISI/ICI modeling without processing interference
cancelation. One of the advantage of these approaches is that all the energy associated to each
symbol in the time and frequency domain is taking into account on receiver. The philosophy
is given firstly in SISO/SIMO. Secondly the approach will be adapted to MIMO technology
with STBC such as Alamouti [Ala98b] and V-BLAST[Fos96].

The purpose of FBMC multi-carrier waveforms is to transmit the time-frequency mapping
{ami} where m is the carrier index and i the time index of the complex symbol ami. The
symbols mapping is transmitted with the following signal

s (t) =
M−1∑
m=0

∑
i
amivm (t− iTs) with




vm (t) = v (t) exp (j2πfmt)

fm = ∆f ×m with ∆f = 1
Ts

(5.59)

where Ts is the symbol duration and v (t) is the pulse shaping filter. In SIMO context, the
observation vector at the output of the receive antenna is given by

x (t) = s (t) ∗ h (t) + n (t) (5.60)

where h (t) is the impulse response of the channel vector, n (t) is the additive noise and ∗
the convolution product. Assuming that the channel is flat on each carrier, the signal at the
output of the p− th carrier is

xp (t) = v∗p (−t) ∗ x (t) (5.61)

=
M−1∑
m=0

∑
i
ami

[
v∗p (−t) ∗ vm (t− iTs) ∗ h (t)

]
+ np (t)

≈
M−1∑
m=0

∑
i

hp ami
[
v∗p (−t) ∗ vm (t− iTs)

]
+ np (t)

where hp is the Fourier transform of h (t) at frequency fp. Thus the discrete Fourier transform
of xp (ti = i/(M∆f)) gives

xp (f) ≈
M−1∑
m=0

hpa[m] (f) G[p][m] (f)+np (f) with





a[m] (f) = ∑
i
ami exp (−j2πf × iTs)

G[p][m] (f) = v∗p (f) vm (f) = γm−n (f)

γi (f) = v∗ (f) v (f − fi)
(5.62)
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because fm − fn = fm−n according to (5.59) and also γi (f) = γi (f −M∆f) = γi−M (f).
Let’s not that G[p][m] (f) is the inverse Fourier transform of rR,m,p (t) in equation (5.20) when
RB (f) = 1 In presence of ICI, the components G[m][p] (f) for p 6= m are not null. The signal
xp (f) can be rewritten as

xp (f) ≈ hpyp (f) + np (f) (5.63)

yp (f) =
M−1∑
m=0

G[p][m]a[m] (f) (5.64)

where yp (f) is the signal of interest. In this preliminary work the equalization is considering in
two steps. The first step is associated to channel equalization with the determination of yp (f)
and the second step is associated to the carriers separation processing from the multi-carrier
observation z (f) = [y0 (f) · · · yM−1 (f)]T and the particular algebraic structure of G.
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Glossary and Definitions
Acronym Meaning
ACL Adjacent Channel Leakage

C-MTC Critical-Machine Type Communications

CCDF Complementary Cumulative Distribution Function

COQAM Circular Offset QAM

CFO Carrier Frequency Offset

CP Cyclic Prefix

EVM Error Vector Magnitude

FBMC Filter Bank Multi-Carrier

FFT Fast Fourier Transform

FMT Filtered Multi-Tone

f-OFDM filtered-OFDM

FS Frequency Spreading

GFDM Generalized Frequency Division Multiplexing

IAPR Instantaneous-to-Average Power Ratio

LTE Long Term Evolution

MF Matched Filter

MIMO Multi-Input Multi-Output

MSE Mean Square Error

OFDM Orthogonal Frequency Division Multiplexing

OLA Overlap and Add

OLS Overlap and Save

OOB Out-Of-Band

PAPR Peak-to-Average Power Ratio

PPN Poly-Phase Network

PSD Power Spectral Density

RB Resource Block

RRC Root Raised-Cosine

Rx-W-OFDM CP-OFDM with receive windowing

Tx-W-OFDM CP-OFDM with transmit windowing

UFMC (i.e. UF-OFDM) Universal-Filtered Multi-Carrier (i.e. Universal-Filtered OFDM)

UOI User Of Interest

WCP Windowed Cyclic Prefix

WF WaveForm

WOLA Weighted Overlap and Add

ZP Zero Padding
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