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ABSTRACT

Future generations of communications systems will target a
very wide range of applications. Each application comes with
its own set of requirements in terms of data rate, latency,
user density, reliability... Accommodating this large variety of
specifications implies the need for a novel physical layer tech-
nology. In this regard, the most popular modulation nowa-
days, namely, the orthogonal frequency division multiplex-
ing modulation, is characterized by a poor time-frequency lo-
calization, implying strong limitations. In the light of these
limitations, communications using new waveforms, relying
on more sophisticated signal processing techniques and pro-
viding improved time-frequency localization, have attracted
a lot of attention for the last decade. At the same time, the
higher complexity of these new waveforms, not only in terms
of implementation but also conceptually, creates an entrance
barrier that slows down their adoption by industries, stan-
dardization bodies and more generally in the telecommunica-
tion community. The WaveComBox toolbox, freely available
at www.wavecombox.com, is a user-friendly, open-source
and well documented piece of software aiming at consider-
ably lowering the entrance barrier of recently proposed wave-
forms. This article first describes the general abstract struc-
ture of the toolbox. Secondly, examples are given to illus-
trate how to use the toolbox and to show some more advanced
functionalities.

Index Terms— New waveforms, modulation, communi-
cations, Matlab toolbox, OFDM, FBMC, UFMC, WOFDM.

1. INTRODUCTION

The standards for the future generations of communication
systems let us expect revolutionary changes in terms of data
rate, latency, energy efficiency, massive connectivity and net-
work reliability [1, 2]. The network should not only pro-
vide very high data rates but also be highly flexible to ac-
commodate a considerable amount of devices with very dif-
ferent specifications and corresponding to different applica-
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tions, such as the Internet of Things, the Tactile Internet or
vehicle-to-vehicle communications. These high requirements
will only be met by introducing innovative technologies radi-
cally different from existing ones.

The orthogonal frequency division multiplexing mod-
ulation (OFDM) modulation is the most popular multicar-
rier modulation scheme nowadays. The main advantage of
OFDM is its simplicity. Thanks to the combination of the Fast
Fourier transform (FFT) and the introduction at the transmit-
ter of redundant symbols known as the cyclic prefix (CP), the
OFDM modulation allows for a very simple compensation
of the channel impairments at the receiver [3]. However, the
rectangular pulse shaping of the FFT filters induces signif-
icant spectral leakage, which results in the need for large
guard bands at the edges of the spectrum in order to pre-
vent out-of-band emissions (see Fig. 1). This bad frequency
localization decreases the system flexibility regarding spec-
trum allocation and makes it less suited for applications such
as cognitive radios and the Internet of Things, which may
require asynchronous transmission for multiple users.

These limitations may be very detrimental for future gen-
erations of communications systems where the modulation
format should at the same time be highly flexible and achieve
high spectral efficiency. In this sense, a good time-frequency
localization is very desirable. This has motivated research for
new waveforms that would better fit these requirements [4].
This research has been conducted in parallel in many fields of
communications including wireless communications [5], op-
tical fiber communications [6, 7], fiber-wireless communica-
tions [8,9] or visible light communications [10]. Actually, the
research regarding waveform design has a long history and
dates back to the sixties. This area of research has regained
a lot of attention recently and a very large number of new
waveforms have flourished, each one having its own speci-
ficity [11, 12].

We now briefly discuss some of the main waveform con-
tenders that are currently implemented in the toolbox. Their
corresponding power spectral density (PSD) is shown in
Fig. 1. To improve the frequency localization of the CP-
OFDM modulation, the weighted overlap and add based
OFDM (W-OFDM) modulation uses a window to filter the
square pulse used by the CP-OFDM modulation around each
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Fig. 1. Power spectral density (PSD) of different waveforms.

subcarrier, which leads to better spectral properties [13]. The
FBMC-OQAM modulation uses purely real symbols (instead
of complex symbols) at twice the symbol rate, resulting in a
maximal spectral efficiency and a very good time-frequency
localization. Demodulation is made easier by ensuring that
the prototype filter satisfy real orthogonality condition [14].
Instead of using a more refined filtering process at the subcar-
rier level, many schemes have been proposed recently, which
perform an improved filtering at the resource block level, i.e.,
on a group of subcarriers: namely, Universal filtered mul-
ticarrier (UFMC) [15] and filtered-OFDM (F-OFDM) [16].
This type of systems has the advantage of keep a relatively a
high compatibility with current OFDM systems.

The advantages of these new waveforms generally come
at the price of an increased complexity which, we believe,
has slowed down their adoption by the community. This in-
creased complexity does not only come from the more com-
plex hardware architecture of the modulator and demodulator.
More importantly, the new waveforms are conceptually more
complex to apprehend and to implement. They require a deep
re-thinking of the whole communication chain, implying the
adaptation of general algorithms used for conventional signal
processing operations such as channel estimation or equaliza-
tion. The aim of the WaveComBox toolbox is to lower the
entrance barrier of the new waveforms by allowing simple
implementation of their physical layer functionalities.

By using an abstract architecture, the toolbox is made
user-friendly, easy to apprehend and flexible. It addresses
both single-input-single-output (SISO) and multiple-input-
multiple-output (MIMO) configurations and implements con-
ventional physical layer signal processing operations such as
modulation and demodulation, channel estimation, channel
equalization, synchronization... The channel models included
in the toolbox may represent impairments typical from wire-
less and optical fiber mediums. The toolbox is open-source,

allowing for easily checking and modifying the source code.
It is documented with help files and examples. Finally, a
forum is available to help users discuss of their problem and
propose new contributions to the toolbox.

2. GENERAL ARCHITECTURE

The WaveComBox toolbox aims at implementing a complete
communication chain relying on a specific waveform. The
general architecture of the toolbox is divided in three mains
parts: transmitter, channel and receiver. These three parts are
depicted in the three block diagrams of Figs. 2, 3 and 4. Each
box consists of a basic signal processing block and corre-
sponds to a function implemented in the WaveComBox tool-
box. Boxes with solid lines are mandatory boxes, i.e., they
consist in the building blocks of the modulation. On the other
hand, boxes surrounded by dashed lines are optional. Some
conventions regarding notations are introduced in the figures,
including the number of information streams S, of transmit
and receive signals, NT and NR.

The transmitter consists of two key operations: gener-
ation of data symbols d and modulation of the transmitted
signal s. Additional operations can be included such as pre-
equalization of the channel and/or the insertion of a preamble
and pilot in the transmission frame.

The channel takes as an input the transmitted signal s and
outputs the received signal r. The channel can be viewed in
a general sense as the transfer function between the discrete
baseband samples at the transmitter and the received base-
band discrete samples at the receiver. In the ideal case, we
have r = s. Otherwise, many impairments may be considered
including additive noise and synchronization errors. Typical
wireless effects are included such as multipath fading or mo-
bility. The toolbox should be able to address optical effects as
well such as optical fiber induced chromatic dispersion and
laser phase noise.

The receiver takes as input the received signal r and aims
at estimating the transmitted symbols d̂. A central block of
the receiver is the demodulator. Other possible blocks im-
plement synchronization, channel estimation and equalization
and phase tracking.

In the WaveComBox toolbox, the waveform parameters
are summarized in a structure that should be initialized at the
beginning of each script. Examples of such parameters are
the number of subcarriers, the number of data symbols, the
constellation size, the number of transmit and receive anten-
nas... This structure also contains some general parameters on
the communication chain such as the signal-to-noise ratio or
the velocity of the terminal. All parameters should not always
be assigned to specific values depending on the scenario. For
instance, velocity is only required if mobility is considered
inducing a time-varying effect of the channel.
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Fig. 2. Transmitter abstract block diagram.
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Fig. 4. Receiver abstract block diagram. Dashed boxes are optional.

3. FIRST EXAMPLE: FBMC-OQAM OVER AWGN

The transmit signal s[n] is obtained after FBMC-OQAM
modulation of the purely real data symbols dm,l, i.e.,

s[n] =

2M−1∑
m=0

2Ns−1∑
l=0

dm,lgm,l[n],

where gm,l[n] = m+lg[n − lM ]e
2π
2Mm(n−lM−Lg−1

2 ). Pa-
rameters 2M , 2Ns and Lg refer to the number of subcarriers,
of real multicarrier symbols and to the length of the proto-
type filter g[n]. The received signal r[n], affected by additive
noise, is given by

r[n] = s[n] + w[n],

where w[n] are additive noise samples. The demodulated
samples at subcarrier m0 and multicarrier symbol l0, are
given by

zm0,l0 =
∑
n

r[n]g∗m0,l0 [n].

Finally, the estimated symbols are obtained as

d̂m0,l0 = < (zm0,l0) .

In WaveComBox, this example can be simulated with the fol-
lowing 6 lines of code:

% Initialization of FBMC-OQAM parameters
Para = InitializeChainParameters(’FBMC-OQAM’);

% Transmitter
d = GenerateData ( Para );
s = Modulator( d, Para );
% AWGN channel
r = Channel_AWGN( s, Para );
% Receiver
z = Demodulator( r, Para );
d_hat = real( z );

This example is available in the WaveComBox toolbox
under the name BasicSISO.m. The example is highly tun-
able as a function of different modulation parameters, channel
effects and receiver architecture.



4. SECOND EXAMPLE: OPTICAL FIBER
FBMC-OQAM CHAIN

The example OpticalFiberChain.m included in the
toolbox allows the simulation of an optical FBMC-OQAM
system based on the standard single-mode fiber (SSMF) lim-
ited by chromatic dispersion and laser phase noise [7]. It
implements the different signal processing operation blocks
required to modulate the signal at the transmitter and to de-
modulate the signal at the receiver. The example can directly
be used for experimental validation.

The first stage of the receiver relies on the preamble of
the transmitted frame to perform synchronization and channel
estimation. Synchronization relies on the repetitive pattern of
the preamble to perform frame detection, symbol timing off-
set and carrier frequency offset (CFO) estimation according
to [17]. After synchronization is performed, the channel is
estimated across frequency based on pilot symbols included
in the preamble [18, 19].

Using estimated channel state information, the chromatic
dispersion induced by the fiber can be compensated for.
Different techniques are implemented and compared in the
example ChromaticDispersionCompensation.m of
the toolbox following the study presented in [20] (see Fig. 5).
Single-tap equalization refers to the conventional FBMC-
OQAM processing, similar to an OFDM system. The parallel
equalization structure relies on a set of R parallel analysis
filterbanks architecture that implements a Taylor approxi-
mation of the ideal equalizer [23]. The multi-tap equalizer
consists of a fractionally spaced filter with memory Ntaps

working at the subcarrier level. The frequency spreading
structure, originally proposed by [22], uses an oversampled
FFT at the receiver to perform a more accurate compensation.
Finally, the time domain equalizer implements the conven-
tional overlap-and-save algorithm prior to FMBC-OQAM
demodulation.

Additionally, the finite linewidths of the transmit and re-
ceive lasers will lead to phase noise and hence a rotation of
the received symbols in the complex plane. To fix this, phase
tracking is implemented according to the methods presented
in [21]. Finally, after compensation of chromatic dispersion
and phase noise, the symbols can be estimated by taking the
real part of the demodulated samples.

5. THIRD EXAMPLE: MIMO FBMC-OQAM
EQUALIZATION

The example MIMOEqualizerComparison.m shows
how to implement and compare the performance of a MIMO
FBMC-OQAM system under a highly frequency selective
wireless channel. Various equalization techniques are consid-
ered including the equalizers mentioned in the second exam-
ple and additionally the low complexity single-tap equalizer
of [23]. Another example allows to evaluate the performance
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of a massive MIMO FBMC-OQAM system. The code allows
to compare the simulated performance with the theoretical
instantaneous and the asymptotic one derived in [26].

6. CONCLUSION

In this article, we have described the general framework of
the WaveComBox toolbox, being an open-source freely avail-
able piece of software. The toolbox relies on an abstract ar-
chitecture that allows for simple simulation or experimental
validation of communication chains using new waveforms.
Moreover, it is highly documented and includes many use-
ful examples. Some examples have a tutorial scope helping to
apprehend the utilization of the toolbox. On the other hand,
more comprehensive examples allow the full simulation of
complete communication chains.
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Font-Bach, Xavier Mestre, Miquel Payaró, Michael Färber,
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