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these latter, flexible and efficient use of all available non-contiguous spectra for different network
deployment scenarios is one challenge for the future 5G. To maximize spectrum efficiency, a flexible
5G air interface technology capable of mapping various services to the best suitable combinations of
frequency and radio resources will also be required. In this work, a fair comparison of several 5G
waveform candidates (UFMC, FBMC-OQAM, and FBMC-QAM) is proposed under a common framework.
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Multicarrier modulation Spectral efficiency, power spectral density, peak to average power ratio and performance in terms of bit
FBMC-O0QAM error rate under various realistic channel conditions are assessed. The waveforms are then compared
FBMC-QAM in an asynchronous multi-user uplink transmission. Based on these results, in order to increase the
OFDM spectral efficiency, a bit loading algorithm is proposed to cope with the non-uniform distribution of the
SC-FDMA interference across the carriers. The benefits of these new waveforms for the foreseen 5G use cases are
UFMC

clearly highlighted. It is also stressed that some concepts still need to be improved to achieve the full

5G cellular networks

range of expected benefits of 5G.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The fourth generation of wireless network (4G) is currently
massively rolled-out but it is also known that it will quickly reach
its limits. To face this issue, 3GPP started to discuss 5G require-
ments during the RAN 5G workshop held in September 2015
leading to an emerging consensus that there will be a new, non-
backward compatible, radio access technology as part of 5G [1].

As the availability of large amount of contiguous spectrum is
getting more and more difficult to guarantee, the aggregation of
non-contiguous frequency bands is considered in order to meet
higher data rates and/or to improve access flexibility [2]. This
requirement of spectrum agility has encouraged the study of al-
ternative multicarrier waveforms that may provide better adjacent
channel leakage performance without compromising Spectral Effi-
ciency (SE). Sporadic access has been furthermore identified as one
of the significant challenges future mobile access networks will
have to face. In the aim of reducing battery power consumption,
a mobile node may be configured to enter a dormant state as
rapidly as possible after a data transaction. This feature, called
fast dormancy, has been identified as the root cause of significant
signaling overhead in the cellular network [3]. Consequently, re-
laxed synchronization schemes have been considered to limit the
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required amount of signaling. This is the case for instance when
the mobile node carries only a coarse knowledge of time syn-
chronization. In the expected 5G, the massive number of devices
and the support of multi-point transmissions will imply the use
of relaxed synchronization, potentially leading to strong inter-user
interference.

Even though Orthogonal Frequency Division Multiplexing
(OFDM) is the most prominent multi-carrier modulation technique
in wireless standards for below 6 GHz transmission, it also exhibits
some intrinsic drawbacks. Firstly, an important frequency leakage
is caused by its rectangular pulse shape. Secondly, the Cyclic Prefix
(CP) insertion causes a SE loss. Finally, fine time and frequency syn-
chronization is required to preserve the subcarrier orthogonality
that guarantees a low level of intra and inter-cell interferences.
To overcome these limitations, several alternative candidates have
been intensively studied in the literature in the past few years.

In this paper, we focus on multicarrier modulation that are the-
oretically well localized in frequency domain. In addition to OFDM
and Single Carrier Frequency Division Multiple Access (SC-FDMA),
which serve as a comparison reference, we consider Universal
Filtered Multi Carrier (UFMC) [4], Filter Bank Multicarrier (FBMC)
Offset Quadrature Amplitude Modulation (OQAM) [5] and FBMC-
QAM [6]. FBMC waveforms are subcarrier-wise filtering wave-
forms, as each subcarrier is filtered by a time-frequency translated
prototype filter. On the contrary, UFMC applies the filtering op-
eration on a Resource Block (RB) (i.e. a group of sub-carriers)
in order to decrease the filter tails. Multiple references in the
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literature focus on different receiver architectures and scenarios
for these waveform candidates. In [7], OFDM and FBMC (both QAM
and OQAM) are compared in terms of achievable SE in different
scenarios, channel models and bandwidths. It however does not
include the potential benefits of a multi-user access scheme, and
the impact of FBMC parametrization. A very detailed analysis on
the prototype filter choice for FBMC is done in [8]. Several filters are
compared based on different design criteria but direct use-cases for
waveform evaluation and comparison with classic CP-OFDM are
not considered. A direct comparison between OFDM and FBMC has
been done in [9]. Different prototype filters are studied, and the
analysis of the time frequency behavior of the waveforms is done
with the use of the ambiguity surface. In our paper, we focus on the
PHYDYAS filter as it has been designed in frequency domain, and
it offers very low Out of Band (OOB) leakage. This deep analysis
provides a great insight on the structure of the interference but
again, this paper does not provide evaluation results in typical
use-case scenarios. A Bit Error Rate analysis of OFDM, FBMC and
UFMC is performed in [10] with a typical ETU channel model.
However, other important Key Performance Indicators (KPI) (re-
lated to frequency containment and power management) are not
assessed. Some studies have also been focused on millimeter wave
applications which is of importance in foreseen 5G scenarios [11].
In [12], millimeter RF impairments impact is studied for both
OFDM and Discrete Fourier Transform (DFT)-based waveform. It
shows the potential benefits of DFT precoding, but it however
does not consider other popular (and filtered) waveforms such as
FBMC and UFMC. Finally an introduction of promising single and
multi-carrier waveforms has been done in [ 13]. Detailed evaluation
results are nevertheless not included.

The main purpose of this paper is to propose a common frame-
work for the evaluation of the different waveform candidates in
different representative scenarios. After a brief introduction to the
waveforms, the evaluation is done in a three step analysis. First,
we compare the waveforms regarding different representative
criteria. We then assess the waveforms for different frequency se-
lective channel models, together with different parametrizations.
We finally study the multi-user scenario performance. The main
contributions of the paper, in addition to be a comprehensive study
of some of the most promising multicarrier waveforms in expected
5G scenarios, are:

e to propose a unified scenario to evaluate and compare the
different waveforms performance,

e to provide a deep analysis of the Power Spectral Density
(PSD), the Peak to Average Power Ratio (PAPR), and the
performance in a multi-user access scenario. (From this,
we provide an optimization analysis that improves the SE.
We show the advantages of a well localized waveform in
frequency domain.),

e to derive a performance comparison between the wave-
forms in typical channel models (we also compare and
analyze the performance of two different FBMC receiver
architectures),

o finally, to study the impact and the benefits of reducing
the Fast Fourier Transform (FFT) size for FBMC, especially
when the Frequency Spreading (FS) architecture is used as
it improves the spectral resolution of the equalizer.

In this work, the multi-user interference is modeled by a band-
width shared between three users. The user of interest is assumed
to be perfectly synchronized (in both time and frequency domains)
with its serving base station (BS). The two other users are not
synchronized with the serving BS and thus interfere with the user
of interest. The performance of the candidate waveforms (UFMC,
FBMC-OQAM and FBMC-QAM) are compared and discussed for
several delays and carrier frequency offsets, for different number

of guard carriers, and according to different waveform parameters
such as the size of the FFT. The baselines for comparison are the
Long Term Evolution (LTE) waveforms, namely CP-OFDM and SC-
FDMA. In order to investigate the distribution of the interference
inside a physical RB, the studied metric is the Mean Square Error
(MSE) per carrier at the receiver side, after demodulation. Next, we
explore how the SE could be increased by properly choosing, for
each carrier, the modulation order.

We also compare in this paper the SE, the PSD and the PAPR
for each waveform candidate. Furthermore Bit Error Rate (BER)
performance are assessed for representative 3GPP channel models
for the purpose of getting insights on the robustness of receivers
to realistic channel conditions. This paper thus proposes a fair
comparison regarding different criteria that are representative for
benchmarking 5G waveforms.

The remainder of the paper is organized as follows. The main
5G waveform candidates along with their associated transceivers
are described in Section 2. A detailed comparison of the waveforms
is then performed in Section 3 with respect to the following KPI:
PSD, PAPR, SE and BER. In Section 4, the waveform performances
in terms of MSE are compared in the case of a typical multiuser
asynchronous access scenario. An optimization of the SE, based
on bit loading algorithm, is proposed and its performance are
discussed. Eventually the last section draws some conclusions.

2. Waveforms description

In this section, we briefly introduce the main waveform candi-
dates for 5G.

2.1. Notations

Bold letters denote vectors and matrices. Upper-case and lower-
case letters denote frequency domain and time domain variables
respectively. The following notations were used:

e (.)" Hermitian transform
e E[.]Expectation operator

Fy stands for the DFT matrix defined as:

1 1 1 1
. 1 1 WN w,%, w%il )
N=—17=]. . . .
VN | : : : :
1 w[l:]l—] wl%](N—l) wI(\IN_l)(N_l)
where wy = e/ ¥

2.2. CP-OFDM

In classic CP-OFDM, the carriers are modulated at a fre-
quency k/N, using rectangular shapes in the time domain. The
mapping/demapping process can be done with an Inverse FFT
(IFFT)/FFT and thus allows an architecture with low complexity
(see Fig. 1). The insertion of the CP guarantees circularity of the
OFDM symbol. A one tap per carrier equalization process can be
applied when a good dimensioning of the CP with respect to the
channel delay spread is done. The simplicity of the OFDM wave-
form, which led to its selection for numerous wireless standards,
is however counterbalanced by its important Adjacent Channel
Leakage Ratio (ACLR), due to the use of sinc shapes in the frequency
domain, and an important PAPR due to its multicarrier nature. It
alsorequires a good synchronization in time domain in the context
of multiple access scenario to preserve the orthogonality of the
carriers.

An OFDM symbol can be expressed as:

H
Xk = IN+Ne,NFN'™ Xk
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with Xy being the kth symbol to transmit, N, the length of the cyclic
prefix and ry;n, N the CP insertion matrix, defined as

— | ONe,N—Ne In,
1‘N-%—Nc.,N = 1N

where Oy, n—N, is the zero-matrix of size N. x
the identity matrix of size N x N.

(N —N:)and 1y is

2.3. SC-FDMA

CP-OFDM exhibits a high PAPR, which is problematic in terms of
transmit power efficiency and constraints for the power amplifier.
In the uplink (UL) mode of 3GPP-LTE, this issue has been solved
by the use of SC-FDMA which is based on classic CP-OFDM with
a precoding stage [14] (see Fig. 2). The precoding stage is a DFT
applied before the IFFT stage at the transmitter. In the receiver
stage, an IDFT is applied after the FFT to recover the data.

A SC-FDMA symbol can be expressed as

H
Xk = I'nine, NFN DXk

where D is the blockwise spreading matrix that contains DFT
coefficients.

2.4. FBMC-OQAM

With FBMC, a set of parallel data symbols are transmitted
through a bank of modulated filters. The choice of the prototype
filter controls the localization in frequency of the generated pulse
and can provide better adjacent channel leakage performance in
comparison to OFDM. OQAM combined with Nyquist constraints
on the prototype filter is used to guarantee orthogonality (in the
real field) between adjacent symbols and adjacent carriers while
providing maximum SE [15]. The duration L of the prototype filter
is a multiple of the size of the FFT, N, so that L = KN. K is an
integer and usually referred as to the overlapping factor. Frequency
sampling technique is often considered to design the prototype
filter. The technique has been proven simple and yet very efficient
to build an almost optimal filter as a function of K. The FBMC
transmitter-receiver structure can be efficiently implemented us-
ing IFFTs or FFTs combined with a PolyPhase Network (PPN) [15].
Frequency Spreading approach (FS-FBMC) has been recently pro-
posed in [16] and [17] as an alternative to PPN-FBMC. This tech-
nique is inspired by the frequency sampling technique used to
design the prototype filter. With this approach, the number of non-
zero samples in the frequency response is given by P = 2K — 1. For
K = 2, the frequency domain pulse response coefficients are equal
to [15]:

V2

0021;0120_127- (2)

For K = 3:
Go=1;G; =G_1 =0.911438;

3)
G=G,=,/1-G

and for K = 4:
Go=1;G; = G_1 = 0.971960;
V2

. / 2 (4)
7,632673: ]_Gl

The impulse response of the prototype filter is then given by:

G =G, =

K-1

h(t) = Go—i—ZZ( DGy cos(z—(t+1)> (5)

k=

With frequency spreading technique, symbols are spread over
P carriers by filtering the output of the OQAM process by the
frequency domain pulse response. The output is then processed
through an IFFT of size KN. OQAM precoding imposes that real
and pure imaginary symbol values alternate on successive carrier
frequencies and on successive transmitted symbols for any given
carrier. This precoding guarantees orthogonality between adjacent
carriers since the coefficients of the prototype filter are real. The
output of the IFFT is converted through a Parallel-to-Serial (P/S)
conversion and is accumulated with the following IFFT output data
block stream delayed by N /2. This P/S conversion is called overlap-
and-sum. Once the transient period is over, 2K of the KN-IFFT
output samples are added together at any given time. Therefore
the time domain signal can be expressed as [18]:

2K—1
Vi = F'GXic+ ) Q avFn"'GXicp + Qo' GXicsp (6)

p=1
where matrix G is the prototype filter matrix. Qy introduces x
samples delay between the block of samples. Eq. (6) represents the
sum of the 2 x (2K — 1) + 1 filtered FBMC-OQAM symbols that
overlap over time. The corresponding transceiver is depicted Fig. 3.
By using the property of the prototype filter and the property of the
spreading process (in frequency domain), it is possible to derive
a closed form expression of the time domain signal illustrating
the use of a Fourier transform of size N combined with a PPN
filter. This formulation is interesting for practical implementation
as demonstrated in [15].

At the receiver side, the dual operation of the overlap-and-sum
operation of the transmitter is a sliding window in the time domain
that selects KN points every N/2 samples. A FFT is then applied
on every block of KN selected points. Equalization is applied using
a single tap equalizer and is followed by the filtering with the
prototype matched filter (Fig. 4(a)). Data at the output of the
matched filter is then demapped to compute a log-likelihood ratio
for the input of the inner decoder. Because the size of the FFT is K-
times larger than the multicarrier symbol time period, the signal at
the output of the FFT is oversampled by a factor K compared to the
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carrier spacing. This property gives FS-FBMC receiver a significant
advantage for channels with large delay spread. It also suggests
that the intercarrier spacing could be reduced; this property will
be discussed in the following. Of course the classical PPN receiver
scheme can also be applied [15] (Fig. 4(b)).

2.5. FBMC-QAM

The filtering of adjacent carrier by the prototype filter overlaps
in the classical FBMC-OQAM system and consequently an intrinsic
interference occurs (addressed by the use of OQAM modulation
instead of QAM). The main idea behind FBMC-QAM is to design
two sets of orthogonal prototype filters. These filters are optimized
to minimize or null the intrinsic interference between the even-
numbered and the odd-numbered carriers [6]. In order to satisfy
the orthogonality conditions, the FBMC-QAM scheme proposed
in[6] performs a block-wise permutation of the time domain signal
for the odd-numbered sub-carrier symbols after the overlap and
sum processing. The corresponding transceiver is depicted in Fig. 5.
It should be mentioned that due to the block-wise permutation, the
waveform is no longer well localized in frequency. It is possible to
mitigate this effect by applying a “smoothing” filter [19]. In that
case the frequency localization of the waveform is managed but
the orthogonality condition is broken. As a consequence, a trade-
off should be found between a good frequency localization and the
level of interference generated.

A FBMC-QAM symbol yi can be expressed as follows:
K-1
Vie = FN"GX) + ) " Q pnFnGXY_, + QunFnGXY
p=1
K—-1
+OFGX, + 2 ) Q pnEN'GX_, + QunFn XL, (7)
p=1

where matrix €2 stands for the blockwise interleaving. X? 4p and
X}, are the matrices that model the data on even and odd carriers.

The classical PPN receiver scheme is suggested by the authors
of [6]. However, in this work, we propose to extend the FS-based re-
ceiver scheme to the FBMC-QAM. In that case, a KN FFT is processed
every blocks of N samples generating KN points. The FFT is applied
to two versions of the received stream (in the natural order and in
an interleaved order). Outputs of the FFTs are then equalized and
filtered in the frequency domain before being selected according
to the carrier parity (odd and even). The corresponding receiver is
depicted Fig. 6.

2.6. UFMC

In UFMC a group of n; carriers is filtered in the frequency do-
main. This subband filtering operation is motivated by the fact that
the smallest unit used by the scheduling algorithm in frequency
domain in 3GPP LTE is a RB, which is a group of 12 carriers [4].
The filtering operation thus leads to a lower ACL. Depending on
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the filter parameters, UFMC can be changed into classic OFDM or
single carrier [20]. The transceiver [21] (see Fig. 7) is composed of B
subband filtering operations (combined with frequency mapping),
that modulate the B data blocks. The obtained signals are then
mixed. There is no CP insertion, but there is a SE loss due to the
transient state of the shaping filter (of length L) introduced by the
convolution (see Section 3.2). The time-domain transmit vector x
of length 1 x Nt + L — 1 for a multicarrier symbol of user k is
the superimposition of its subband filtered components, and can
be expressed as [22]:

B
Xk = Z Ci,ikFi 1S i,
i=1

(8)

where §; i is the data vector for the block i, of size 1 x n;, Fj i is the
IFFT matrix of size Nger x n; with appropriate frequency mapping,
and C; i is the filtering matrix of size (Ngrr + L — 1) X Nggr.

Eachreceived symbol, of length Nger +L—1, is padded with zeros
before a 2N point FFT is applied, which is next decimated by a
factor 2 to recover the data [21]. It is also possible to insert before
the FFT a windowing stage. This stage introduces interference
between carriers but is interesting when asynchronous UL scheme
is considered as it helps to separate contiguous users, and thus
can improve the performance, as shown in Section 4. In the rest of
the paper, we consider n; = 12, a Dolph-Chebyshev shaping filter
with length L = 73 (to ensure the same SE as CP-OFDM) with an
attenuation factor of 40 dB as in [20,22].

3. Waveform comparisons

Several waveform candidates have been introduced in the pre-
vious section. We now compare their performance with respect to
several criteria. We first compute the PSD, in order to stress the
impact of FBMC parametrization in terms of OOB leakage. We then
study the PAPR for the different waveforms. Finally, we assess the
performance of the different 5G candidates in terms of BER for two
typical multipath channels.

3.1. Power spectral density

We compare in this section the PSD of the studied waveforms.
The spectral location of a waveform is intrinsically linked to the
spectrum reuse and to the support of potential co-existence of
different services. To better stress the impact of adjacent channel
leakage, we consider a scenario with two frequency blocks of
540 kHz (3RBs) spaced by a hole of 180 kHz (1RB). The PSD of
the resulting signal is depicted in Fig. 8. FBMC-QAM shows higher
OOB leakage compared to classic CP-OFDM due to the block-wise
permutation and to the discontinuous transition. The application
of a smoothing filter could reduce the OOB radiation but in that
case the complex orthogonality would be broken.

The best spectral location is obtained with FBMC-OQAM with a
FFT size of 1024 and an overlapping factor K = 4. UFMC, due to the
block filtering, has a lower OOB leakage compared to OFDM, but is
outperformed by FBMC-OQAM. In case of FBMC-OQAM, the smaller
the FFT length, the better the time location; therefore, reducing the
FFT size (increasing the inter carrier spacing) relaxes the frequency
localization. However, even with a FFT size divided by 4 (i.e. a
FFT size of 256 instead of 1024), the OOB leakage is still lower
compared to the other waveform candidates.

We depict in Fig. 9 the PSD of OFDM, UFMC and FBMC-OQAM
for several values of K. The overlapping factor directly controls the
location in the frequency domain, and the spectral containment
can be heavily relaxed with the decreasing of K. For K = 3, the
spectral location is still very good and outperforms UFMC. For
K = 2, the OOB leakage increases, and is only 10 dB lower than
OFDM. A small overlapping factor induces a lower pulse duration,
making this configuration interesting for short burst transmission
or robustness against channel with small coherence time. It is also
noticeable that even for K = 2, the FBMC prototype filter shows
good performance if a small frequency guard band (here one RB) is
inserted between two adjacent users, as the OOB for K = 2 to 4 is
always lower compared to UFMC.
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3.2. Spectral efficiency

First, we propose to compare the waveforms according to the
SE expressed in bit per second per Hertz. In our methodology,
we do not take into account the potential gain introduced by the
good frequency localization of the waveforms. Indeed, when the
waveforms have been designed to fulfill a very low OOB radiation
constraint, few guard carriers at each side of the band allow for
nearly null out-of-band radiation. An evaluation of the benefits of
this approach has been demonstrated in [23].

In case of OFDM, SC-FDMA and UFMC, the SE does not depend
on the burst duration and is a function of the FFT size and the
modulation efficiency (which itself depends on the coding rate, the

0
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Fig.9.
of K.

Power spectral density of OFDM, UFMC and FBMC-OQAM with several values

rate matching, the modulation order and the number of active RBs).
For OFDM and SC-FDMA, the SE can be described as follows:

R (©)
N.+N"
where 7 is the modulation efficiency (including modulation order,
coding rate and number of active carriers). In case of UFMC, the

SE depends on the duration of the transient state L of the shaping
filter:

1orDM = 1SC—FDMA =

N
L—1+N"

In the literature, L = N; + 1 is a classical parametrization that
ensures the same SE between UFMC and OFDM [20].

NUFMC = (10)
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Fig. 10. Ratio efficiency between an OFDM (and UFMC) waveform with LTE 10 MHz
parameters and FBMC-OQAM/QAM waveforms for different transmission time.

As mentioned previously, the case of FBMC is more complex as
the SE is a function of the number of symbols sent. If we define S as
the number of FBMC-OQAM symbols (complex field domain), we
have:

> (1)
TIFBMC—0QAM K+s_ %TL
We can see that as S gets larger, ngyc tends towards 7. The case
of FBMC-QAM is quite similar; as offset QAM is not used, the SE is
given by:

S
K+s—1"
where S stands for the number of FBMC-QAM symbols. To fairly
compare the waveforms, we compute the number of bits that can
be transmitted by the waveform given a modulation efficiency n
and a transmission time from 0.1 to 100 ms. This number of bits
is then divided by the number of bits transmitted by an OFDM
waveform (or UFMC). The results are depicted in Fig. 10 assuming
a sampling frequency of 15.36 MHz. UFMC has the same SE as
OFDM since the filter length has been defined under this constraint.
We can see that as the transmission time gets longer, the SE of
FBMC modulations outperforms the SE of OFDM. The efficiency
ratio tends to 1 4+ 9/128 due to the lack of cyclic prefix. These
results clearly demonstrate that the use of N = 1024 and K =
4 is not well adapted to short transmission time. With this set
of parameters, the efficiency ratio is greater than 1 when the
transmission time is greater than 2.567 ms for FBMC-OQAM and
2.06 ms for FBMC-QAM. Results nevertheless demonstrate that the
SE can be increased for short transmission times by decreasing K ;
an efficiency ratio higher than 1 can for example be achieved for
a transmission time of 0.2 ms with appropriate parametrization.
However, when K is decreased, the OOB radiation is also increased,
making the waveform less robust to relaxed synchronization sce-
narios (see Section 4). Another degree of freedom is the duration of
the symbol. One can imagine to increase the inter carrier spacing
(i.e. decrease the FFT size N); in that case, K = 4 ensures good
frequency localization and the set of parameters is compatible
with short transmission time (Fig. 10 bottom, N = 256). The
efficiency ratio is greater than 1 with a slot duration greater than
0.2 ms. When the inter carrier spacing is increased, the robustness
of the waveform to frequency selective channel is reduced. This
effect will be discussed hereafter (Section 3.4) based on simulation
results obtained with typical channel models.

TIFBMC—QAM = (12)
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3.3. PAPR

In this section, we compare the PAPR of the different wave-
forms. The PAPR is defined as the ratio between the peak of squared
amplitude and the average power; measured on a burst b:

max (|ys[k][%)
E [lys[k1%]

For the statistical analysis, we compute the Complementary Cumu-
lative Density probability Function (CCDF) defined as

CCDFPAPR()/) = PT[bJ (PAPR[b] > )/) .

Results are depicted in Fig. 11 for QPSK and 64-QAM. SC-FDMA, due
to its (quasi) single carrier property, offers the lowest PAPR. For
comparison, the performance when single carrier mode is applied
on UFMC (the so-called DFT-UFMC) has been added: SC-FDMA and
DFT-UFMC have closed PAPR level. When changing the modulation
order from 2 bits per symbol (QPSK) to 6 bits per symbol (64-QAM),
PAPR is only slightly affected. Multicarrier waveforms (except SC-
FDMA), have a comparable PAPR, 2 dB higher than SC-FDMA. It is
well known that the higher the FFT size, the higher the PAPR. As
a consequence, for FBMC-OQAM, PAPR is reduced when switching
from a 1024-FFT size to a 256-FFT size, leading to almost the same
performance as we get for SC-FDMA. This result is interesting for
the definition of a waveform dedicated to UL, where a low PAPR is
a stringent requirement. Note that in case of OFDM/UFMC and SC-
FDMA it is also possible to reduce the size of the FFT (i.e. increase
the inter carrier spacing) to lower the PAPR. However, for these
waveforms and assuming a one tap receiver for channel equaliza-
tion, performance decrease on fading channel. This aspect will be
discussed in the next section.

PAPR[b] = (13)

3.4. Performance on typical channels

The BER performance of the waveforms studied in this work
have been assessed for two channel models: Extended Vehicular
A model (EVA) and Extended Typical Urban model (ETU) [24].
These delay profiles represent a medium and a high delay spread
environment, respectively. The multipath delay profiles for these
channels are given in Table 1. The parameters used are summarized
in Table 2. Perfect channel state information and perfect synchro-
nization are assumed. A max log approximation is used for the
demapping and a soft input Viterbi algorithm is implemented.

Fig. 12 first shows the BER for a 64-QAM modulation over ETU
channel. Here N = 1024 for all waveforms. Two DFT sizes are
assessed for SC-FDMA, 12 and 24. Three different implementa-
tions of FBMC, with K = 4, are tested: FBMC-OQAM with PPN
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Table 1
Channel delay profile.
EVA ETU
Excess tap delay Relative power Excess tap delay Relative power
[samples] [dB] [samples] [dB]
0 +0.0 0 -1.0
1 -15 1 -1.0
3 —-14 2 -1.0
5 —36 3 +0.0
6 —0.6 4 +0.0
11 —-9.1 8 +0.0
17 —7.0 25 -3.0
27 —-12.0 35 —5.0
39 —16.9 77 -7.0
Table 2
Systems parameters.
QPSK 64-QAM
Payload (bits) 11192 33592
FEC CCR = 2/3 + Interleaver
F 15.36 MHz
Bandwidth 9 MHz
Filtering OFDM NA
SC-FDMA DFT spread
UFMC Dolph-Chebyshev, L = 73
FBMC-QAM PHYDYASK = 4
FBMC-OQAM PHYDYASK =4
Ng/[Nger OFDM 600/1024
SC-FDMA 600/1024
UFMC 600/1024
FBMC-QAM 600/1024
FBMC-OQAM 600/1024
300/512
150/256
Packet duration (ms) OFDM 0.999
SCFDMA 0.999
UFMC 0.999
FBMC-QAM 1.133
FBMC-OQAM 1.167 (Nprr = 1024)

1.050 (Ner = 512)
0.992 (N = 256)

receiver, FBMC-OQAM and FBMC-QAM with FS receivers. It must
first be noted that two waveforms experience a quite high error
floor: FBMC-QAM and UFMC. The FBMC-QAM waveform suffers
from the non-contiguous nature of the signal (transient effect be-
tween interleaved blocks); the complex orthogonality is broken by
the channel. This effect introduces self-interference that becomes
dominant when the SNR increases. Concerning UFMC, this mod-
ulation suffers from the lack of CP over such a high delay spread
channel. SC-FDMA, despite the use of a CP, also presents poor
performance: the IDFT spreading at the receiver indeed spreads
the high fading occurrences over several carriers. This is all the
more true when the DFT is realized on a larger number of carriers.
Thanks to the 72 samples long CP, CP-OFDM has good performance.
Both implementations of FBMC-OQAM nevertheless outperform
CP-OFDM, due to the important length of the filter in the time
domain, compared to the channel spreading. FS receiver is the
best FBMC-OQAM receiver; it benefits from its high frequency
granularity in such a frequency selective channel.

Fig. 13 (for QPSK) and Fig. 14 (for 64-QAM) assess the per-
formance of FBMC-OQAM with different FFT sizes, over the ETU
channel. Decreasing the FFT size N for FBMC allows to decrease in
the same proportions the length of the filter in the time domain
and thereby the length of the FBMC frame (at the expense of a
poorer frequency localization). In case of PPN receiver scheme,
performance are degraded as the FFT size is reduced. One must
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Fig. 12. Performance over ETU channel for 64-QAM.

nevertheless remember that FBMC FS equalizer has a K times
higher frequency resolution. For FBMC with N = 256 and 64-QAM,
an error floor appears at 107> when FS scheme is considered for the
receiver. For this channel model, the PPN based receiver is not able
to decode the signal (error floor at 10~ 1),

On Figs. 13 and 14, CP-OFDM, SC-FDMA (DFT 12) and UFMC are
also plotted for comparison purpose, but with 1024 carriers for
all sub-figures. For a QPSK modulation, UFMC does not experience
an error floor anymore and perform the same than CP-OFDM. SC-
FDMA is around 3 dB worse (at BER = 107%). With N = 1024, both
PPN and FS receivers schemes perform the same. The frequency
resolution of the equalizer is high enough to cope with the fre-
quency selectivity of the channel. When decreasing the FFT size
from 1024 to 512, performance of both PPN and FS receivers are
similar to performance of CP-OFDM and UFMC receivers. It means
that a FFT size of 512 carriers is a high enough resolution for FBMC
with a PPN scheme receiver. A significant performance degradation
can be noted when N = 256, for FBMC with a PPN scheme receiver.
Nevertheless, the decrease of performance is lower for FBMC FS
scheme that takes advantage of the better frequency resolution of
the equalization.

On Fig. 14, for the three sub-figures, the curves for CP-OFDM,
SC-FDMA and UFMC are the same than on Fig. 12. Here the behavior
of both FBMC receivers can be explained in the same way than
for Fig. 13, with the substantial difference that FBMC PPN receiver
experiences a high error floor if N < 1024.

The performance of all receivers over EVA channel are depicted
in Fig. 15 with 64-QAM modulation. Here, CP-OFDM, SC-FDMA
and UFMC are still implemented with a FFT size of 1024, whereas
different configurations of FBMC are assessed. In this moderately
frequency selective channel, CP-OFDM and UFMC perform the
same. Even though the channel is less selective, FBMC-OQAM PPN
with N = 256 still presents an error floor. This is no longer true
when the size of FFT is increased to 512. Unlike in the selective
ETU channel scenario, FBMC-QAM with N = 1024 exhibits worse
BER compared to other waveforms. However this effect can be
managed by introducing a smoothing filter at the price of an intro-
duction of self-interference. Finally, as expected, FBMC FS receiver
performs well, better than CP-OFDM and UFMC, even with a low
number of carriers.

Concerning complexity, the authors of [25] concluded that the
complexity of a filtered-OFDM transmitter could be as high as -
or even higher than - the one of a FBMC transmitter, which does
not require this additional filtering. Similarly, the complexity of a
FBMC receiver has been compared to the one of an OFDM receiver.
In [26], it has been shown that the computational complexity of
the FS-FBMC receiver was only around 30% higher than that of the
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Fig. 14. Performance over ETU channel for 64-QAM.

OFDM receiver, based on FPGA complexity evaluation. In addition,
the block-wise processing approach requires FBMC symbols to be
stored, which impacts the size of the memory (2.5x the one of an
equivalent CP-OFDM receiver). However, such memory sizes can
be implemented at a very limited footprint and cost on current
silicon technology nodes.

4. Robustness to relaxed synchronization uplink scenario

As stated in the introduction, multi-user asynchronous access
scenario is of importance in the next 5G due to the massive num-
ber of expected devices. In the current standardization process,
performance of the waveform on relaxed synchronization scenar-
ios are discussed [27]. In this section, we analyze the multi-user
asynchronous access scheme in terms of inter-user interference for
the different investigated waveforms. We then use these results to
solve a bit loading optimization problem. We first introduce the
scope of this scenario with the presentation of the unified frame
structure scenario.

4.1. Scenario: unified frame structure

Flexible and efficient use of all available non-contiguous spectra
for widely different network deployment scenarios is one chal-
lenge for the future 5G. To maximize SE, the 5G air interface tech-
nologies will need to be flexible and capable of mapping various
services to the best suitable combinations of frequency and time
resources. In order to provide a uniform service experience to
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Fig. 15. Performance over EVA channel for 64-QAM.

users with the premises of heterogeneous networking, the authors
of [2] have introduced the concept of a unified frame structure
for 5G. The idea is to provide a flexible multi-service solution in
an integrated air interface. A frame, divided into different areas of
services, has been proposed with different Time Transmission In-
terval (TTI) durations. These services include high data rate and/or
low latency traffic (short TTI), scheduled and non-synchronous
traffic. Scheduled transmissions, as already in place in LTE and LTE-
A, are dedicated to high bandwidth data pipes and Machine Type
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Fig. 16. Example of 5G unified frame structure. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Communications (MTC) with Quality of Service (QoS) control. Spo-
radic traffic uses non-scheduled contention based access methods
designed to efficiently enable MTC type payloads, as well as to
bring an efficient solution to the fast dormancy issue.

A possible example of the time-frequency grid is shown in
Fig. 16. The grid is divided into six zones. The Physical Random
Access Channel (PRACH) zone (yellow zone), as already in place
in LTE, is dedicated to the UE timing synchronization process and
is used to obtain the RBs (e.g. connection request). This random
access channel is dedicated to the initialization of strictly synchro-
nized/scheduled transmission. Data zone (blue) and Control zone
(green) are dedicated to normal traffic (e.g. LTE typical use-cases). A
control zone starts, followed by the data zone. Control zone carries
control information such as RB allocation information, modulation
and coding scheme information, etc. A low latency zone is also
depicted (dark blue and magenta). In that case the TTI is shorter.
The structure with a control zone followed by the data zone is
maintained. Tightly scheduled and network controlled resource
allocation based traffics are examples that could be mapped on
low latency zone. The TTI of the normal zone is an integer mul-
tiple of the one defined for the low latency zone. Finally, a non-
synchronous zone is introduced to deal with non-synchronous
transmission. This zone is dedicated to sporadic traffic that uses
contention-like based approaches with random access designed
to efficiently enable MTC type payloads and bring an efficient
solution to the fast dormancy issue. Of course, to keep the flexibility
needed by the 5G requirements, dynamic adaption of the zones
should be possible. The 5G waveforms described in Section 2 may
impact the unified frame structure presented above. In particular
OQAM signaling implies the redesign of classical LTE reference
symbols for synchronization, channel estimation and cell search
mechanism. Furthermore, waveforms that are not well localized
in time, such as FBMC, may be seen at a first glance less suitable to
short packet transmissions and low latency zones. This assertion
must be balanced since the pulse duration of FBMC can be lowered
by decreasing the FFT size. Furthermore, it also depends on how
is defined the TTI. Indeed if the TTI is defined as the duration of
the window on which the FFT is applied at the receiver side, or in
other words if the TTI does not take into account the time spread
of the pulse shaping function as well as the overlapping as in 3G
(i.e. the overlapping symbols with FBMC in this case), then there is
no spectral efficiency loss with FBMC especially for short TTIs.

In order to be efficient, this structure clearly demands to re-
visit the strict synchronicity and orthogonality that both prevail
in current LTE-A systems. This new requirement leads to recon-
sider the transmission technique and consequently the transceiver
structure of the 5th generation of cellular networks.

4.2, System model

Based on the frame structure described hereinbefore, a sim-
plified model for UL is derived where all the zones use the same
waveform contender. A set of three users is simulated as illustrated
in Fig. 17. We assume perfect synchronization with the serving
BS and perfect channel estimation of the user of interest, User
Equipment (UE) 0. N, = 12 carriers (or 1 resource block) are
allocated to UEO, and 36 carriers for UE1 and UE2. UE1 and UE2 are
supposed not synchronized with UEO (and thus not synchronized
with the BS). The inter-carrier spacing is set to 15 kHz, the FFT size
N = 1024, and for OFDM waveforms, a Guard Interval (GI) of 72
samples (approximately 1/14 x N)is assumed. These parameters
have been inspired by possible extensions of LTE parameters. The
UE using the non-synchronous zone is not time synchronized with
the other zones. Due to the timing and frequency errors, the non-
synchronous zone is corrupted by interference generated by the
adjacent zones. One could imagine that UEs send their data in
the non-synchronous zone after a frequency synchronization that
entitles the UE to know the localization of the non-synchronous
zone in the time frequency grid.

4.3. Simulation results

We consider the parameters described in Table 3. To quantify
the influence of the interference, neither noise nor channel effect
are added. Contrary to the authors of [22,28], we propose to mea-
sure the MSE in dB, per carrier, versus the delay error. The MSE is
calculated at the receiver side, on the equalized constellation. The
delay error is defined as the time offset between UEO time of arrival
and UE1 time of arrival (which is identical to UE2 time of arrival,
as these 2 users are synchronized). The use of the MSE per carrier
(instead of a mean MSE) is of importance as the interference is not
uniform across the carriers. As discussed later, it also gives strong
hints to optimize the performance of the transmission. Therefore,
we depict in Fig. 18 the MSE for the user of interest, per carrier, ver-
sus the delay error for OFDM, SC-FDMA, UFMC (with and without
additional windowing at the receiver) and FBMC (with an IFFT/FFT
size of 1024 and 256). The computed MSE is a two dimensional
matrix: one dimension is related to the carrier index i and the other
dimension corresponds to the delay error n. For each couple (i, n)
the obtained MSE is linked to a color: from red ( high interference
level) to blue ( no interference). The displayed MSE per carrier gives
information about the interference level but also how interference
spreads in the frequency plane. We also consider several Guard
Carriers (GC) between the two zones: 0 GC (contiguous allocation),
1 GC and 2 GCs. For FBMC with an IFFT/FFT size of 256, the guard
space and the user bandwidth in Hz are the same as for the other
waveforms based on 1024 IFFT/FFT size. The effective frequency
spacing between the two zones is thus lower than a GC for FBMC-
256. In all the cases, we assume that the received signals from the
non-synchronous zone have the same power as the signals from
other zones.

As expected, the interference level is strong for OFDM and SC-
FDMA, especially when there is no GC. The orthogonality is though
preserved if the delay error is shorter than the CP duration. For
OFDM, the interference level decreases steadily with the subcarrier
index, from the interferer, whereas for SC-FDMA, the DFT oper-
ation spreads the interference on all the RB. UFMC shows better
performance compared to OFDM, which is consistent with [22].
The effect of the windowing process is clear, especially when the
carriers are far from the interferer. For FBMC, due to the good
spectral location, only one carrier is affected by the interference.
This is a direct consequence of a built-in property of the FBMC
waveform. The prototype filter has been designed to minimize
OOB interference and only the carriers located at the edges of
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Table 3
Simulation parameters

Common parameters

Modulation scheme QPSK
Allocated Carriers for “non synchronous zone” 12 (3 for FBMC-256)
Allocated Carriers for “adjacent zone” 3 x 12 (9 for FBMC-256)

Sampling frequency 15.36 MHz
Power offset between zones 0dB
OFDM and SC-FDMA

Cyclic prefix 72 samples
DFT size 12

UFMC

Filter length 73

Stop band attenuation (dB) 40 dB
Windowing Raised cosine
FBMC

K 2,4

Prototype Filter PHYDYAS [5]

the spectrum are dominated by the interference. This is because
the orthogonality of FBMC-OQAM adjacent users is not preserved
when phase coherence is not guaranteed between zones. When at
least one GCis inserted there is no interference for FBMC-1024, and
the interference for FBMC-256 becomes very low. Besides, there is
no interference if we consider a frequency spacing of 30 kHz (which
means half a guard carrier for FBMC-256). FBMC shows a better
behavior for multi-user access scheme, especially when one GC is
inserted. For FBMC-1024, it should also be noted that negligible
interference error can be reached with the insertion of half a
guard carrier, which leads to a better SE. If we use a FBMC-OQAM
signal with an overlapping factor K = 2, a loss of performance
is depicted: the interference level is stronger for the two carriers
at the edges of the bandwidth. If we consider FBMC-QAM, the
interference level is strong for the even carriers: this is due to the
block-wise permutation that introduces additional interference
when secondary users interfere with the user of interest.

4.4. Optimization of the spectral efficiency

As the interference level varies from one carrier to another,
optimizing the SE by considering adaptive modulation, or bit
loading scheme, for the non-synchronous zone can be envisaged.
Conventional multicarrier systems use a fixed constellation on
all carriers. Thus, the total BER is dominated by the carriers that
have worst performance (carriers at the border of the fragment
for OFDM, UFMC and FBMC without GCs). To improve the system
performance, adaptive bit allocation can be employed such that
the information is redistributed across the carriers, according to
the a priori knowledge of the interference. Contrary to classical

bit loading scheme, the allocation in our case should be static as
one shot transmission is assumed. As the UEs do not have the
knowledge of the timing misalignment, we propose to compute an
a priori bit allocation assuming a given average level of interference
under the assumption that the power of the signal received in the
non-synchronous zone is close to the power of the adjacent zones.

For a multicarrier modulation, noise caused by interference
generated when timing misalignment occurs at the receiver adds
to thermal noise. Assuming that interference noise caused by mis-
alignment of the receiver and thermal noise are independent, the
total noise variance per active carrier may be written as:

o?(k) = o2 + o (k) (14)

where o, is the standard deviation of the thermal noise and o;(k)
is the standard deviation of the interference generated on the kth
active carrier. (oj(k) also depends on the delay error as discussed in
the previous subsection.)

Based on these assumptions, a bit loading optimization prob-
lem can be stated as follows: the classical bit allocation problem
requires the knowledge of the interference level for each time
misalignment. In our proposed work, we assume that this infor-
mation is not available, but we know that we have to cope with
interference from non-synchronous adjacent UE. Therefore, we
propose to average the interference level on a carrier over all the
possible timing misalignments. This level of interference is used to
solve the bit allocation problem

1 Ng—1
:N— > nk} (15)
¢ k=0

where N, is the number of active carriers, 7y is the number of bits
transmitted by subcarrier k, I" is a BER threshold, S is the subset

n= argmax
10+ INa—1€5
Pe[no ..... WNa—1]<r

of the supported bit per symbol indexes, and Pe(nq, .. ., JNa—1) iS
defined as:
YRy meP(me (k)
Pe(n0, - -+ MNa—1) = No—1
2 klo Mk
where P(ny, o2(k)) is the BER for subcarrier k. Pe(1o, . . ., iNa—1)

corresponds to a mean bit error rate measure w.r.t the modulation
scheme applied to each subcarrier. This optimization problem tries
to maximize the SE under the constraint of a given BER. This
optimization makes sense only if the magnitude of the channel
coefficients seen by each carrier are close to each other (block
fading). This assumption is true if the bandwidth is limited to one
RB.

The optimization result is depicted in Fig. 19 for I' = 10~ (un-
coded BER). First, it is shown that UFMC SE is the same as the OFDM
SE for low SNR, and outperforms OFDM SE if the SNR is higher than
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Fig. 19. Bit loading optimization {BPSK, QPSK,16-QAM ] for 5G candidates versus channel SNR for I" = 10~3. y axis represents 7, the average SE per carrier.

is also noticeable that, with high SNR, UFMC SE is always higher
than OFDM SE, even when no GCis inserted for UFMC and 2 GCs are
inserted for OFDM. Similar results are obtained for bit loading with
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and without the additional windowing process for UFMC. Indeed,
windowing process for UFMC improves the performance for the
carriers far from the interferer (see Fig. 18) where the modulation
order is already high for UFMC (as the interference is limited). The
SE gain obtained with the additional windowing is thus limited.

Bit loading optimization result for OFDM and SC-FDMA, without
GC, are very comparable. Surprisingly, as soon as at least one GC is
inserted, SC-FDMA provides better results than OFDM. This point
is particularly interesting as OFDM and SC-FDMA have the same
MSE if the measure is done on a complete RB. However, as shown
in Fig. 18, the MSE per subcarrier is different, as for SC-FDMA one
subcarrier (the left one) is particularly corrupted by the inter-user
interference. It also legitimates the use of carrier MSE instead of
global MSE to estimate the impact of the inter-user interference. If
atleast one GCisinserted for UFMC and SC-FDMA, the performance
are quite similar, but in the case of no additional GC, UFMC then
outperforms SC-FDMA.

FBMC waveform provides better performance compared to
OFDM. It is also noticeable that the insertion of a GC does not
improve the performance, due to the spectral loss introduced by
the use of the GC. This is the reason why the SE is lower for FBMC
with GC = 2 compared to FBMC with GC = 1 as the insertion
of two GCs (with respect to 1) does not change the carrier MSE
performance (see Fig. 18) but still lowers the SE. As we consider
12 carriers for the user of interest, the insertion of GC introduces a
severe loss of SE that explains the aforementioned result. Finally,
we compare the SE between UFMC and FBMC. It is shown that
whatever the GC configuration, FBMC has better performance than
UFMC. It is also remarkable that even without GC, the overall SE of
FBMC outperforms UFMC SE when 2 GC are inserted (which is the
best case for UFMC). The initial results for FBMC-OQAM have been
stated with a FFT size of 1024 and an overlapping factor K = 4.
These two parameters can be adapted with the reduction of the
FFT size (from 1024 to 256) or of the overlapping factor (from 4
to 2). In the first case, it is shown that the performance can be
enhanced and optimized with the insertion of a GC. In this case,
better performance is obtained, compared to the other multicarrier
waveforms (and UFMC in particular). If an overlapping factor of 2
is used, the performance is almost the same as with an overlapping
factor of 4.

It should be mentioned that these results are valid as long as
the number of active carriers is small. If the number of carriers
is increased, the effect of the interference, located at the edge of
the spectrum, becomes negligible. However, we believe that in the
context of MTC, the assumption of a small number of active carriers
makes sense.

5. Conclusion and further discussions

Flexible and efficient use of all available non-contiguous spectra
for widely different network deployment scenarios are one chal-
lenge for the future 5G. To maximize SE, the 5G air interface tech-
nologies will need to be flexible and capable of mapping various
services to the best suitable combinations of frequency and radio
resources. Therefore flexibility and good frequency localization
of the waveform are key requirements. Legacy OFDM/SC-FDMA
waveforms could be a good candidate if a filtering process is
added. However, as the number of possible configurations of radio
resource mapping is large, the associated complexity will be very
expensive.

In this work, a fair comparison of several 5G waveform can-
didates (OFDM, SC-FDMA, UFMC, FBMC-OQAM and FBMC-QAM)
is proposed under a common framework. PSD, SE, PAPR and ro-
bustness to asynchronous multi-user UL transmission are assessed.
Based on these results, a bit loading algorithm is proposed to cope
with the non-uniform distribution of the interference across the

carriers in order to increase the SE. We demonstrate that if an a
priori information on the SNR is available, it is possible to highly
increase the SE of the transmission.

UFMC waveform is an interesting option. The SE is comparable
to the one of OFDM and the pulse shaping function gives robustness
to access with relax synchronization compared to OFDM. UFMC
also preserves backward compatibility with well-known OFDM
algorithms (channel estimation, MIMO detectors). On the other
hand, the interest of FBMC-QAM is limited, considering actual lit-
erature proposals. However one can imagine future enhancements
in the filter design.

FBMC.OQAM goes further. The well localized frequency re-
sponse entitles the use of fragmented spectrum with minor
interference on adjacent bands. Very good performances are
demonstrated in non-synchronous access (whatever the time de-
lay between users). However, under the time-frequency local-
ization relationship, the time localization is sacrificed, making
this new waveform difficult to adapt to short packet size. It has
nevertheless been demonstrated in this paper that increasing the
inter carrier spacing could give FBMC very beneficial properties.
By this means, PAPR is reduced compared to legacy LTE CP-OFDM
(and UFMC), the support of small packet size is possible without
large overhead (contrary to the classical N = 1024 configuration)
and performance over frequency selective channel is managed
with the adoption of a frequency spreading receiver scheme. A
configuration with an inter carrier spacing of 60 kHz and a FFT
size of N = 256 could be very attractive for the next generation
of cellular network in the UL and in the Downlink (DL).

On the other hand, the absence of guard period gives FBMC
an efficiency gain for larger packet size or broadcast transmis-
sion (in the DL for instance). One of the other challenges FBMC
waveform is facing is the adaption to multiple antenna schemes.
This issue is not straightforward and concepts have to be revisited.
Finally, the intrinsic complexity of the transceiver is higher (it
is also true for UFMC) compared to OFDM transceivers. To be
fair, FBMC transceiver complexity still needs to be compared with
the complexity of an OFDM transceiver with embedded digital or
analog filtering functions. In that case, when flexibility is required
(dynamic spectrum allocation on non-contiguous spectrum), the
complexity of FBMC and UFMC transceivers could be few orders of
magnitude below. Of course, performance as well as equalization
complexity heavily depend on the type of prototype filter. In this
work we limit our comparisons to the PHYDYAS prototype filter.
Optimization depending on the channel as well as comparison of
various prototype filter have been already studied in the literature.
The interested readers can refer to [8] or [29]. Finally, performance
of the studied waveforms are summarized in a synthesis radar
chart in Fig. 20. OFDM is here defined as reference.

The benefits of new waveforms for the 5G use cases have been
clearly highlighted. UFMC offers improvements, while keeping
backward compatibility with legacy OFDM, while FBMC-OQAM
goes forward, making this waveform particularly interesting for
5G scenarios. We indeed demonstrated the benefits of the FBMC-
OQAM waveform compared to legacy LTE waveforms and UFMC in
terms of PSD, SE, and robustness against both asynchronicity and
high delay spread environment. Last but not least, the parametriza-
tion of FBMC-OQAM (with the use of various intercarrier spacing or
different overlapping factors) allows better flexibility to cope with
various services and scenarios.

For a future deployment, some concepts should nevertheless be
revisited such as MIMO schemes for FBMC.
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