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Abstract—Massive MIMO and filtered multi-carrier waveforms
are considered as key enabling technologies for next-generation
wireless networks. In this work, the Filter Bank Multi-Carrier
(FBMC) waveform solution applying our previously proposed short
filter and advanced receivers is extended to massive MIMO systems
and evaluated in comparison to OFDM. Simulation results are
presented for the non-line of sight (NLOS) 3D Urban-Macrocell
(UMa) model of the 5G QuaDRiGa channel. Results show that the
solution applying the proposed Overlap-Save (OS) and Overlap-
Save-Block FBMC (OSB) receivers outperforms OFDM under
timing offsets, carrier frequency offsets and Doppler spreads.
Moreover, they confirm that the Overlap-Save FBMC receiver can
support asynchronous communications in the context of massive
MIMO, a cornerstone for grant-free communications and massive
access.

Index Terms— Beyond 5G, massive MIMO, filtered multi-carrier
waveforms, FBMC/OQAM, Overlap-Save based FBMC receivers,
OFDM, time/frequency offsets, QuaDRiGa channel.

I. INTRODUCTION

The sixth generation (6G) of cellular networks is expected
to offer higher spectral and energy efficiencies with a reduced
latency, achieving an improved quality of service (QoS) com-
pared to the fifth generation (5G) [1]. Fully exploiting large-
scale multiple-input multiple-output (MIMO) systems where the
base station (BS) is equipped with a large number of antennas
and serves several users simultaneously represents one of the
promising solutions to address part of these requirements [2],
[3]. Indeed, massive MIMO (mMIMO) is already considered as
one of the main technologies for 5G networks since multi-user
interference can be rendered relatively negligible by increasing
the number of BS antennas [4].

Due to its simplicity, robustness to multipath channels and
adoption in multiple standards, OFDM was first associated with
mMIMO [4] in the context of 5G and beyond systems. Despite
the aforementioned advantages, it is well known that OFDM
is highly sensitive to carrier frequency offsets (CFOs) as the
latter leads to Inter-Carrier Interference (ICI) [5]. Furthermore,
the receiver needs to be finely synchronized in time to avoid
timing offset (TO) impairments. However, in order to have
an energy-efficient network, the signalling overhead introduced
by the synchronization procedure must be minimized. In fact,
there are two scenarios to consider. The first is the relaxed
synchronization scenario, in which users transmit data simul-
taneously. However, because each user is located at a different
geographical distance from the BS, the corresponding signal is
affected by a distinct propagation delay. The receiver must be
able to compensate for the introduced timing offset in order to
reduce energy consumption. The second scenario is the asyn-
chronous communication scenario, in which users transmit at an
independent time reference. There is no time synchronization

among the scheduled users. Hence, the time mismatch between
users can be as large as 50% of the symbol duration.

However, in multi-user (MU)-mMIMO systems, expected
performance gains can be largely hindered by frequency and
time synchronization errors between the users. Moreover, both
the multi-user CFO estimation and compensation problems
[6] are quite different from those in conventional single-user
communication systems [7]. Therefore, preserving orthogonality
across subcarriers generally requires resorting to computa-
tionally expensive techniques for mMIMO that may penalize
beyond 5G system requirements in terms of throughput, energy
efficiency, and latency [8]. Moreover, the orthogonality of
preamble training sequences can be largely affected by TOs
and/or CFOs for OFDM systems, and hence penalizing the
performance [9]. Hence, taking into account the aforementioned
shortcomings of OFDM, the promising benefits of MU-mMIMO
systems and the stringent requirements of beyond 5G systems,
there has been a regain of interest in alternative waveforms
designed to address OFDM drawbacks in order to fully benefit
from mMIMO technologies.

FBMC/OQAM is one of the alternative waveforms that has
been investigated in recent years as an alternative to OFDM in
the context of 5G. In recent years, several innovative contri-
butions have been proposed for FBMC/OQAM in Single-Input-
Single-Output (SISO) systems [10], [11]. At the transmitter side,
a novel short Prototype Filter (PF) denoted by Near Perfect
Reconstruction 1 (NPR1) having the same duration as one
OFDM symbol was proposed to significantly reduce latency,
hardware complexity and energy consumption [10]. At the re-
ceiver side, a novel FBMC receiver technique suitable for short
filters was proposed [11]. The main idea was to combine a time-
domain equalizer based on an Overlap-Save (OS) algorithm
(for fast convolution operation) with the FBMC demodulation.
The resulting receiver largely improves the robustness against
double dispersive channels for short filters and enables the
support of asynchronous communications. The extension of
these proposals and their advantages to MU-mMIMO is not
straightforward and therefore is tackled in this work. The
specific contributions presented in this paper can be summarized
as follows:

1) Proposal of an OS-based FBMC receivers for MU-
mMIMO systems.

2) Evaluation of the performance of the OS-based FBMC
receivers with the NPR1 short PF using bit error rate
(BER) simulations over 5G multi-path channel under the
3D-UMA-NLOS scenario in the context of mMIMO. The
results are compared to that of a typical OFDM receiver.

3) Investigation of the robustness of the different receivers
to time offset impairments.



4) Study of the robustness of the different receivers to
Doppler-induced frequency offset impairments.

The rest of the paper is organized as follows. In Section II, we
go through relevant existing FBMC and OFDM transceivers
in the context of mMIMO. The proposed OS-based FBMC
receivers for MU-mMIMO are detailed in Section III. The
channel model is first described in Section IV along with
the used simulation tool and antenna array structure. This is
followed by performance comparisons of the proposed OS-
based FBMC receivers to the traditional OFDM receiver under
realistic channel impairments including Doppler effect and
synchronization errors. Section V concludes the paper.

II. RELEVANT MULTI-CARRIER TRANSCEIVERS IN THE
CONTEXT OF MASSIVE MIMO

A. OFDM transceiver

OFDM is the predominant modulation technique used in
the mMIMO literature. The OFDM transmitter is implemented
using an Inverse Fast Fourier Transform (IFFT) of size M
[12]. A subset of M subcarriers is chosen to carry Quadrature
Amplitude Modulation (QAM) symbols for transmission. A
time domain signal composed of M samples is obtained at the
output of the IFFT. Finally, a cyclic prefix (CP) of length LCP
is inserted before the initial samples by replicating the obtained
time domain signal’s final LCP samples. To demodulate the re-
ceived signal and reconstruct the transmitted QAM symbols, the
OFDM receiver applies dual operations to the ones performed
by the transmitter. Due to the increased dimension of large-scale
MIMO systems, a low-complexity signal detection algorithm
is required. Low-complexity linear detection algorithms such
as Zero Forcing (ZF) perform near-optimally if the number
of antennas at the base station tends to infinity [13]. Indeed,
with r being the received signal on antenna index j, which is
a combination of all the signals coming from different users
consisting of several OFDM symbols, an FFT of size M is
required to demodulate one OFDM symbol after eliminating
the CP, followed by a ZF equalization stage to separate the
signals received from all users, with the equalizer matrix defined
as the pseudo inverse operator p.q` of the Channel Frequency
Response (CFR) Cnpmq “H`

n pmq for the received symbol n
at frequency bin m.

B. FBMC transceiver

There are two main possible implementations for the FBMC
modulation: polyphase network (PPN)-based [14] and Fre-
quency Spread (FS)-based [15]. The first is composed of one
size-M IFFT similarly to OFDM, followed by one PPN for
the filtering stage. The PPN processing depends on the length
of the prototype filter which is related the overlapping factor
K. Using a short prototype filter (PF) (i.e K “ 1) reduces
significantly the computational complexity and latency. The
offset QAM (OQAM) modulation scheme is used to preserve
the orthogonality in the real field. Therefore, the PPN output
signal is delayed by M{2 samples, and then summed with the
generated signal at the previous iteration (overlapping).

Therefore, if M is the total number of subcarriers and anpmq
P CUˆ1 are the users’ Pulse-Amplitude Modulated (PAM)
symbols at time slot n, subcarrier index m, then the baseband
signal spkq is expressed as

spkq “
`8
ÿ

n“´8

g

ˆ

k ´ n
M

2

˙

xnpkq (1)

with

xnpkq “
M´1
ÿ

m“0

p´1qnmanpmqφnpmqe
i2π kmM (2)

where φnpmq “ in`m to keep the orthogonality in the real
field.
The use of FBMC in mMIMO systems was investigated in [16],
with results obtained for a sample set of channel responses
generated using the IEEE802.16 broadband channel model
(SUI-4) [17]. Its so-called self-equalization property, which
results in a channel flattening effect, was revealed through
simulations. In SISO transmissions, by using a large number of
subcarriers, FBMC takes advantage of the fact that while each
subcarrier band is narrow, it has an approximately flat gain and
so suffers from a negligible level of Inter-Symbol Interference
(ISI). However, in mMIMO systems, channel distortion is
smoothed. As a result, the requirement of adopting a large
number of subcarriers in FBMC systems is relaxed. This results
in a lower complexity and latency caused by the analysis and
synthesis filter banks. Moreover its sensitivity to CFO decreases
due to the increase in subcarrier spacing. In [18] the authors
propose a simple FBMC prototype filter design intended to
eliminate antenna array correlation, allowing the system to reach
arbitrarily high Signal to Interference Ratio (SIR) values when
increasing the number of BS antennas. The authors have also
shown that there is a small difference (around 1.5 dB) between
the SIR of CP-OFDM and PPN-FBMC with their proposed
modified prototype filter. However, they simply considered a
normalized exponentially decaying channel in their simulations.
Therefore, the SIR difference may get higher for more realistic
channels. In [19], the PPN-FBMC low complexity data detector
was implemented at the receiver side preceded by a frequency
domain equalization for the received FBMC symbols. However,
it was shown that the FBMC waveform with this receiver is
outperformed by OFDM in the context of large-scale MIMO
systems over the WINNER-Phase2 channel model due to the
PPN structure of the receiver. The prior-art on FBMC-based
mMIMO being still in its early stages, these systems require
careful examination and investigation for being able to draw
definitive conclusions.

III. PROPOSED OS-BASED FBMC RECEIVERS IN THE
CONTEXT OF MASSIVE MIMO

The OS FBMC receiver was proposed for SISO transmissions
in [11]. The basic principle of the OS-FBMC receiver is to inte-
grate an OS-based time-domain equalizer with FBMC demod-
ulation. Associated with the NPR1 short PF, this receiver was
shown to achieve improved robustness against timing offsets
and multipath channels with long delay spreads while reducing
the computational complexity in comparison to existing FBMC
receivers found in the literature [11]. Actually, there is a lot
of interest in using short PF with FBMC as it enables the
support of short frame sizes for low latency communication.
This can significantly reduce the computational complexity, and
higher power efficiency can be obtained when compared to long



PFs. Thus, implementing the OS-based FBMC receivers in the
context of mMIMO becomes particularly interesting. To the best
of our knowledge, this is the first time that the OS-based FBMC
receivers are associated to mMIMO.

A. Overlap-Save FBMC receiver with massive MIMO

Figure 1 depicts the OS-FBMC receiver in the context of
mMIMO. Let NRx be the number of antennas deployed at the
receiver side, and U be the total number of users. At the output
m of the size N FFT, the received signal Rn,mpjq at receiver
antenna j, symbol index n, is expressed as

Rn,mpjq “
N´1
ÿ

k“0

rj

ˆ

k ` n
M

2

˙

e´i
2πkm
N (3)

To ease notations, the received signal of all antennas can be
combined into a vector Rnpmq “ rRn,mp1q, ..., Rn,mpNRxqs.
Note that Rnpmq is a combination of all the signals coming
from different users consisting of several FBMC symbols. As
for OFDM, MIMO equalization is performed directly after FFT
as Xnpmq “ CnpmqˆRnpmq, where Xnpmq is the equalized
signal for all users, and Cnpmq P CUˆNRx is the zero-forcing
equalizer matrix at frequency bin m defined in Section II-A.

Then, NUF stages of circular convolution by the frequency
shifted responses of the PF is performed on Xnpmq, where
NUF is an integer number referred to as the up-sampling factor
used for the OS technique. Thus, the output of each filtering
stage vector is

Ynpm, `q “
∆
ÿ

p“´∆

G`ppqXn

´

`` pm´ pqNUF

¯

(4)

where ∆ “ pNG ´ 1q {2, NG denotes the number of non-
truncated filter coefficients, and G is the frequency shifted
response of the PF that can be deduced from its impulse
response g as follows

G`ppq “ e
i π`
NUF

L´1
ÿ

k“0

gpkqei
2πlpk´L{2q

N e´i
2πpk
L (5)

The AFB output Ynpmq, m P J0,M ´ 1K, is obtained by
summing each filtering stage vector outputs as follows

Ynpmq “
NUF´1
ÿ

l“0

Ynpm, `q (6)

Finally, the transmitted data symbols ân(m) of all users are
recovered after extracting the real part of the down-sampled
(by K; K = 1 for short filters) and linear phase rotated φn
filtering stage outputs

ânpmq “ Re
´

YnpKmqφ
˚
npmq

¯

(7)

B. Overlap-Save-Block FBMC receiver with massive MIMO

The OSB-FBMC receiver can be seen as an OS-FBMC
receiver where the FFT is applied on a block of FBMC
symbols. Hence, only one FFT is required to process all
symbols in a given block. Furthermore, in the particular scenario
of low mobility, it can be sufficiently accurate to assume
that the channel response remains static over a given block,

which reduces the equalization complexity. This is particularly
interesting in mMIMO systems, as the equalization step is quite
complex. Indeed, through similar demodulation steps to OS-
FBMC, at the output m of the size N FFT, the received signal
Rn,m,bpjq at receiver antenna j, symbol index n in a block b,
is expressed as

Rn,m,bpjq “
N´1
ÿ

k“0

rb,j

ˆ

k ` n
M

2

˙

e´i
2πkm
N (8)

Similarly, the equalized signal for all users Xn,bpmq is

Xn,bpmq “ Cn,bpmq ˆRn,bpmq (9)

where Cn,bpmq P CUˆNRx is Cnpmq for a block b, and
Rn,bpmq “ rRn,m,bp1q, ..., Rn,m,bpNRxqs is a combination of
all the signals coming from different users consisting of several
blocks of FBMC symbols.

Hence, if ân,b(m) is the recovered PAM symbol at block b
and FBMC symbol n for all users, we have:

ân,bpmq “ Re
´

Yn,bpKmqφ
˚
npmq

¯

(10)

where Yn,bpmq is the AFB output expressed as

Yn,bpmq “
NUF´1
ÿ

l“0

∆
ÿ

p“´∆

G`ppqXn,bpKm´ p, lq (11)

and NUF is chosen so that it is the lowest possible integer
value considering that the FFT size must be superior or equal
to the block size Ns:

NUF “

R

1`
Ns ´ 1

2K

V

(12)

IV. SIMULATION RESULTS

In this section, we first describe the used filtered discrete
channel model, the simulation tool and the antenna array struc-
ture. Then, the performance of the OS-FBMC and OSB-FBMC
receivers, using the NPR1 short PF, is evaluated in the context
of mMIMO. Several channel impairments are considered such
as timing offsets, Doppler effect, and carrier frequency offsets.
The results are then compared to the OFDM waveform with 4
and 16-QAM. In our simulations, the Channel State Information
(CSI) is assumed to be perfectly known at the receiver side.
Furthermore, the number of non-truncated filter coefficients
is set to NG “ 7 for an SIR of 55 dB [10]. For the OS-
FBMC based receivers, the up-sampling factor used for the OS
technique is set to NUF “ 4 which is a good compromise
between system performance and complexity. The number of
FBMC symbols in a block Ns for the OSB-FBMC receiver is
set to 7. This is reflected by the OS4-FBMC and OSB7-FBMC
receiver notations.

A. Simulation setup

1) Channel model: In rapidly changing environments, a
discrete multipath channel model has, in general, a variable
number of paths in addition to variable path gains. However, for
reference channels it can be assumed that the number of discrete
components is constant. Consider a channel model consisting of
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Fig. 1. OS-FBMC/OQAM massive MIMO Receiver.

M 1 paths, then for antenna k, and user u, the channel impulse
response hupk, tq is given by

hupk, tq “
M 1
ÿ

m“1

bm,upkqδpt´ τm,upkqq (13)

where M 1 is the total number of paths, k is the antenna index,
m is the path index, u is the user index, τm,upkq is the path
delay, and bm,upkq is the path complex amplitude.

According to [20], when the differential delays are small
compared to the simulation sampling time Ts or are not integer
multiples of Ts, it is advantageous to band limit the channel
by design to obtain better simulation properties. Hence, the
channel impulse response is band-limited using an ideal
rectangular filter. Thus, the filtered discrete channel impulse
response is given by

h̃pk, nq “
M 1
ÿ

m“1

bm,upkqsincp
τm,upkq

Ts
´ nq,´N1 ď n ď N2

(14)
where N1 and N2 are the tap indices chosen so that h̃pk, nq is
small when n is less than N1 or greater than N2, and sincpxq “
sinpxq{x [21]. In our simulations, the tap indices are chosen
so that the value of h̃pk, nq at the relevant tap indices is greater
by at least 1% of its maximum.

According to [22], if the maximum distance between antenna
elements divided by the speed of light pdmax{cq is much smaller
than 1

B value, where B is the transmission bandwidth, the delay
value can be assumed independent of antenna index k, i.e.
τm,upkq “ τm,u.

2) Simulation tool: QuaDRiGa (QUAsi Deterministic RadIo
channel GenerAtor) [23] was developed to enable the modeling
of MIMO radio channels for specific network configurations,
such as indoor, satellite, etc. QuaDRiGa incorporates a set of
characteristics developed in the Spatial Channel Model (SCM)
[24] and WINNER channel models [25], as well as modeling
methodologies to enable quasi-deterministic multi-link tracking
of users’ movements in changing environments. For our simu-
lations QuaDRiGa is used to generate realistic radio channels.
Chosen parameters follow the 5G standard [26] with cross-
polarized 64 antennas at the BS.

Parameters Value
Carrier frequency 3.5 GHz

Cyclic prefix 36

Channel model ’3GPP 3D UMa’

Channel type NLOS

Total number of subcarriers 512 subcarriers

Sub-band size 300 subcarriers

N of UE 4

BS height 25 m

N of BS antennas 64

N of vertical panels 2

N of Horizontal panels 1

vertical panel spacing 85.7 mm

Vertical antennas spacing 42.85 mm

Horizontal antennas spacing 42.85 mm

TABLE I
SIMULATION PARAMETERS

3) Antenna array structure: For the 3D-Uma NLOS model
of the 5G Quadriga channel, the BS’s antenna array is 25
meters high and consists of two co-located rectangular sub-
arrays, each with 32 antennas as in [27]. Each sub-array is
denoted by pNV , NH , NP q as shown in Fig. 2, where NH
= 2 is the number of columns, NV = 8 is the number of
antenna elements with the same polarization in each column,
and NP = 2 is the number of polarizations as proposed in [28].
Therefore, with NgV “ 2 vertical antenna panels, the number
of antennas is calculated as NRX “ NgVNVNHNP = 64. With
λ being the carrier wavelength, the 2 antenna panels are spaced
in the vertical direction with a spacing of dgV “ λ, and the
antenna units placed inside each panel are uniformly spaced
in the horizontal direction with a spacing of dH “ 0.5λ and
in the vertical direction with a spacing of dV “ 0.5λ, where
λ “ 85.7 mm for a carrier frequency fc “ 3.5 GHz. Specific
simulation parameters are specified in Table I.

B. BER performance over static channels

The BER performance of the OS-based FBMC receivers is
compared to OFDM on the 5G channel with the 3D UMa-NLOS
scenario. Simulation parameters are summarized in Table I. The
channel is considered to be static (i.e: the users are stationary).
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Fig. 3. BER performance comparison of considered waveforms over the 5G
Quadriga fading channel under the ’3GPP-3D-UMA-NLOS’ scenario’, with 4
users and 64 Rx antennas.

1) Multipath channel: Although one of the historic draw-
backs of FBMC compared to OFDM resides in the difficulty
of efficiently supporting mMIMO systems because of the lack
of orthogonality in the complex plane between neighboring
OQAM symbols, we can see in Figure 3 that OFDM is
outperformed by the proposed FBMC waveform thanks to the
OS-based FBMC receivers. Indeed, the FBMC-OSB7 receiver
shows the best performance. Furthermore, since the PPN-FBMC
technique was widely adopted in prior-art related to mMIMO,
it was taken as reference for FBMC proposals. As depicted in
Figure 3, PPN-FBMC offers the worst performance, suffering
from an error floor. This result is expected as it was previously
demonstrated with SISO transmissions in [10].

2) Timing offsets: In the uplink, the timing advance mech-
anism [29] is used to compensate for the propagation delay of
each user located at a different geographical distance from the
BS. However to reduce power consumption in future beyond
5G systems, it is preferable to adopt a relaxed synchronization
where the propagation delay of each user is not compensated,
hence avoiding the timing advance mechanism. Therefore, the
resulting synchronization errors would cause linear phase rota-
tions for each subcarrier. For the FBMC waveform and proposed
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Fig. 4. BER performance comparison of different receivers in the presence of
timing offset over the 5G Quadriga fading channel under the ’3GPP-3D-UMA-
NLOS’ scenario’, with 4 users and 64 Rx antennas.

receivers, these can be totally compensated after channel esti-
mation and equalization. Therefore, if ld is the time offset in
number of samples, then the frequency domain compensation
term is expressed as CTOpmq “ e´i

2πmld
N1 where N 1 “ M for

OFDM, and N 1 “ NUFM for the OS-based FBMC receivers.
It is assumed that the timing offset ld is perfectly known at the
receiver side.

For our simulations, the receiver is considered perfectly time-
aligned when the first sample processed by the FFT is the
sample located at the middle of the CP length, so that both
positive and negative TO values can be supported. It is well
known that OFDM will be free from any interference, and
orthogonality is perfectly restored if and only if the timing
offset |ld| ă LCP

2 where LCP is the length of the cyclic
prefix. Therefore, a TO of 15 samples is applied to the OFDM
waveform, that corresponds to approximately 42% of LCP .
Figure 4 shows the BER performance of OFDM, and the
OS-based FBMC receivers respectively in the presence and
absence of timing offset. As depicted in the figure, with the
16QAM modulation scheme, the OFDM waveform starts to
suffer from a performance degradation. This confirms that
OFDM is highly sensitive to TO impairments. After that, a
TO of 54 samples is applied that corresponds to 10.55% of
the symbol period and is 3 times greater than the CP size. As
depicted in Figure 4, the OFDM waveform suffers from severe
performance degradation. Unlike OFDM, the OS-based FBMC
receivers show robustness against a timing offset of 54 samples
where their BER performance wasn’t affected at all as shown
in the same figure.

Regarding the OS4-FBMC receiver, a timing offset of 256
samples (half the symbol duration) was applied, and as depicted
in the same Figure 4, there is no effect observed on the
BER performance, which means that the OS4-FBMC receiver
is able to support any timing offset value less than half the
symbol duration which makes it adequate for asynchronous
communication in the context of mMIMO.

Unlike the OS4-FBMC receiver, the OSB7-FBMC receiver
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OFDM receivers over the 5G Quadriga fading channel under the ’3GPP-3D-
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cannot support any timing offset value less than half the symbol
duration, because, for certain timing offset value the generated
interference will no longer be limited, resulting in irreducible
errors. Since in the OSB-FBMC receiver, FBMC symbols are
transmitted in blocks and demodulated all at once in the fre-
quency domain, the receiver processing window must, to some
extent, be aligned with the received blocks. However, because
of the PF’s ramp-up and down, the OSB-FBMC receiver is less
susceptible to timing offset impairments than OFDM.

Actually, in order to know what is the maximum value of the
timing offset such that the OSB7-FBMC receiver will still able
to limit interference, we plot in Figure 5 the BER performance
versus ld{M of the OSB7 and OFDM receivers. For this
simulation, noise is removed, corresponding to a transmission
at infinite Signal-to-Noise Ratio (SNR).

As depicted in the figure, the OSB7-FBMC receiver with
QPSK can support a timing offset of 22% of the symbol
period for an error floor less than 10´5. However, with 16QAM
modulation scheme, it can only support a timing offset up to
14% of the symbol period. For larger timing offset values, the
error floor gradually increases showing that the interference
introduced is not limited. However, it is worth noting that the
OSB7-FBMC receiver is more robust against timing offset than
OFDM in the context of mMIMO, as it was also the case in
SISO transmissions [11].

C. BER performance over non-static channel

It is well known that OFDM is very sensitive to carrier
offsets caused by Doppler spread/shift [5]. In fact, the impact
of Doppler spread/shift on the system performance is worse
in MU-mMIMO systems as the achievable gains of mMIMO
heavily depend on the accuracy of frequency synchronization.

1) Doppler spread: We consider users moving with speeds
of 5, 70, and 300 km/h and test the BER performance of FBMC
when using the OS-based FBMC receivers compared to OFDM
on the non-static 5G channel with the UMa-NLOS scenario.
The results are shown in Figure 6. The BER performance is
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Fig. 6. BER performance for different receivers over the non-static 5G
Quadriga fading channel under the ’3GPP-3D-UMA-NLOS’ scenario’, with 4
users and 64 Rx antennas.

degraded compared to that in a static channel. For a speed of
5km/h, similar BER levels are obtained for the OFDM, the OS4-
FBMC, the OSB7-FBMC receivers when we have Eb/N0 ă 25
dB. However, OFDM shows the worst BER performance when
we have Eb/N0 ą 25 dB. Despite the fact that the maximum
Doppler shift is substantially less than the subcarrier spacing,
OFDM has around a 10´4 error floor due to its low frequency
localization. Similar observations can be made with a speed of
70 km/h, presented in the same Figure 6. OFDM once again
shows the worst performance. The OS-based FBMC receivers
have similar performance and outperform OFDM. For a speed of
300km/h, the performance is highly degraded for all receivers.
The OSB7-FBMC receiver performs worse than the OS4-FBMC
receiver, yet it’s worth noting how it outperforms OFDM as
the latter suffers from an error floor of approximately 10´3. In
fact, it’s noteworthy how the OS4-FBMC receiver offers the best
performance, but it comes at the expense of system simplicity
when compared to OFDM.

2) Carrier frequency offset: CFO also arises when the
transmitter and receiver’s local oscillators have a frequency
misalignment which happens when using low-cost oscillators.
Mathematically, this corresponds to a linear phase rotation of
the received baseband samples. Therefore, if S is the transmitted
signal, then the received signal R in the presence of CFO will
be Rpkq “ Spkqe´i

2πkr
M , where r is the CFO relative to the

subcarrier spacing (∆f ). In reality, CFO causes two types of
impairments at the receiver. The first one is the Common Phase
Error (CPE), which may be easily compensated in the frequency
domain if the CFO is estimated. The second drawback is
ICI, which is caused by frequency domain misalignment of
the transmitter and receiver PFs. The second drawback is a
significant problem for OFDM because of its low frequency
localization. However, the Frequency Domain Compensation
(FDC) technique can be used to compensate the CFO for
FBMC [10], resulting in a large reduction in the ICI caused
by the CFO. This is a key benefit for FBMC since it relaxes
the frequency synchronization requirement, allowing for higher
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speeds and the use of low-cost oscillators. In this regard, we
study the robustness of each receiver to CFO resulting from
the frequency misalignment of local oscillators. Figure 7 shows
the BER performance versus CFO for all receivers without
noise (infinite SNR). In this case, the CPE term to compensate
is ejπnr, and the CFO is assumed to be perfectly known
at the receiver side. As expected, OFDM shows the worst
performance. In the OSB-FBMC receiver described before,
equalization is performed for each FBMC symbol n in a block
b. This increases the equalization complexity compared to the
OFDM signal, however, allows to accurately compensate fast
varying channels. Hence, with QPSK, the OSB7-FBMC receiver
with varying CFR can tolerate a CFO of 10% of ∆f for an
error floor of around 10´5, however, only 4% of ∆f with
the 16-QAM modulation scheme. For larger CFO values, the
error floor gradually increases showing that the interference
introduced is not limited. On the other hand, it is assumed that
the equalizer coefficients Cb,npmq in (9) are independent of n
(Cb,npmq “ Cbpmq). This means that the channel is constant
over a block b in the OSB7-FBMC receiver, which reduces the
equalization complexity but degrades the performance at larger
CFOs as shown in the same figure. The OS4-FBMC receiver
offers the best performance, where it can support a CFO of
26% and 10% of ∆f with the QPSK and 16QAM modulation
schemes respectively for an error floor around 10´5.

D. BER performance in the presence of two Interferers

It is well known that the multi-user interference vanishes in
mMIMO systems due to the large antenna array at the BS.
Therefore, in this subsection, we demonstrate a communication
in which several users transmit data on adjacent frequency
bands. However, the communication is done asynchronously
in time, which means that the users do not agree on when
the signals should be transmitted. As a result, signals arrive
with random delays. In this scenario, We examine three trans-
mission channels operating in parallel on 1.5 MHz bands, this
means 4.5 MHz. The second transmission (middle of the band)
will be considered as the ”main” transmission which will be

20 25 30 35 40 45

Eb/N0 (dB)

10-3

10-2

10-1

B
E

R

FBMC-OS
4

FBMC-OSB
7

OFDM

Fig. 8. BER performance comparison for all receivers over the 5G Quadriga
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demodulated by the receiver. The other two transmissions (in
the upper and lower parts of the total band) will be treated as
interferers with the main transmission. The transmit powers of
all transmissions are assumed to be equal and normalized to
Ps “ 0 dBW, and no guardband is used. Figure 8 compares
the BER performance of all receivers under this scenario in the
context of mMIMO. Due to the low frequency localization of
OFDM, it is highly affected by the adjacent interferes leading
to the highest error floor when compared to FBMC. However,
FBMC augmented by the OS-based receivers is more robust
against adjacent interferers compared to OFDM thanks to the
frequency localization of the NPR1 PF. It’s also worth noting
that the OS4-FBMC receiver offers the best performance. This
is due to its support to asynchronous communication in the
context of mMIMO as was demonstrated in Subsection IV-B2.
In fact, we can deduce that FBMC requires less gaurdbands
than OFDM. Hence, FBMC is more bandwidth-efficient.

V. CONCLUSION

This article extends the use of OS-based FBMC receivers
with short filters to the context of MU-mMIMO and investigates
their advantages in comparison to OFDM under different chan-
nel impairments. The results reveal that in the 3D-UMa NLOS
scenario, the proposed FBMC transceivers outperform OFDM
over the 5G static and non-static channels. The first appealing
benefit of the FBMC waveform with OS-based receivers resides
in its robustness against timing offsets when compared to
OFDM, even enabling asynchronous communications. More-
over, simulation results confirm its superiority compared to
OFDM under severe channel impairments caused by carrier
frequency offsets and Doppler effects. Consequently, augmented
by the OS-based receivers, the FBMC-OQAM waveform be-
comes a promising challenger of OFDM in the context of MU-
mMIMO.
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