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Overlap-Save FBMC receivers for massive MIMO systems under channel
impairments

Fatima Hamdar!, Jeremy Nadal®, Charbel Abdel Nour!, and Amer Baghdadi'

'IMT Atlantique, Lab-STICC, UMR CNRS 6285, F-29238 Brest, France
?Department of Electrical Engineering, Polytechnique Montreal, QC H3T 1J4, Canada

Abstract—Massive MIMO and filtered multi-carrier wave-
forms 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 out-
performs 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 require-
ments [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 negli-
gible 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 simultaneously. However, because each user is
located at a different geographical distance from the BS, the
corresponding signal is affected by a distinct propagation de-
lay. The receiver must be able to compensate for the introduced

timing offset in order to reduce energy consumption. The
second scenario is the asynchronous 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 orthogonal-
ity 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 aforemen-
tioned 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 contribu-
tions 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 receiver 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 L¢p is inserted before the initial samples by replicating
the obtained time domain signal’s final Lop samples. To
demodulate the received 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. This is followed by a
ZF equalization stage to separate the signals received from all
users, with the equalizer matrix defined as the pseudo inverse
operator (.)T of the Channel Frequency Response (CFR)
Cp(m) = H} (m) 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 a, (m)
€ CU*! are the users’ Pulse-Amplitude Modulated (PAM)
symbols at time slot n, subcarrier index m, then the baseband
signal s(k) is expressed as

+00
with M
T (k) = Z (—1)”"”an(m)¢n(m)ei2ﬂ% @)
m=0

where ¢, (m) = i"T™ 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 the
subcarrier spacing Af. 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 do-
main 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.
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Fig. 1. OS-FBMC/OQAM massive MIMO Receiver.
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sions in [11]. The basic principle of the OS-FBMC receiver is
to integrate an OS-based time-domain equalizer with FBMC
demodulation. Associated with the NPR1 short PF, this re-
ceiver 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 Ng, 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 = NypM FFT, the received signal
Ry.m(j) at receiver antenna j, symbol index n, is expressed

as
N—-1

k=0

To ease notations, the received signal of all antennas can be
combined into a vector Ry, (m) = [Ry m (1), ..., Bnm(Npge)]-
Note that R,,(m) 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 X,,(m) = Cp(m) x R,(m), where X,,(m) is the
equalized signal for all users, and Cy,(m) € CY*Nrs jg the
zero-forcing equalizer matrix at frequency bin m defined in
Section II-A.

Then, Ny stages of circular convolution by the frequency
shifted responses of the PF is performed on X, (m), where
Ny p is an integer number referred to as the up-sampling factor
used for the OS technique. Thus, the output of each filtering

where A = (Ng —1) /2, N¢ 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
o Mo 2mb(k—M/2) - 2mpk
Gelp) = €m Y g(k)e = (s)
k=0
The Analysis Filter Bank (AFB) output Y, (m), m €
[0, M —1], is obtained by summing each filtering stage vector
outputs as follows

Nyrp—1

Yn(m) = 2 Yn(mvg) (6)
=0

Finally, the transmitted data symbols G, (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 ¢,
filtering stage outputs

an(m) = Re (Ya(Km)o}(m)) ™

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

The OSB-FBMC receiver can be seen as an OS-FBMC
receiver where the F'F'T is applied on a block of FBMC
symbols. Hence, only one F'FT 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 R,, ,,, »(j) at receiver antenna j, symbol index
n in a block b, is expressed as

= M\ _om
Rn,m}b(j) = Z Tb,j (k + 1’L2> e VTN (8)

k=0

Similarly, the equalized signal for all users X, p(m) is

Xn,b(m) = Cn,b(m) X Rn,b(m) (9)



where Cp,p(m) € CV*Nre s Cp(m) for a block b, and
Rnp(m) = [Romp(1), ..., Rnmp(Ngre)] is a combination
of all the signals coming from different users consisting of
several blocks of FBMC symbols.

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

dn,p(m) = Re (Yn,b(Km)d):(m))

where Y,, »(m) is the AFB output expressed as

(10)

A

NUFfl
Yob(m) = ), Ge(p) X p(Km —p,€) (1)
=0 p=—A

and Ny is chosen so that it is the lowest possible integer

value of [1 + 2:=1] considering that the FF'T size must be

superior or equal to the block size Ng.

IV. SIMULATION RESULTS

In this section, we first describe the used filtered discrete
channel model, the simulation tool and the antenna array
structure. 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 Chan-
nel 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 Ny = 4 which is a good
compromise between system performance and complexity. The
number of FBMC symbols in a block N, 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 M’ paths, then for antenna k, and user u, the
channel impulse response h,,(k,t) is given by

|92
hu(k,t) = 3 b (k)3(t — Ton,u (K)) (12)
m=1
where M’ is the total number of paths, % is the antenna index,
m is the path index, u is the user index, 7, , (k) is the path
delay, and b,, ., (k) is the path complex amplitude.
According to [20], when the differential delays are small
compared to the simulation sampling time 75 or are not
integer multiples of T, 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

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

Number of UE 4
BS height 25 m
Number of BS antennas 64
Number of vertical/horizontal panels 2/1
Vertical and horizontal antennas spacing | 42.85 mm
TABLE I
SIMULATION PARAMETERS
M/
7 . Tm,u (k )
h(k,n) = Z b u(k)sine(——— —n) (13)
m=1 s

where —N; < n < Na, Ny and N; are the tap indices chosen
so that h(k,n) is small when n is less than Np or greater than
Ny, and sinc(x) = sin(x)/z [20]. In our simulations, the tap
indices are chosen so that the value of iL(k, n) at the relevant
tap indices is greater by at least 1% of its maximum.
According to [21], if the maximum distance between antenna
elements divided by the speed of light (dpax/c) is much
smaller than % value, where B is the transmission bandwidth,
the delay value can be assumed independent of antenna index
k, ie. Timu(k) = Timu-

2) Simulation tool: QuaDRiGa (QUAsi Deterministic Ra-
dlo channel GenerAtor) [22] was developed to enable the
modeling of MIMO radio channels for specific network con-
figurations. QuaDRiGa incorporates a set of characteristics
developed in the Spatial Channel Model (SCM) [23] and WIN-
NER channel models [24], as well as modeling methodologies
to enable quasi-deterministic multi-link tracking of users’
movements in changing environments. For our simulations
QuaDRiGa is used to generate realistic radio channels. Chosen
parameters follow the 5G standard [25] with cross-polarized
64 antennas at the BS.

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 [26]. Each sub-array is
denoted by (Ny, Ny, Np), where Ny = 2 is the number of
columns, Ny = 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 [27]. Therefore, with
Ngv = 2 vertical antenna panels, the number of antennas is
calculated as Ngpx = Ngy x Ny x Ny x Np = 64. With A
being the carrier wavelength, the 2 antenna panels are spaced
in the vertical direction with a spacing of dgy = A, and the
antenna units placed inside each panel are uniformly spaced
in the horizontal direction with a spacing of dy = 0.5\ and
in the vertical direction with a spacing of dy = 0.5\, where
A = 85.7 mm for a carrier frequency f. = 3.5 GHz. Specific
simulation parameters are specified in Table I.
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B. BER performance over static channel

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 1. The channel is considered to be static (i.e: the users
are stationary).

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 2 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 2, PPN-FBMC offers the worst perfor-
mance, suffering from an error floor. This result is expected
as it was previously demonstrated with SISO transmissions in
[10].

2) Timing offsets: In order 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. Therefore, the resulting synchronization
errors would cause Linear Phase Rotations (LPR) for each
subcarrier. For FBMC and proposed receivers, these can be
totally compensated after channel estimation and equalization.
Therefore, if [z is the time offset in number of samples,
then the frequency 2Elﬂ(znnllain compensation term is expressed
as Cro(m) = e~ where N’ = M for OFDM, and
N' = NypM for the OS-based FBMC receivers. It is assumed
that the timing offset [, 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
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Fig. 3. 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.

known that OFDM is highly sensitive to TOs [11]. Therefore,
a TO of 15 samples is applied to the OFDM waveform, that
corresponds to approximately 42% of Lo p.

Figure 3 shows the BER performance of all considered re-
ceivers in the presence and absence of TO. As depicted in the
figure, with the 16QAM modulation scheme, the OFDM wave-
form 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 3, 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 TO of 256 samples (half
the symbol duration) was applied, and as depicted in the same
Figure 3, there is no effect observed on the BER performance,
which means that the OS4-FBMC receiver is able to support
any TO 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 can-
not support any TO value less than half the symbol duration,
because, for certain TO 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 frequency 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 TO impairments than OFDMctually, in order to know what
is the maximum value of the TO such that the OSB,-FBMC
receiver will still able to limit interference, we plot in Figure
4 the BER performance versus l4/M of the OSB; 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
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QPSK can support a TO of 22% of the symbol period
for an error floor less than 10~°. However, with 16QAM
modulation scheme, it can only support a TO up to 14%
of the symbol period. For larger TO 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 TO than OFDM in 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 CFOs
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 5. The BER
performance is degraded compared to that in a static channel.
For a speed of Skm/h, similar BER levels are obtained for all
considered receivers when Eb/NO < 25 dB. However, OFDM
shows the worst BER performance when Eb/NO > 25 dB.
Despite the fact that the maximum Doppler shift is substan-
tially less than Af, OFDM has around a 10~* 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 5. 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 OSB-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 1073, 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
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Fig. 5. 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.

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 LPR of the received
baseband samples. In reality, CFO causes two types of impair-
ments 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
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 6 shows the BER performance versus CFO for all
receivers without noise (infinite SNR). In this case, the CPE
term to compensate is /™" where 7 is the CFO relative to
Af, which 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 Af for an
error floor of around 10~2, however, only 4% of Af 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 Cp , (m) in (9) are independent of n
(Cp,n(m) = Cp(m)). This means that the channel is constant
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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 A f with the QPSK and 16QAM modulation
schemes respectively for an error floor around 1075,

V. CONCLUSION

This article extends the use of OS-based FBMC receivers
with short filters to the context of MU-mMIMO and investi-
gates their advantages in comparison to OFDM under different
channel 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 communi-
cations. Moreover, 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 becomes a promising challenger of OFDM in the
context of MU-mMIMO.
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