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Abstract—A crucial element of cellular communication net-
works is the achievable spectral efficiency (SE). Indeed, motivated
by the continuous growth in mobile data traffic in wireless
networks, improving SE has represented one of the key goals
of the 3rd Generation Partner Project (3GPP) along several
generations of communication standards. In this paper, we
propose a novel transmission scheme based on intentionally
overlapping the subcarriers of adjacent users considering two
state-of-the-art waveforms: the orthogonal frequency division
multiplexing (OFDM) and the filter bank multi-carrier with
offset quadrature amplitude modulation (FBMC/OQAM). We
investigate the achievable spectral efficiency improvement of the
proposed transmission scheme in the presence and absence of
timing offset impairments under the tapped delay line B (TDL-B)
multipath 3GPP model of the 5G QuaDRiGa channel. According
to the test results, the proposed transmission technique achieves
up to 20% SE improvement for FBMC/OQAM when associated
to the overlap-save FBMC receiver and 12% for OFDM.

Beyond 5G, filtered multi-carrier waveforms,
FBMC/OQAM, intentional overlapping, OFDM, overlap-
Save FBMC receiver.

I. INTRODUCTION

The fifth generation (5G) of mobile communications has
received a lot of interest from the academic and professional
fields. Among all the crucial requirements, such as high peak
throughput and ultra-low latency, the spectral efficiency (SE)
enhancement is also highlighted [1], [2]. The radio spectrum
resource is of fundamental importance for wireless communi-
cations, especially since it is becoming scarce. In fact, future
wireless networks are expected to face worsening congestion
levels than nowadays [3]. Therefore, SE enhancement becomes
crucial for the development of beyond 5G wireless communi-
cation systems.

The orthogonality of signals is emphasized by the Nyquist
pulse-shaping criterion to prevent inter-symbol interference
(ISI). However, this comes at a sacrifice in SE. Hence,
increasing the constellation order is one method to enhance
the SE when the orthogonality condition is to be respected.
Unfortunately, high order constellations are more susceptible
to nonlinear effects. Loosening the orthogonality condition
is a different technique to increase the SE of low-order
modulations. For instance, the well-known faster-than-Nyquist
(FTN) signaling approach [4], [5] reduces the spacing between
two adjacent pulses in the time domain considerably below the
Nyquist rate. Therefore, controlled ISI is introduced. Despite
the fact that ISI-free performance can be achieved with FTN
signaling, Nyquist’s first criterion has been widely applied in

traditional communication systems motivated by the limita-
tions of hardware implementations caused by the complexity
of the ISI cancellation algorithms. Spectrum sharing (SS) is
another method for SE enhancement. It is a way to maximize
spectrum utilization by allowing multiple users with varied
priorities to share the same frequency band without interfering
with one another. However, as [6] noted, there are some
challenges with the network design of SS in terms of spectrum
sensing, decision-making, and admission control.

In addition to these approaches, SE enhancement based on
overlapping techniques has been studied in the literature. A
systematic partially overlapping model is described in [7],
which demonstrates how careful utilization of overlapped
channels can considerably enhance spectrum usage. The au-
thors in [8] proposed a multi-carrier transmission scheme
called high compaction multi-carrier modulation (HC-MCM)
to improve the SE of the orthogonal frequency division mul-
tiplexing (OFDM) waveform. The HC-MCM can easily attain
a high transmission rate by arbitrarily overlapping the spectra
of its subcarriers with a technique that involves truncating
the transmitting signal with a rectangular window in the
time domain. However, similarly to OFDM, the proposed
multicarrier transmission scheme still suffers from a high
out-of-band-power leakage (OOBPL), hence requiring guard
bands that waste spectrum resources. Moreover, it reveals
to be vulnerable to timing offset (TO) impairments which
is expected to hinder its ability of managing/cancelling the
overlapping-induced interference. Furthermore, the work in
[8] limited the study to an additive white Gaussian noise
channel, neglecting the effect of multipath. The authors in [9]
incorporated partial time and frequency overlapping between
adjacent symbols considering the filtered multi-tone (FMT)
modulation. However, they simply considered an exponentially
decaying channel in their simulations. Therefore, the results
may differ over more realistic channels. Moreover, the FMT
modulation is less bandwidth efficient than other filtered
multicarrier waveforms due to the roll-off factor of the pulse-
shaping filter. For all these reasons, considering other filtered
multicarrier waveforms to address these drawbacks reveals to
be interesting in order to achieve the highest SE gain.

Filter bank multi-carrier waveform using offset quadrature
amplitude modulation (FBMC/OQAM) was investigated as a
5G alternative for OFDM motivated by its advantages in terms
of robustness against imperfect synchronizations and lower
OOBPL. The latter aspect improves frequency localization,
hence reducing the impact on neighboring bands. This reduces,



or even eliminates, the need for guard bands leading to a
SE improvement. Moreover, FBMC is naturally more robust
to TO impairments than OFDM, which maintains the SE
improvement in the presence of TO. In fact, the efficiency of
all non-orthogonal previously mentioned approaches for SE
improvement resides in their ability to manage the induced
interference. Therefore, by harnessing the inherent potentials
of the FBMC/OQAM waveform in terms of robustness to
impairments, it can be possible to address the overlapping-
induced interference.

Therefore, in this paper, we propose a novel transmission
technique where intentional overlapping is introduced among
the subcarriers of adjacent users. Based on FBMC/OQAM,
the proposed scheme efficiently manages overlapping-induced
interference and significantly improves the SE for single-input-
single-output (SISO) transmissions. The specific contributions
presented in this paper can be summarized as follows:

1) Proposal of an efficient flexible overlapping transmission
technique achieving new tradeoff levels between error
rates and SE.

2) Evaluation of the performance of the proposed technique
for the FBMC/OQAM waveform augmented with the
overlap-save (OS)-based FBMC receiver. The evaluation
is conducted using bit error rate (BER) simulations over
the tapped delay line B (TDL-B) 5G Qaudriga multi-
path channel. The results are compared to that of a
typical OFDM receiver.

3) Design space exploration of the achievable SE improve-
ment considering OFDM and the FBMC/OQAM wave-
forms in the presence and absence of TO impairments.

The rest of the paper is organized as follows. Section II
describes the FBMC/OQAM transceiver considered for our
study. The proposed overlapping transmission technique is
detailed in Section III. Section IV describes the simulation
setup, along with performance comparisons of the proposal
when associated to FBMC/OQAM and OFDM. Then, the SE
improvement attained by the proposed transmission technique
is evaluated in the presence and absence of TO impairments.
Section V concludes the paper.

II. SYSTEM MODEL

This section describes the FBMC/OQAM transceiver con-
sidered in our study.

A. FBMC transmitter

The polyphase network (PPN)-based [10] modulator is
one of the main implementations for FBMC modulation. It
consists of one size-M IFFT, followed by a PPN for the
filtering stage. To reduce the computational complexity of
the PPN processing, a short prototype filter (PF) g of length
L “ M can be used. The orthogonality in the real field is
preserved using the OQAM modulation scheme. Consequently,
the generated signal from the previous iteration is added to
the PPN output signal after being delayed by M{2 samples.

Therefore, to express the above procedure mathematically, the
transmit signal can be written as

spkq “

M´1
ÿ

m“0

8
ÿ

n“´8

anpmqgm,npkq (1)

where gm,npkq “ p´1qnmgpk´nM
2 qejπpm`nq{2ej2πmk{M , M

is the total number of subcarriers, anpmq are the user’s pulse-
amplitude modulated (PAM) symbols within FBMC symbol
n, subcarrier index m.

B. Overlap-Save FBMC receiver

The FBMC-OS receiver was proposed in [11]. With NUF

being the up-sampling factor used for the OS algorithm and M
the total number of subcarriers, the receiver processing starts
by applying an FFT of size N “ NUFM on the received
signal Rn. Similarly to OFDM, equalization is performed
immediately after the FFT via a zero forcing (ZF) equalizer
as follows

Xnpmq “ Cnpmq ˆ Rnpmq (2)

where the ZF equalization matrix at frequency bin m defined
as the conjugate of the channel frequency response Cnpmq “

H˚
n pmq, and Xnpmq is the user’s equalized signal.

Then, the frequency-shifted responses of the PF Gℓ are ap-
plied to Xnpmq through NUF stages of circular convolution.
Therefore, the output of the ℓth filtering stage vector is

Ynpm, ℓq “

∆
ÿ

p“´∆

GℓppqXn

´

ℓ ` pm ´ pqNUF

¯

(3)

where ∆ “ pNG ´ 1q {2 and NG denotes the number of non-
truncated filter coefficients.

The vector outputs of the filtering stage are added up to get
the analysis filter bank output Ynpmq. Finally, the transmitted
data symbols ân(m) of the corresponding user are recovered
after extracting the real part of the linear phase rotated filtering
stage outputs as follows

ânpmq “ Re
´

Ynpmqϕ˚
npmq

¯

. (4)

III. PROPOSED OVERLAPPING TRANSMISSION TECHNIQUE

A. Description of the proposed overlapping schemes

We consider a scenario where U users transmit data on
different adjacent frequency bands (or sub-bands). Some of
these sub-bands can overlap, resulting in two possible types
of overlap: two-sided (2S) or one-sided (1S) overlap as shown
in Figures 1a and 1b respectively. Therefore, if OL denotes
the number of overlapped subcarriers per user, and SB the
number of subcarriers allocated for each user, then the SE
gain GSE thanks to the overlap is

GSEOL
“

OL

SB
, OL P J0, ..., SBK (5)

It is crucial to select the appropriate scheme that results
in a lower level of interference in order to improve system
performance. The overlap between adjacent data symbols
located at frequency bin p and time q can be used to calculate
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(a) Two-sided (2S) overlapping
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(b) One-sided (1S) overlapping

Fig. 1: Illustration of the proposed overlapping transmission schemes with OL “ 2.

the induced interference Jnpmq for the data symbol at symbol
n and frequency bin m. In fact, by taking the weighted
sum of the neighboring overlapped data symbols, denoted as
dn`qpm`pq with the weights given by the ambiguity function
of the PF, denoted as Agpτ, µq, we can compute

Jnpmq “
ÿ

pp,qqPΩ˚

dn`qpm ` pqAgp´
qM

2
,
p

M
q (6)

along with

Agpτ, µq “

ż `8

´8

gtpt ` τ{2qg˚
r pt ´ τ{2qei2πµtdt (7)

where gt and gr are the transmit and receive PFs respectively,
Ω “ J´8,`8KJ´M

2 , M
2 K, and Ω˚ “ Ω\p0, 0q.

Note that,

dnpmq “

#

1, m P Ωc

0, otherwise

where Ωc is Ω1 for the 1S scheme (Figure 1b) and Ω2 for the
2S scheme (Figure 1a), with

Ω1 “ J0, ..., OL ´ 1K
Ω2 “ J0, ..., OL

2 ´ 1K Y JM ´ OL
2 , ...,M ´ 1K

Therefore, the interference power σ2 induced from overlapping
by OL subcarriers can be computed as follows

σ2 “ ErJnpmq2s

“
ÿ

pp,qqPΩ˚

Agp´
qM

2
,
p

M
q2

(8)

where m ´ p P Ωc

Hence, using (8) and by employing the near perfect recon-
struction 1 (NPR1) short PF [12], we compare in Figure 2 the
interference power versus OL of the two proposed overlapping
transmission schemes with CR = 1. Since the NPR1 PF is
highly localized in time, the interference is limited to only
adjacent FBMC symbols. Therefore, Ω “ J´1, 1KJ´M

2 , M
2 K.

Both schemes display an increase in interference level with
OL, while the 2S overlapping suffers from a higher level of in-
terference than the 1S. Consequently, we chose the 1S scheme
for the rest of the study. In this case, the set of overlapped users
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Fig. 2: Interference power comparison of the proposed one-
sided and double-sided transmission schemes with CR = 1.

is indexed by i. Therefore, the FBMC/OQAM transmit signal
spkq in (1) will be modified as follows

spkq “

U
ÿ

u“1

8
ÿ

n“´8

ÿ

mPFu

anpm ´ fuqgm,npkq (9)

along with
Fu “ tfu, ...., fu ` SB ´ 1u

fu`1 ´ fu “

#

1 ` SB ` OL, if iu`1 ´ iu “ 0

SB, otherwise

where fu is the uth user starting subcarrier index, and iu is
the set index of the uth user.

Similarly, the OFDM transmit signal spkq considering the
proposed overlapping transmission scheme can be expressed
mathematically as shown below

spkq “

U
ÿ

u“1

8
ÿ

n“´8

ÿ

mPFu

anpm ´ fuqej2π
pk´LCP qm

M (10)

where anpmq are the complex user’s transmitted symbols on
the mth subcarrier within the nth OFDM symbol, and LCP

is the cyclic prefix length.



B. Procedure for SE enhancement
OFDM is vulnerable to adjacent channel interference (ACI)

due to its low-frequency localization, necessitating the intro-
duction of guard bands. The added guard bands reduce the data
rate and, therefore, the SE. Thanks to the introduced filtering
stage, FBMC/OQAM is more robust against ACI. Therefore,
overlapping-induced interference management can be more
efficient with the FBMC/OQAM waveform by exploiting its
inherent advantage. The introduction of channel coding can
help combat interference. Therefore, if CROL is the coding
rate relevant to OL, and K the modulation order, the tuple
pCR˚,K˚, OL˚q should be chosen such that the ratio of the
energy per bit to the spectral noise density Eb

N0 is minimized
for a target SE α as

pCR˚
OL,K

˚, OL˚q “ argmin
SE“α

p
Eb

N0
pCROL,K,OLqq. (11)

Next, the CR˚
OL of the selected combination is optimized to

maximize the SE for a target BER = β at Eb
N0 = γ. Target β and

γ values are issued from the non-overlapping case (OL “ 0).
This translates mathematically as follows

CR
1

OL “ argmax
BER“β, Eb

N0 “γ

pSEpCR0,K, 0qq. (12)

Eventually, the SE gain corresponding to the selected combi-
nation can be computed as follows

GSEOL “
CR

1

OL

CR˚
OL

. (13)

IV. APPLICATION EXAMPLE

We first describe our simulation setup. Then, the perfor-
mance of the FBMC-OS receiver using the NPR1 short PF
is compared to OFDM considering the proposed overlapping
transmission scheme. In our simulations, the channel state
information is assumed to be perfectly estimated at the re-
ceiver side. Furthermore, the number of non-truncated filter
coefficients is set to NG “ 7 for a SIR of 55 dB [12]. The
total number of users is U “ 4 where the transmit powers of
all transmissions are equal and normalized to 0 dBW. For the
FBMC-OS receiver, NUF is set to 4 leading to the FBMC-OS4

receiver notation. This choice represents a good compromise
between system performance and complexity.

At the receiver, one reference set of overlapped users was
processed to simplify the performance analysis and to reduce
the simulation time. In Figures 1a and 1b, the set centered on
user u “ 2 or u “ 3 can be considered as reference.

A. Simulation setup
The TDL-B multipath 3rd generation partner project (3GPP)

channel model is used for our simulations considering a
delay spread τ of 1µs. Chosen parameters follow the 5G
standard [1]. The 5G new radio low-density parity check code
(LDPC) is used in our simulations [13] with base graph 1.
A short-random iterleaver is considered rather than a long
one since the interference pattern is well-defined, allowing
for lower latency. Simulation parameters are summarized in
Table I.

0 5 10 15 20 25 30

OL (in number of subcarriers)

20

25

30

35

40

E
b/

N
0 

(d
B

)

FBMC-OS4

OFDM

Fig. 3: Eb{N0 vs OL of the considered receivers over the
TDL-B 5G QuaDRiGa channel for a target BER of 10´4.

Parameters Value
Carrier frequency 3.5 GHz
Cyclic prefix 36
Channel model TDL-B
Channel type NLOS
Total number of subcarriers 512 subcarriers
Sub-band size per user 128 subcarriers
Number of UE 4
BS height 25 m
Interleaver type Short-random
Modulation schemes 16QAM, 64QAM

TABLE I: Simulation Parameters

B. Selection of the best tuple

We consider now (11) for selecting the best tuple of
pCR˚,K˚, OL˚q leading to the highest SE gain. We plot
in Figure 3 the required Eb

N0 versus OL for different tuples
achieving the same SE with the FBMC-OS4 and OFDM
receivers and a target BER of 10´4.

We start first by analyzing the results for K “ 16. Regarding
the FBMC-OS4 receiver, Eb

N0 initially increases with OL. After
OL “ 4, it decreases until reaching a minimum value of
15.8 dB at OL “ 24 and CR “ 1{2. The performance starts
to degrade after OL “ 24, showing that the maximum value
of OL for exhibiting the best performance is 24 subcarriers.
Similar interpretation can be made when considering the
OFDM receiver, where Eb

N0 starts increasing with OL until
OL “ 12, and then reaches a minimum value of 17 dB at
OL “ 24 and CR “ 1{2. Note that FBMC can attain lower
values of Eb

N0 than OFDM for the same value of OL thanks to
its inherent capabilities to combat interference. For K “ 4, the
target SE is not achievable by any tuple, since the CR cannot
exceed 1. On the other hand, the target BER is not achievable
by any tuple when K “ 64, and therefore its corresponding
curve is not shown in the figure. To summarize, the tuple
pCR˚,K˚, OL˚q “ p1{2, 16, 24q is selected for the rest of
the work.
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Fig. 4: BER performance comparison of the OS4-FBMC
receiver over the TDL-B 5G QuaDRiGa channel with different
tuples achieving the same SE.

10 12 14 16 18 20

Eb/N0 (dB)

10-5

10-4

10-3

10-2

10-1

100

B
E

R

FBMC-OS4, CR =  1/2, OL = 24

OFDM, CR =  1/2, OL = 24
FBMC-OS4, CR =  13/25, OL = 24

OFDM, CR =  13/25, OL = 24
FBMC-OS4, CR =  14/25, OL = 24

OFDM, CR =  14/25, OL = 24
FBMC-OS4, CR =  3/5, OL = 24

FBMC-OS4, CR = 8/9, OL = 0

OFDM, CR = 8/9, OL = 0

Fig. 5: SE improvement capability for the proposed transmis-
sion technique for the OFDM and FBMC-OS4 receiver over
the TDL-B 5G QuaDRiGa channel, with OL “ 24.

C. Simulation results over the 5G multipath channel

In order to provide a more detailed understanding of the
efficiency of the proposed approach, we also compare in
Figure 4 the BER performance as a function of the Eb{N0 of
both the OFDM and FBMC-OS4 waveforms for the considered
scenario. Several combinations of CROL and OL (in number
of subcarriers) are considered targeting the same SE with
K˚ “ 16.

When the subcarriers do not overlap (i.e., OL “ 0) and
a CR of 8{9 is used, both waveforms exhibit the worst
BER performance. Increasing the amount of overlap between
subcarriers results in a higher degree of interference, making
it necessary to reduce the CR while maintaining the same
SE. This, in turn, leads to a significant improvement in BER
performance, as illustrated in the same figure for various
combinations of OL values, specifically 12, 16, 20, and 24.
In particular, overlapping by 24 subcarriers yields the best
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OFDM, CR = 16/27, OL = 0, 64QAM
FBMC-OS4, CR =  8/9, OL = 0, 16QAM

OFDM, CR = 8/9, OL = 0, 16QAM

Fig. 6: BER performance comparison of the OFDM and
FBMC-OS4 receiver over the TDL-B 5G QuaDRiGa fading
channel, with 16QAM and 64QAM modulation schemes, and
same SE.

performance, providing a gain of approximately 5.2 and 4 dB
in Eb{N0 for FBMC and OFDM, respectively. This finding
confirms the conclusions drawn in Section IV-B from Figure 3.

D. Spectral efficiency gain

We use (12) to evaluate the SE gain of the best overlapping
case of OL “ 24 relative to the non-overlapping scenario.
Figure 5 depicts the BER performance for OL “ 24 with
increasing CR24 values. We determine the SE gain once the
BER performance of both scenarios is nearly identical for a
target Eb

N0 (γ “ 21 dB). As shown in Figure 5, the curve
corresponding to the non-overlapping scenario intersects with
the one corresponding to the overlapping scenario at CR

1

24 =
3{5 for FBMC/OQAM and 14{25 for OFDM, resulting in a
20% and 12% SE gain for FBMC/OQAM and OFDM, respec-
tively. Therefore, FBMC/OQAM augmented with the FBMC-
OS receiver provides superior performance and a higher SE
gain compared to OFDM.

An alternative and simple method to improve the SE could
be increasing the modulation order. Therefore, we compare in
Figure 6 the BER performance with equal SEs of 64QAM with
non-overlapping subcarriers (i.e., OL “ 0) and CR “ 16{27
to that of 16QAM with CR “ 8{9. As depicted in the figure,
64QAM performs similarly to 16QAM for a target BER of
10´4, confirming the efficiency of our proposed transmission
scheme to improve the SE.

E. Effect of timing offsets

TO impairments occur when the transmitter and receiver
windows are not aligned in time. It is always the case
in practice due to the channel induced propagation delay.
Therefore, it is important to investigate the robustness in terms
of BER performance of the proposed transmission technique
and the two considered waveforms in the presence of TO
impairments. Corresponding results are plotted in Figure 7.
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Fig. 7: BER performance comparison of the FBMC-OS4

and OFDM receivers over the TDL-B 5G QuaDRiGa fading
channel in the presence of TOs, with OL “ 24.

Without overlapping, OFDM exhibits a high vulnerability to
TO impairments since it cannot support any TO value larger
than half of its cyclic prefix duration. This vulnerability is
worsened by overlapping. Indeed, considering the case that
corresponds to the highest SE gain (i.e., OL “ 24 with CR
= 14/25) for OFDM, a TO that corresponds only to 5.56% of
the CP duration was enough to severely degrade performance,
leading to an irreducible error floor as depicted in Figure 7. On
the contrary, FBMC augmented by the OS receiver can support
asynchronous communications as demonstrated in [11]. Thus,
applying a much larger TO value that corresponds to 50%
of the symbol duration shows the same BER performance
down to the target BER of 10´4 with a slight performance
degradation for lower error rates (Eb{N0 ą 21 dB). This
slight performance degradation is brought on by the introduced
change in the interference pattern due to TO impairments. This
can be, at least partly, compensated for by a suitable design
of the interleaver located between the waveform and the outer
channel code.

V. CONCLUSION

This article proposes a novel transmission scheme designed
to improve spectral efficiency. It is based on intentionally
overlapping the subcarriers of adjacent users considering the
OFDM and FBMC/OQAM waveforms. The corresponding
results reveal that the FBMC transceiver outperforms OFDM
over the TDL-B 5G Quadriga channel while confirming
the targeted SE improvement by the proposal. In particular,
with the OS4 receiver, the FBMC transceiver offers up to
40% higher SE gain compared to OFDM. Additionaly, an
appealing benefit of the FBMC-OS4 receiver resides in its
robustness against TO when compared to OFDM. Indeed,
with a TO reaching 50% of the symbol duration, it out-
performed the OFDM receiver suffering only from a TO of
5.56%. Consequently, augmented by the OS-based receiver,
the FBMC/OQAM waveform proves to be a promising chal-
lenger for OFDM in future communication systems.
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