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ABSTRACT This paper details an experimental testbed conceived for studying the capability of new multi-
carrier waveforms to accommodate 5G requirements. Testbed experiments are done with an implementation
of cyclically prefixed orthogonal frequency division multiplexing (CP-OFDM) and its most promising
enhancements, i.e., weighted overlap and add based OFDM (WOLA-OFDM) and block-filtered OFDM
(BF-OFDM), with configurable universal software radio peripherals (USRPs)-based software defined radio
prototype. These experiments are done in a realistic laboratory-like environment, where capabilities of the
selected waveforms to accommodate 5G requirements are evaluated while focusing on the optimization of
the energy efficiency. On one hand, we provide details and deign guidance to improve energy efficiency
and robustness of the studied waveforms through new approaches of digital predistortion (DPD) and peak-
to-average power ratio (PAPR) reduction in the presence of RF power amplifier (RF PA). In particular,
we focus on the mitigation of in-band and out-of-band non-linear distortions and their effects on power
spectrum density (PSD) and bit error rate, respectively. It has been demonstrated that the combination of
PAPR reduction and DPD allows the transmitter to significantly improve the spectrum localization without
sacrificing the in-band and out-of-band waveform quality, while achieving high power efficiency, thus
operating the PA very close to its saturation region, as well. On another hand, we address the impact of the
lack of synchronism between transmitters on the performance of the selected waveforms, which is of special
relevance for future 5G massive machine type communications applications. Experimental results show that
BF-OFDM and WOLA-OFDM would permit the accommodation of 5G requirements when RF PA issues
are tackled. In some specific scenarios, ideal spectrum utilization can be realized by these waveforms, using
only one tone as guard band while keeping good energy efficiency.

INDEX TERMS 5G, mMTC, multicarrier waveforms, CP-OFDM, WOLA-OFDM, BF-OFDM, RF PA,
PAPR, DPD, asynchronous multi-user access, testbed.

I. INTRODUCTION
Research, development and standardization activities are in
full action toward the fifth/next generation (5G) wireless
networks [1], which will have to accommodate, in addi-
tion to mobile broadband applications, various new service
regimes arising with new fields of applications. Indeed, usage
scenarios for international mobile telecommunication (IMT)
for 2020 and beyond has been categorized into three broad
groups of use cases [2]: enhancedmobile broadband (eMBB),
massivemachine type communications (mMTC) (also known
as Internet of Things (IoT)), and ultra-reliable and low

latency communications (URLLC). In particular, mMTC
and URLLC require critical capability objectives such as
106 devices/km2 connection density, ultra high energy effi-
ciency, low cost terminals, 1 ms latency and mobility up to
500 km/h [3], presenting serious challenges on 5G commer-
cial deployments [4].

To meet these design goals, the third generation partner-
ship project (3GPP) has launched the standardization activity
for the first phase 5G system in Release 15 named New
Radio (5G-NR) in 2016 [5], which has been published in
December 2017 and ismainly dedicated to 5G-NR eMBB and
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Fixed Wireless Access (FWA) [1]. Regarding physical layer
specifications, the major innovation of release 15 with respect
to former standards is the support of mixed numerology
which allows the service to choose between a set of supported
subcarrier spacing (SCS) and symbol durations that better
fit its needs. Due to these new requirements, the concept of
transparent waveform processing, i.e., transmitter (Tx) and
receiver (Rx) use different waveform processing techniques,
is primordial to address challenges of 5G [6]. 5G-NR system
evolution through transparent transparent Tx and Rx process-
ing enhancement has been discussed and analyzed in [7].

To address this wide range of requirements with a uni-
fied physical layer in the same system bandwidth, the con-
sensus among researchers in both academia and industry is
that enhanced multicarrier waveforms (MWFs) are required
to accommodate heterogeneous service requirements in a
flexible way [2]. Indeed, in the era of 5G, it is required
to seek possible enhancements to the traditional cycli-
cally prefixed orthogonal frequency division multiplexing
(CP-OFDM) and its low peak-to-average power ratio (PAPR)
variant discrete Fourier transform spread OFDM (DFT-s-
OFDM), which have consequently shaped the success of the
4G long-term evolution (LTE). Further enhancements aim to
provide better performances over multi-services and multi-
user scenarios with potentially a high energy efficiency.

In this regard, notable waveforms have been introduced
and investigated to address the major limitations of the clas-
sical CP-OFDM in challenging new spectrum use scenarios,
like asynchronous multiple access, as well as the support
of mixed numerology which allows the service to choose
between a set of supported subcarrier spacing (SCS) and
symbol duration.

A first class of these MWFs gathers the ones that
adopt a per-subcarrier pulse-shaping to reduce out-of-
band (OOB) emission and increase bandwidth efficiency
and relaxed synchronization requirements: filter-bank multi-
carrier (FBMC) [8] has been heavily studied. However,
FBMC exhibits high algorithmic and computational com-
plexities and it is poorly compatible to MIMO making it
not attractive for next 5G networks [9]. In addition, FBMC
provide excellent OOB reduction for each subcarrier, but this
is actually not required, since resource allocation and adaptive
coding and modulation schemes are commonly applied with
a resource block (i.e. a group of subcarriers) as the basic
unit [10]. In this work, we have discarded this class of MWFs
due to their excessive complexity.

Indeed, regardingOFDMbased advancedwaveform (WF),
two candidate classes, sub-band-filtered CP-OFDM schemes
and time-domain windowing based CP-OFDM process-
ing, are receiving great attention in the 5G waveform
development.

As a time-domain windowing based OFDM tech-
nique, the weighted overlap and add based OFDM
(WOLA-OFDM) [11] has been introduced to the 5G-NR
as a low-complexity candidate method (it has nearly com-
putational complexity as the classical CP-OFDM). It has

been also demonstrated to allow interesting performance to
support asynchronous traffic although it provides meduim
performance in terms of OOB emission reduction. In addi-
tion, WOLA-OFDM allows transparent design where trans-
mitter (Tx) and receiver (Rx) units use independent waveform
processing techniques, which will comply with the 3GPP
agreement [1]. It is for these raisons that WOLA-OFDM has
been selected for our study.

Another class of sub-band filtering-based waveforms has
been investigated, where the universal filtered multicarrier
(UFMC) [12], filtred-OFDM (f-OFDM) [13] and fast Fourier
transform FBMC (FFT-FBMC) [14] are the most studied.
These sub-band-filtered schemes (i.e. apply filtering at sub-
band level over single or multiple RBs) are receiving great
attention in the 5G waveform development thanks to their
ability to address the major limitations of the classical
CP-OFDM in challenging new spectrum use scenarios.
UF OFDM and f-OFDM have shown to provide close
performance to WOLA-OFDM but with a much higher
complexity [15]. For this set of WFs, the complexity was a
discriminant criterion, implying that these WFs were out the
race for the tesbed implementation described in our paper.

Recently, block-filtered OFDM (BF-OFDM) [15] has been
introduced to the 5G-NR as a promising sub-band filtered
multicarrier based waveform that provides reasonable perfor-
mance while it has significantly very low complexity [16].
BF-OFDM is built on the concept of sub-band filtering on
the top of the baseline CP-OFDM waveform. It has been
demonstrated to outperform UFMC and f-OFDM providing
very interesting PSD performance, thanks to the PolyPhase
Network (PPN) filter banks. BF-OFDM transmitter is very
similar to the FFT-FBMC one where the filtering operation is
applied with a PPN where a number of carriers (=number
of RBs) are processed by a filter bank stage. However,
BF-OFDM receiver is reduced to simple FFT (i.e. no more
than the classical CP-OFDM receiver). It is for this reason
that we have considered BF-OFDM for the development of
our demonstrator.

Another flexible and effective frequency-domain filter-
ing scheme [10], based on fast-convolution (FC), was pro-
posed for sub-band f-OFDM as a candidate waveform for
5G-NR system development. This is an extension of some
earlier works on exploiting the FC filtering approach for
advanced multicarrier waveforms in flexible and efficient
manner [17] [18]. The proposed FC-F-OFDM has been com-
pared in [19] to WOLA-OFDM, UF-OFDM and f-OFDM in
terms of performance and complexity and obtained results
have shown that FC-F-OFDM design can achieve the per-
formance requirement and significantly exceeds the overall
radio link performance of the other waveforms while main-
taining very low complexity. Moreover, FC-F-OFDM has a
good processing flexibility allowing to construct arbitrary
sub-band configurations, as groups of RBs [7].

Even FC-F-OFDM was a good candidate for advanced
filtered multicarrier waveform, it has not been considered
in this study. When came the time for choosing within
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the large set of filtered multicarrier waveforms available
in the literature for test-bed implementation, we decided to
implement only three WFs in the context of Critical-Machine
Type Communications. The chosen waveforms were:
(1) CP-OFDM because it has been chosen for 5G and also
as a reference basis, (2) WOLA-OFDM because of similar
complexity as CP-OFDM and good performances in asyn-
chronous scenarios and (3) BF-OFDM because of the good
frequency localization, good performance in asynchronous
scenarios and the fact that the receiver was a classical CP-
OFDM one. In terms of complexity and OOB, BF-OFDM
and FC-F-OFDM have quite similar performances. The fact
that the BF-OFDM receiver could be a classical CP-OFDM
receiver guided our final choice.

Despite the mentioned MWFs advantages, they still suffer
from high PAPR of the modulated signal. Consequently, they
lose rapidly their good frequency localisation properties when
non-linear RF power amplifiers (RF PA) are deployed.

Motivated by these considerations, it is encouraged to con-
centrate on more careful and thoughtful design, evaluations,
realizations and comparison of CP-OFDM waveform and
its most promising enhancements, i.e., WOLA-OFDM and
BF-OFDM especially in experimental testbed. It is worth to
mention the following contributions:
• Levanen et al. [7] provide a basic framework of how
transmitter and receiver units that can be independently
applied and evaluated in the context of transparent
design and an extensive set of examples of the achieved
radio link performance with unmatched transmitter and
receiver waveform processing,

• Gerzaguet et al. [4] describe field-test experiments car-
ried out with an implementation of the BF-OFDM and
the feasibility of the use of mixed numerology for 5G,

• Guan et al. [20] report a field in time division
duplex downlink (TDD-DL) conducted on a config-
urable testbed in a real-world environment for the perfor-
mance evaluations of CP-OFDM, Windowing-OFDM
and filtered-OFDM,

• Zayani et al. [21] present experimental testbed to eval-
uate the impact of RF PA on the performance of
CP-OFDM, WOLA-OFDM and BF-OFDM.

Compared to the above contributions, this paper presents
testbed experiments done with an implementation of
CP-OFDM, WOLA-OFDM and BF-OFDM, with config-
urable universal software radio peripherals (USRPs) based
software defined radio (SDR) prototype [22] [23]. These
experiments are done in a realistic laboratory-like environ-
ment where capabilities of the selected waveforms to accom-
modate 5G requirements are evaluated while focusing on
the optimization of the energy efficiency. These experiments
are crucial in order to convince evidences of advanced mul-
ticarrier waveform technology feasibility using real-world
environment imposing some RF imperfections: RF power
amplifier nonlinearities, IQ Imbalance andMirror-Frequency
Interference, Phase noise and Mixer and A/D converter
nonlinearities.

Indeed, the link performance results are provided for two
scenarios : down-link (DL) and uplink (UL) following the
experimentation cases. Scenario 1 corresponds to interfer-
ence free DL with nonlinear amplification and scenario 2
defines an asynchronous UL case. Therefore, these scenarios
are envisaged to address the following main characteristics :

• Higher energy- and spectrum- efficiency (DL case) :
5G energy efficiency is expected to be considerably
optimized than its precedent for mMTC and URLLC.
In this regard, these latter should use low-cost and low-
size PA that should be operated near its saturation region
(i.e., nonlinear region). This will imply in-band and out-
of-band distortions, damaging then the good spectral
confinement of the selected MWFs. Thus, a very large
bandwidth should be reserved as guard bands for the
signal to meet the spectrum mask and adjacent channel
power ratio (ACPR) requirement (i.e., poor efficient
spectrum utilization). Towards very good energy- and
spectrum- efficiency, PA nonlinearities have to be well
addressed and compensated, making possible to reduce
guard-bands tremendously while keeping more efficient
energy utilization,

• uplink (UL) Asynchronous transmissions: In LTE, with
OFDMA we need all the signals coming up, from
user equipments (UE), to the base station are lined-
up in order to mitigate inter-carrier interference (ICI).
To maintain this stringent synchronization a heavy over-
head have to be associated which is not favorable for
mMTC service. It is important to evaluate the capability
of the selected 5G waveforms to support asynchronous
transmissions in a realistic environment.

Thus, The main contributions of this paper are :

• Experimental testbed results: We believe that measure-
ment results in a real-world environment are primordial
in order to convince evidences of technology feasibil-
ity. In this work, we aim firstly to build a practical
and flexibly configurable testbed, as a general platform
for research, development and validation for several
5G physical layer technologies. We provide details and
guidance on the testbed design and implementations
which will be references for the readers who are wiling
to conduct experimentation testbeds,

• Design guidance to improve energy efficiency and
robustness: we present testbed experiments done in a
realistic laboratory-like environment using real-world
RF power amplifier. On one hand, we characterize
digital predistortion (DPD) to linearize the RF PA.
On another hand, we study the PAPR reduction of
the MWFs time-domain signals using tone reserva-
tion (TR) [24] and selective mapping (SLM) [25],
which are deeply studied in literature. Since BF-OFDM
has a different structure compared to CP-OFDM and
WOLA-OFDM, we introduce modified TR and SLM
techniques that are more adequate to BF-OFDM than
the classical ones. In particular, we focus on the
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combination of the proposed PAPR reduction and DPD
techniques in order to mitigate the in-band and out-of-
band nonlinear distortions caused by the real RF PA
while improving the energy efficiency,

• Multi-user access scheme: We study, through the devel-
oped testbed, the capability of the 5G waveform of
handling multi-user signals when there is imperfect syn-
chronization in time domain. We provide further dis-
cussions and comparisons of the selected waveforms
CP-OFDM,WOLA-OFDM and BF-OFDM, with corre-
sponding parameter selections. More precisely, we con-
sider the coexistence of two users which are asyn-
chronously transmitting in adjacent bands using the
same transmit power per subcarrier. We also provide
insights on the impact of several important system
parameters, e.g. guard bandwidth and filter design.

The rest part of this paper is structured as follows.
Section II provides an overview of the tesbed. In par-
ticular, the detailed baseband processing of CP-OFDM,
WOLA-OFDM, BF-OFDM, DPD identification method and
introduced PAPR reduction techniques are presented, respec-
tively. In section III, testbed setup is introduced, parameter
selections are defined and waveform performance are vali-
dated and compared via experimental measurements. The rel-
evant performance, in terms of PSD, normalized mean square
error (NMSE) and BER, are discussed. Finally, the conclu-
sion is given in section IV.
Notations:E [.] stands for the expectation operator and (.)∗

denotes the complex conjugate operation.

II. TESTBED OVERVIEW
A. OVERALL ARCHITECTURE
The SDR testbed is realized with two parts, Transmitter (Tx)
and Receiver (Rx), to evaluate the performance of several
MWFs. The testbed overall architecture is presented in Fig. 1.

The baseband unit is software-based and implemented
using MATLAB and it realizes the digital algorithm, e.g.,
waveform generation, QAM modulation, channel equaliza-
tion, demodulation, etc. It is worth mentioning that DPD
and PAPR reduction methods are also implemented using
MATLAB.

For SDR hardware, two separate Universal Software Radio
Peripherals (USRPs) devices, NI-USRP-2942R are used
as transmitter and receiver, integrating digital/IF/RF units.
The USRP has tunable carrier frequencies in the range of
400 MHz to 4.4 GHz and tunable transmission rates to 200
mega samples per second [26]. For synchronization of USRP
modules, an external clock is used generating from Marconi
Instruments 2051 Digital and Vector Signal Generator, which
is crucial for proper operation of multicarrier waveforms.
This external clock provides 10 MHz clock signal that is
transmitted to the two USRPs. By tuning Tx and Rx USRP
devices, we are sure that carrier frequency offset (CFO)
between transmitter and receiver is zero. Controlled fre-
quency offset will be generated by shifting in baseband
(MATLAB level) the emitted signal.

In order to assure a real-time SDR implementation, we con-
sider a specific computer configuration using two computers
(Fig. 2). The computer 1 has two solid state disk (SSD), where
the first SSD is dedicated to data storage and is shared with
computer 2 using a gigabit ethernet switch and the second
SSD is dedicated to the operating system. MATLAB on
computer 1 realizes the digital algorithms and commands the
GNU-radio that configures and uploads signal to USRP Tx.
Also, a C++ program is implemented in computer 1 to get
the received signal from the USRP Rx. This received signal
is splitted into small packets that will be stored in the shared
SSD and will serve for the following analyses in the baseband
unit.

Computer 2 realizes the analysis of received signals. It uses
shared received packets and gives some visual performance
results such as PSD, constellation, NMSE per subcarrier,
average NMSE and BER.

Two graphical interfaces have been developed to make
our testbed more flexible. On the transmitter side inter-
face, we can choose different configurations, for example,
we can select the waveform (CP-OFDM, WOLA-OFDM or
BF-OFDM), the input back-off IBO (0, 3, 6, 9 or 12 dB),
the PAPR reduction method (TR or SLM), the DPD and we
can enable or disable the interferer user. The receiver interface
is dedicated to visualize performance results for these dif-
ferent configurations. Thus, we visualize PSD, constellation,
NMSE per subcarrier, average NMSE and BER. We have
used an additivewhite Gaussian noise (AWGN) channel with-
out any frequency selectivity in order to clearly see the impact
of the RF PA on the performance of the selected MWFs and
their robustness to asynchronous transmissions. The RF PA
is a solid-state power amplifier (SSPA) PE15A4017 from
Pasternack with a bandwidth of 20 MHz to 3 GHz and 27dB
Gain [27].

Using this Testbed, we aim to evaluate the capability of
the most promising MWFs candidates for future wireless
networks (1) to resist to the distortions caused by the RF PA
while keeping a good energy efficiency and (2) to support
asynchronous multi-user access.

B. BASEBAND PROCESSING PROCEDURE
1) TRANSCEIVER STRUCTURE
Fig. 3 illustrates the software based baseband processing
procedures on the transmitter and receiver. MCM Tx and
MCM Rx stand for multicarrier waveform modulation at
the transmitter side and receiver side, respectively. This
latter realizes the modulation/demodulation for CP-OFDM,
WOLA-OFDM and BF-OFDM for the following experi-
ments that will be explained in section II-B.2.
For CP-OFDM and WOLA-OFDM, spectral shaping is

applied to all active subcarriers: rectangular shaping for
CP-OFDM and rectangular shaping plus windowing for
WOLA-OFDM. Concerning BF-OFDM, the spectral shaping
is applied to groups of N/2 subcarriers. In the following,
the three MWFs will modulate complex symbols with a
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FIGURE 1. Overall architecture.

FIGURE 2. Computer architecture.

maximal size of MFFT . For BF-OFDM, the MFFT complex
symbols are divided into M subbands of N/2 symbols (i.e.
MFFT = MN/2).

2) BACKGROUND OF SELECTED MWFS
The classical CP-OFDM is adopted in several wireless stan-
dards (e.g. 3GPP-LTE and IEEE 802.11. a/g/n). Its key idea
is to split up a stream of complex symbols at high-rate into
several lower-rate streams transmitted on a set of orthogonal
subcarriers which are implemented using the inverse fast
Fourier transform (IFFT). The OFDM transmitted signal can
be written as,

sm︸︷︷︸
[MFFT×1]

= F−1︸︷︷︸
[MFFT×MFFT ]

Xm︸︷︷︸
[MFFT×1]

(1)

FIGURE 3. Transceiver structure.

where, F−1 and Xm stand for theMFFT ×MFFT IFFT matrix
and a MFFT × 1 vector of complex input data symbols,
respectively.

Accordingly, the OFDM receiver can be implemented
using the fast Fourier transform (FFT). In order to prevent
inter symbol interference (ISI), a cyclic prefix (CP) is usually
inserted transforming thus the linear channel convolution into
circular convolution if the CP is longer than channel impulse
response. Therefore, after the FFT operation, the channel
equalization becomes trivial through a single coefficient per
subcarrier.

In the following, we will discuss notable differences
of WOLA-OFDM and BF-OFDM compared to CP-OFDM
which consist that, at the transmitter, the CP-OFDM modu-
lated baseband signal is windowed by a well-chosen window
function for WOLA-OFDM, or is filtered with a subband-
specific filter for BF-OFDM.

WOLA-OFDM: Weighted overlap and add based OFDM
is chosen because of its capability to support asynchronous
transmissions without added complexity [11]. The key
idea of WOLA-OFDM is to use windowing to smooth
the time-domain symbol transitions, reducing then the
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FIGURE 4. WOLA-OFDM processing.

OOB emissions. Indeed, it uses a pulse shape with soft edges
instead of the conventional usage of rectangular one. The
smooth transition of last sample of a given symbol and the
first sample of next symbol is performed with point-to-point
multiplication of the windowing function and the cyclicly
extended symbol. This latter is created by adding cyclic
prefix (CP) and cyclic suffix (CS) to its beginning and its
end, respectively. To create the CP and CS, we use the last
NCP samples and the firstWTX samples, respectively, from the
given symbol. It is worth tomention that adjacent symbols are
overlapped in the edges transition region, i.e. WTX samples,
in order to comply with the same overhead as in the classical
CP-OFDM.

Although the transmit windowing is used to improve the
spectral confinement of the transmitted signal, an advanced
windowing is also applied at the receiver side (Fig. 4) in
order to suppress the asynchronous inter-user interference
that can be captured by the FFT. This process is performed
into two steps : (1) For each WOLA-OFDM symbol, we take
MFFT + 2WRX samples that are windowed then (2) we apply
an overlap and add processing to create the useful MFFT
samples.

Various windowing functions have been studied and com-
pared [28] for enhancing out-of-band rejection. One straight-
forward solution is to define edge of the time domain window
as a root raised-cosine (RRC) pulse. In this work, we consider
the Meyer RRC [29] pulse combining the RRC time domain
pulse with theMeyer auxiliary function. It is worth tomention
that transmit and receive windowing are independent.

BF-OFDM: Block-Filtered OFDM (BF-OFDM) is a pre-
coded filter-bank multi-carrier modulation that has been
introduced in [15] and [30]. The precoding stage is performed
by means of CP-OFDM modulators and the filtering opera-
tion is applied with a polyphase network (PPN). The same
precoding scheme was first proposed for FFT-FBMC, intro-
duced in [14], that results in complex receiver scheme. The
key idea of BF-OFDM is to slightly increase the transmitter
complexity in order to rely on a low-complex CP-OFDM like
receiver through the insertion of a filter pre-distortion stage
at the transmitter side [4].

FIGURE 5. BF-OFDM transmitter structure.

BF-OFDM transmitter scheme is shown in Fig. 5.
We divide MN/2 carriers into M sub-bands and each sub-
band contains N/2 subcarriers. After framing, we pad the
N/2 carriers data into N carriers data using zeros. Then we
do N -IFFT for each sub-band and append CP in order to keep
orthogonality inside sub-bands. After the parallel to serial
stage, we separate all symbols into two parts by time index
(odd and even). Then, a polyphase network (PPN) process
is applied where M carriers processed by a filter bank stage,
similarly to usual FBMC transmitters [31]. This filter bank
is determined by a prototype filter with an overlapping factor
ofK . In this investigation, two prototype filters are considere:
(1) PHYDYAS [8] and BT-Gaussian [30]. Although the PPN
gives good spectral efficiency to BF-OFDM, the filter does
distort the transmitted signal. Therefore, a pre-equalization
procedure is added before framing in order to reduce this
effect caused by filter. Besides, IFFT-based precoding aims
as well as overlap and sum stage are used to mitigate
intrinsic interference and increase spectral efficiency respec-
tively [32]. All aforementioned process is shown in Fig. 5.
Thanks to these techniques, BF-OFDM receiver is able to
demodulate the transmitted signal using only a MN/2-FFT.
It is worth mentioning that every BF-OFDM modulated
symbol has a tail that overlaps on its next modulated sym-
bol because of PPN characteristic. For this reason, we do
some modified PAPR reduction techniques specially for
BF-OFDM which will be explained later.

The prototype filter plays an important role in the per-
formance of BF-OFDM [33]. It is designed for interference
mitigation and orthogonality property improvement. Many
filters have been proposed and the most promising ones
are Bandwidth-Time (BT)-Gaussian filter and PHYDYAS
filter [32]. In this work, we will provide further discussions
and comparisons of these prototype filters based BF-OFDM
with the other waveforms.

3) PAPR REDUCTION TECHNIQUES
Peak-to-average power ratio (PAPR) indicates the fluctua-
tion of the transmitted signal amplitude. The PAPR of s is
defined as the ratio of the highest signal peak power to its
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average power value on a given time-domain interval. In the
following, the time-domain interval has been taken equal to
a CP-OFDM symbol duration (MFFT samples). Hence, It is
given by

PAPR(s) =
max

0≤k≤MFFT−1

[
|sk |2

]
E
[
|sk |2

] , (2)

A high PAPR means that the transmitted signal will be
located, with high probabilities, in the nonlinear and satura-
tion regions of the PA in system. This will affect considerably
the system performance while keeping good energy effi-
ciency. In our system, we want to have high power efficiency
as well as good performance in terms of spectral localization
and robustness to distortion errors. Therefore, reducing PAPR
of the transmitted signal is vital for future wireless networks
adopting multicarrier waveforms.

Several PAPR reduction techniques have been proposed
for OFDM [34]. In this work, we consider tone reserva-
tion (TR) [35] and selective mapping (SLM) [36] which are
very promising methods.

TR is considered to be an adding signal technique [34]
which can be formulated as PAPR(s + cpapr ) < PAPR(s),
where s is theMWF time-domain signal and cpapr is the peak-
reduction signal generated by reserved tones. TR uses certain
number of subcarriers, called peak reserved tones (PRTs),
to cancel large peaks of the transmitted signal in time-domain.
These PRTs are orthogonal to each other and do not bear any
useful data. TR does not need any side information as well as
special receiver-oriented operation.

SLM is introduced as a probabilistic technique. The prin-
ciple of SLM is that the PAPR of an OFDM signal depends
on phase shift in frequency domain to an extreme extent.
SLM uses the generated candidate vectors with uniformly
distributed phase rotation to compute the lowest PAPR for a
single symbol. Then mark the vector which gives the lowest
PAPR to this symbol and sent X v = X × Cv, where X
is the original frequency-domain symbol, Cv is the marked
candidate rotation vector. Each transmitted symbol has its
own vector Cv and its index is sent as side information to
receiver for demodulation.

These techniques can also be implemented for the
other enabling WMFs that we mentioned before because
those waveforms can be regarded as advanced version of
classical OFDM. However, The classical PAPR reduction
schemes, proposed for OFDM, cannot be directly applied to
BF-OFDM, as the latter has overlapping signal structure. It is
evident form Fig. 6 that BF-OFDM symbols overlap over
KM − M/2 samples. In this work, we propose a modified
TR and SLM for BF-OFDM, by taking into account the
overlapping of BF-OFDM signal structure. The key idea is,
when reducing the PAPR of the current symbol s(i), we take
into consideration the tail of the previous optimized symbol
s(i− 1), which is the last KM −M/2 samples. Results of the
new introduced method are discussed in section II-B.3 and
compared with the classical ones.

FIGURE 6. BF-OFDM signal structure.

4) DIGITAL PRE-DISTORTION (DPD)
An important element in the transmit chain of the SDR is
the RF power amplifier which amplify the transmitted sig-
nal to power levels detectable by the receivers. For high
energy efficiency, the PA should be operated close to its
saturation region (non-linear region of operation). However,
this could drive the device to produce severe amplitude
(AM/AM) and phase (AM/PM) distortions. This is the key
impairment in multicarrier techniques based communication
systems, since these latter suffer from the high PAPR. Intro-
duced nonlinearity leads to spectral re-growth (out of band
distortions) outside the allocated bandwidth thus violating
the spectral mask. Further, in-band distortions introduced by
the nonlinear behaviour of the PA causes increased BER.
The AM/AM and AM/PM characteristics indicate the rela-
tionship between, respectively, the modulus and the phase
variation of the output signal as functions of the modulus of
the input one. Then, the amplified signal u(n) can be written
as [37]

u(n) = Fa(ρ) exp(jFp(ρ)) exp(jφ) (3)

where Fa(.) and Fp(.) stand, respectively, for the AM/AM and
AM/PM characteristic and ρ and φ are themodulus and phase
of the input signal.

To mitigate these nonlinear PA effects, DPD is one of
the most promising techniques among all PA linearization
ones. It is complementary to PAPR reduction and is adopted
to improve the overall linearity of the PA when operated
near saturation region. DPD consists on applying to the
PA input signal a non-linear function DPD(.) which is the
inverse of the PA characteristics. As a consequence, the PA
output signal is ideally linearly proportional to the input
signal before the predistorter. Various methods have been
proposed in literature regarding the extraction of the DPD
model, e.g. the PA nonlinearity inverse model or behav-
ioral models with memory, such as: inverse Volterra
series [38], the rational function [39], Wiener-Hammerstein
systems [40], [41], memory polynomials [42], look-up
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FIGURE 7. Testbed for experimental implementation.

table (LUT) [43], [44], and neural networks [45]. Another
approach of DPD, proposed in [46], aims to identify sepa-
rately the AM/AM and AM/PM characteristic inverse mod-
els. The review of the different methods for DPD is not the
main object of this paper and the interested reader is referred
to [43] and [44].

In this work, DPD is based on the well-known memoryless
polynomial model because of the considered RF PA in our
experimental testbed is memoryless. This has been already
demonstrated in our previous work [21]. For DPD, we con-
sider the approach presented in [46] that has been shown to
give satisfactory performance when used for inverse mod-
eling of nonlinear PA characteristic using inverse learning
architecture (ILA) [45].

Using the standard polynomial formulation and imposing
the quasi-static constraint results in the lowpass model that
referred to as an odd-even model [47]

x(n) =
R∑
p=1

cpi(n)|i(n)|(p−1) (4)

where i(n) is the input signal, R is the number of coefficients
and cp are the complex-valued polynomial coefficients. Usu-
ally, cp are found in the time-domain, either on a sample-
by-sample basis using algorithms like least mean squares
(LMS) [48] or least squares (LS) [49]. DPD Modeling will
be performed using data measured on the considered RF PA
through our experimental platform.

III. EXPERIMENTAL RESULTS AND PERFORMANCE
EVALUATION
A. EXPERIMENTAL SETUP
Using the testbed presented in the previous section, extensive
measurements were performed in a realistic laboratory-like
environment. The testbed environment is shown in Fig. 7.
For the measurements, two different scenarios were per-

formed in order to evaluate the performances of the selected
waveforms. In scenario 1, the robustness of theseWFs against
RF PA distortions is evaluated when considering correction
techniques like PAPR reduction and DPD for PA lineariza-
tion. Scenario 2 is dedicated to evaluate the capability of
the selected WFs to support asynchronous transmissions.
Testbed setups and parameters are provided in Table 1. The
user of interest (UoI) occupies 7 resource blocks (RBs),
about 1.1 MHz bandwidth from 2.0020 to 2.0031 GHz. Also,
we consider a scenario with two co-existing users sharing
the available frequency as shown in figure 8. The colored
area and the non colored area correspond to time/frequency
resources allocated to the user of interest and interfering user.
As shown on the figure, on each side of the user of interest,
there are 7 RBs, occupying 1.1 MHz bandwidth as interfer-
ing user. A guard-band between two users is separating the
frequency bands of both users and a timing offset is given to
create asynchronism.

We recall that two scenarios are studied using the testbed.
In scenario 1, we active only the user of interest in order
to evaluate the spectrum efficiency for different waveforms,
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TABLE 1. Testbed parameters.

FIGURE 8. Asynchronous scenario.

the impact of RF PA and the effect of correction techniques.
In scenario 2, interferer user is activated and we choose the
configuration setup making sure that the RF PA is operated
in linear region. This will clearly shows the robustness of the
selected waveforms under asynchronous situations.

B. DPD MODELING
In order to identify the digital predistorter model, a digital
representation of the PA output envelope is made available
to the baseband processing unit using the observation path.
The PA output is attenuated, down-converted to IF and con-
verted to baseband using USRP Rx module (see Fig. 9).
Then, the data is filtered using a bandpass filter to reject the
unwanted hardware (HW) imperfections like DC component
and IQ imbalance. The bandwidth of this filter should at least
be three times the transmit data bandwidth that will allow us
to observe spectral components generated by nonlinearities
up to degree three.

The indirect learning architecture (ILA), which is depicted
in Fig. 9, is a simple and efficient architecture to identify

FIGURE 9. Schematic of testbed modules relevant to DPD identification
using indirect learning architecture (ILA).

the DPD model. A post-inverse of the PA is identified and
used as a DPD. The polynomial model in equation (4) was
considered using 2048 × 103 samples for both transmit and
receive baseband signals and it was evaluated for R = 30.

An important condition for proper estimation is that the
sequences x(n) and u(n) are time-aligned (Fig. 9). Various
elements (analog and digital) in the experimental testbed
introduce arbitrary loop delay for the observed signal. Cor-
relation based techniques can be used to estimate and com-
pensate this delay. It is worth mentioning that due to the
external synchronisation used for the USRP Tx and USRP
Rx modules, the CFO does not exist. Real power amplifier
and the estimation algorithm are assumed to operate on scaled
version of the PA input x̃(n) and the PA output ũ(n). divided
by G, the nominal gain of PA. Indeed, the observation path
introduces scaling to the observed PA input and output. These
effects can be modelled as scaling by real constants gTX and
gRX , respectively. gTX and gRX are estimated as follows

gTX =

√√√√ 10PindBm/10
10

E
[
|x(n)|2

] (5)

wherePindBm andPoutdBm denote, respectively, the average
power at the input and output of the real PA, which are
measured using a spectrum analyzer.

These estimates are used to compute, respectively,
x̃p(n) = gTXx(n) and ũp(n) = gRXu(n), which then are used
by the estimation algorithm as well as the polynomial PA
model. In our implementation, more than 2×106 samples are
used in the DPD coefficient estimation, which is sufficiently
large to provide a meaningful LS solution for the model in
equation 4. The AM/AM and AM/PM conversion curves of
the identified DPD are shown in Fig. 10. We recall that these
curves are found from measurements performed using the
Pasternack PE15A4017 wideband medium PA [27]. The 1dB
compression point (P1dB) is also marked on this plot by cir-
cles. It is worth mentioning that, for the AM/AM conversion,
the input modulus at which we reach the PA saturation level
is 0.45 Volt. Beyond this level, the identified DPD can not
perform the inverse of the AM/AM PA characteristic.

In order to validate our approach, the performance of the
identified DPDmodel is studied for the three consideredWFs
in terms of PSD and BER using our experimental testbed
in conjunction with the real RF PA and they are compared
to the ones obtained through MATLAB simulation using the
characterized PA model performed in [21].
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FIGURE 10. AM/AM and AM/PM DPD conversions for PA under test. The
black circle marked on the plots correspond to the PA 1dB compression
point (P1dB).

C. SCENARIO 1 : PA NONLINEARITIES
In this subsection, selected sets of measurement results in
scenario 1 are reported and analyzed. In particular, we focus
on the out-of-bands and in-band effects caused by the
RF PA. Performance comparisons of different waveforms,
i.e., CP-OFDM, WOLA-OFDM and BF-OFDM are con-
ducted in various cases with different values of IBO,
with/without PAPR reduction (SLM or TR) and DPD,
respectively.

1) PAPR PERFORMANCE USING SLM AND TR
Here, we aim to analyze the performance of the introduced
modified SLMand TR schemes for BF-OFDM in comparison
with CP-OFDM and WOLA-OFDM when classical SLM
and TR schemes are used. In MATLAB simulations pre-
sented on Figs 11, 12, 13 and 14, complementary cumulative
distribution function (CCDF) has been considered as the
performance measurement of, respectively, classical SLM,
modified SLM, classical TR and modified TR based PAPR
reduction. The curves with ′org′ represent the performance
of the different WFs without PAPR reduction. Where as,
the ′with SLM′/′with TR′ and ′with modified SLM′/′with
modified TR′ represent the classical SLM/TR and modified
SLM/TR, respectively.

In both cases SLM and TR, if we look at the perfor-
mance of classical methodswhich follows symbol-by-symbol
approach without taking into account the tail of previous
symbol, it is obvious that classical SLM/TR is not able to be
optimal and could not join the performance of CP-OFDM and
WOLA-OFDM with classical schemes. It is noticing from
results in Figs. 11 and 13, that the BF-OFDM with classical
schemes performsworse thanCP-OFDMandWOLA-OFDM
and this gap increases with size of V and R with SLM
and TR, respectively. Note that V indicates the number of
phase rotation vectors and R indicates the number of reserved

FIGURE 11. PAPR performance of different WFs using SLM method when
V = 8 and 16.

FIGURE 12. PAPR performance of BF-OFDM using modified SLM method
when V = 8 and 16.

tones (PRT). The reason that sub-optimality is related to the
fact that when we optimize the current symbol without taking
into account the overlap structure, whatever improvement that
has been achieved for that symbol can probably be affected
by its previous symbol. Furthermore, we can clearly see that
modified SLM and TR methods, which take into account
the tail of previous symbol, provide improvement in PAPR
performances and reduce the gap between BF-OFDM and
CP-OFDM/WOLA-OFDM (see Figs. 12 and 14). It is worth
mentioning that symbols in WOLA-OFDM are also overlap-
ping but the overlap region is negligible and does not affect
the PAPR performance. Thus, we consider only classical
schemes of SLM and TR for WOLA-OFDM, which perform
as like as with CP-OFDM.

In the following, when PAPR reduction is applied, we have
considered V = 8 and R = 16 (i.e., represents about 7% of
activated subcarriers) for SLM and TR, respectively.

2) POWER SPECTRAL DENSITY (PSD)
Figs 15, 16 and 17 show measured (observed on Agi-
lent ESA E4405B) spectra of the PA outputs for the three
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FIGURE 13. PAPR performance of different WFs using TR method when
R = 16 and 32.

FIGURE 14. PAPR performance of BF-OFDM using modified TR method
when R = 16 and 32.

FIGURE 15. PSD performance of CP-OFDM using SLM (V = 8) and DPD.

MWFs: CP-OFDM, WOLA-OFDM and BF-OFDM when
SLM with DPD are considered. The idea here is to analyze
the OOB radiation level of each MWF. Results are shown
for two values of IBOs 3 and 6 dB. In order to validate our

FIGURE 16. PSD performance of WOLA-OFDM using SLM (V = 8) and DPD.

approach, these measured results have been compared to the
ones obtained through MATLAB simulations. ′w/ocorrmes′

denotes measured PSD without any correction. ′wSLM +
DPDsim′ and ′wSLM + DPDmes′ are, respectively, used to
indicate simulated and measured results using SLM with
DPD. It is worth to mention that the identified PA model
performed in [21] has been used for simulations. Good agree-
ment between measured and simulated performances proves
that this model is efficient and reflects exactly the actual
functioning of the real RF PA. We consider an observation
bandwidth of three times the main data bandwidth. Two
prototype filters, i.e., BT-Gaussian and PHYDYAS, are con-
sidered for BF-OFDM that are indicated by ′BF−OFDMBT ′

and ′BF − OFDMPHY ′, respectively. According to these
results, we can clearly see a good agreement between simu-
lated spectra and measured ones in the case of all the consid-
ered MWfs. This can confirm that our PA/DPD identification
method was efficient and validate our experimental results.
It is evident that all MWFs have been strongly affected by
the RF PA when the energy efficiency is high (IBO = 3 and
6dB) and no correction is performed. In this case, advanced
MWFs, i.e., WOLA-OFDM and BF-OFDM perform almost
as the classical CP-OFDM and they lose their good spectral
localization properties. It is worth pointing out that these PA
OOB distortions bring a significant amount of interference
to adjacent users. Such a behavior significantly reduces the
MWFs ability to transmit over multi-user access based net-
works. In order to overcome this limitation while keeping
good energy efficiency, corrections are needed for all MWFs.
The same behavioral is shown when the PAPR reduction is
performed using TR instead of SLM, the reason whywe show
only results with SLM.

An improvement is noted when PAPR reduction and DPD
are performed for all waveforms. Further, the gain is more
pronounced when WOLA-OFDM or BF-OFDM are used.
Their performance remains unsatisfactory for low value of
IBO, i.e., 3dB, but they can regain their good spectral
containment when an IBO of 6dB is considered. Figs 18
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FIGURE 17. PSD performance of BF-OFDM using SLM (V = 8) and DPD.

FIGURE 18. PSD performance of different WFs using SLM (V = 8) and
DPD.

and 19 show measured PSD performance comparison of
all MWFs when SLM and TR are, respectively, performed
with DPD. Here, we can clearly see the significant gain
performed with WOLA-OFDM and BF-OFDM compared
to CP-OFDM especially for IBO of 6dB. We can also note
that BF-OFDM outperformsWOLA-OFDM due to the better
spectrum containment provided by the subband filtering used
by BF-OFDM. Further, BT-Gaussian based BF-OFDM pro-
vides slightly better performance than PHYDYAS based BF-
OFDM. For an IBO of 6dB, the CP-OFDM reaches the PSD
in the linear case. Nevertheless, because of the rectangular
shaping, the PSD localization is poor compared to WOLA-
OFDM and BF-OFDM.

3) ADJACENT CHANNEL POWER RATIO (ACPR)
In order to quantitatively compare spectral regrowth of dif-
ferent MWFs, Table 2 illustrates measured ACPR1 per-
formance under different configurations (′w/o′: without

1ACPR is defined as the ratio of power in the adjacent channels of main
channel to the rms power of the transmitted signal in the main channel.

FIGURE 19. PSD performance of different WFs using TR (R = 16) and DPD.

correction, ′SLM/TR+DPD′: with correction when SLM/TR
is performed with DPD) with real RF PA operated at IBOs of
3, 6, and 9dB. As can be observed at IBO = 3dB, the scheme
with SLM and DPD provides an ACPR gain of 0.5dB for
CP-OFDMand about 1dB forWOLA-OFDMandBF-OFDM
compared to the scheme without correction. The ACPR gain
increases while increasing the IBO. For example, at IBO of
6 dB, it becomes 3, 7, 9 and 11dB for CP-OFDM, WOLA-
OFDM, BF-OFDM PHY and BF-OFDM BT, respectively.
As expected, the gain performed with WOLA-OFDM and
BF-OFDM is larger than the one provided by CP-OFDM.
Further, a 1dB gain is noted when we consider BF-OFDM
with BT-Gaussian filter compared to the PHYDYAS one. It is
worth mentioning that, for an IBO of 9dB, no significant gain
is noted between the two schemes of BF-OFDM, because in
this case we reach the noise floor level of the measurement
equipment based demonstrator and differences is bellow this
level.

4) NORMALIZED MEAN SQUARE ERROR (NMSE)
To focus on the impact of in-band RF PA effects on the con-
sidered MWFs performance, we measure the NMSE2 on the
decoded symbols. Note that normalizedMSE is adopted since
it is independent of the constellation scheme. The average
NMSE assessed over all data subcarriers is given in Table 3
for all MWFs under different configurations. Again, we note
that PAPR reduction and DPD methods provide very inter-
esting enhancements making their crucial in the design of
energy efficient MWFs based 5G transmitters. Indeed, at IBO
of 3dB, they provide a gain of 2dB and 4dB compared to the
case without correction when PAPR reduction is performed
by SLM and TR, respectively. Moreover, a gain of 4dB is
noted for both PAPR reduction methods at IBO of 6dB where
we reach a NMSE of approximately −31dB. The NMSE of
−31dB corresponds to the noise floor of the demonstrator in
the linear case. In addition, a negligible gain is noted, at IBO

2The NMSE is computed by dividing the MSE by the signal constellation
average power.
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TABLE 2. scenario 1:ACPR [dB] performance of different MWFs under different configurations.

FIGURE 20. BER performance of CP-OFDM using SLM and DPD, 16-QAM.

of 9dB, compared to the case without correction because we
are very close to the noise floor and differences should be
below this level. It is worth mentioning that all MWFs have
almost the same performance in all cases which explain that
each subcarrier in the useful band has been affected by PA
nonlinearities regardless the waveform frequency localiza-
tion.

5) BIT ERROR RATE (BER)
In order to study the in-band error with different Eb/N0
regimes, Figs 21 plotsmeasuredBERwhenRFPA is operated
at an IBO of 3 and 6dB with and without correction. We can
clearly see the improvement provided by the PAPR reduction
and DPD schemes compared to the case without correction.
Only the the results for CP-OFDM are shown to make the
presentation clear but same behaviors have been shown in
cases of WOLA-OFDM and BF-OFDM. Fig. 21 compares
measured BER of different MWFs when RF PA is operated at
an IBO of 3 and 6dB. Again, we can note that WOLA-OFDM
and BF-OFDM provide almost the same performance com-
pared to the classical CP-OFDMwhen PAPR reduction is per-
formed by SLM. The same behavioral has been noted when
TR is used. Further, we note a gap in the BER performance,
at an IBO of 3dB, compared to the AWGN performance in
linear case (indicated by ′theo−AWGN ′). At an IBO of 6dB,
BER performance provided by all waveforms is very close
to the one performed in linear case. It is worth pointing out
that BER floor related to the demonstrator noise floor is not

FIGURE 21. BER performance of different WFs using SLM and DPD,
16-QAM.

observable for BER > 10−5, which represents a significant
BER range for wireless communications standards.

D. SCENARIO 2 : MULTI-USER ASYNCHRONOUS ACCESS
Using this scenario, as mentioned previously, we evaluate
the robustness of the considered MWFs in multi-user asyn-
chronous access. In order to well assess the performance of
these waveforms, we measure the NMSE on the decoded
symbols of the user of interest. Both per-subcarrier NMSE
(Fig. 22) and the average NMSE (Table 4) obtained over
all subcarriers are assessed versus timing offset and guard
band. For the average NMSE, we have considered three cases
of guard-bands δf = 0KHz, δf = 4.883KHz and δf =
14.65KHz corresponding to 0, 1 and 3 subcarriers spacing.
For each guard band, four timing offsets are examinated1t =
0µs, 1t = 3.3125µs, 1t = 13.25µs and 1t = 106µs
corresponding to 0, 1/64, 1/16 and 1/2 symbol duration.
While for NMSE per-subcarrier curves in Fig. 22, results are
given for guard band δf of 4.883KHz and timing offset1t of
106µs. Note that there is no carrier frequency offset (CFO)
since USRP modules are perfectly synchronized using the
external synchronization.

From results illustrated by Table 4, we clearly show that
the inter-user interference level depends on the chosen multi-
carrier waveform. CP-OFDM exhibits the worst performance
when the timing offset does not belong to the CP inter-
val (CP≈ 1/28 symbol duration). This fact is due to its
bad frequency response localization which leads to a severe
degradation for CP-OFDM with average NMSE reaching up
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TABLE 3. Scenario 1:NMSE [dB] performance of different MWFs under different configurations.

TABLE 4. Scenario 2: average NMSE [dB] performance of different WFs under different configurations.

FIGURE 22. scenario 2: NMSE performance of different WFs when
1t = 106µs and δf = 4.883KHz.

−21dB, −23dB and −24dB when δf = 0KHz, 4.883KHz
and 14.65KHz, respectively, in a fully asynchronous scenario
(1t = 106µs). In addition to this negligible enhancement
when increasing the guard band, we can see in Fig. 22 that
the interference level decreases slowly as the spectral dis-
tance between the victim subcarrier and the interferer ones
increases.

Regarding WOLA-OFDM case, we can observe better
performance compared to CP-OFDM. At 1t = 106µs, one
can note a gain of 3dB, 4dB and 4.5dB when δf = 0KHz,
4.883KHz and 14.65KHz, respectively. According to results
in Fig. 22, the interference level achieved by WOLA-OFDM
in the middle of the bandwidth is lower (approximately
−34dB) compared to CP-OFDM scheme. These good results
are related to the WOLA processing applied at the receiver
that is able to suppress inter-user interference resulting from
the mismatched FFT capture window.

We move now to BF-OFDM, where additional remarks
can be made. Thanks to per-RB filtering, the BF-OFDM
shows better performance compared to CP-OFDM. However,
the gain of BF-OFDM for the inner subcarriers, located
at the middle of the bandwidth, is marginal compared to
CP-OFDM. This is a direct consequence of the BF-OFDM
receiver which is no more than the classical CP-OFDM

receiver (i.e., a simple FFT). Further, at 1t = 106µs,
WOLA-OFDM performs better than BF-OFDM and we note
a gain of 2dB and 2.5dB when δf = 4.883KHz and
14.65KHz, respectively.

However, per-subcarrier NMSE can provide meaningful
information about the distribution of asynchronous inter-
ference across useful subcarriers, where other conclusions
can be made. According to Fig. 22, BF-OFDM provides
better protection to the edge subcarriers (in the vicinity
of interferer subcarriers) compared to both CP-OFDM and
WOLA-OFDM. In such region, the NMSE varies from
−16dB when δf = 4.883KHz to −24dB when δf =

39.06KHz for BF-OFDM scheme while it varies from
−14.2dB to −23dB for WOLA-OFDM scheme when the
same band is considered. Thus, BF-OFDM could be more
interesting than WOLA-OFDM when few number of RBs
will be considered for the user of interest. When comparing
the two prototype filters considered for BF-OFDM, one can
note that a small gain is performed by BT-Gaussian filter
compared to the PHYDYAS one. This is directly related to
the filter prototype behavioral.

IV. CONCLUSION
Research, development and standardization activities for the
5G are in full action. As a fundamental component, the under-
lying post-OFDMwaveform is expected to be able to support
mixed numerology which allows scalable SCS and symbol
duration. In this paper, we present results in a real-world
environment in order to convince evidences of advanced
multicarrier waveform technology feasibility. Thus, we have
built a practical and flexible configurable testbed dedicated
to development and validation for several 5G physical layer
technologies.

We have provided details and guidance on the testbed
design and implementations to improve energy efficiency and
robustness of the most promising multicarrier waveforms,
i.e. WOLA-OFDM and BF-OFDM. In particular, we have
focused on the combination of PAPR reduction and DPD
techniques in order to mitigate the in-band and out-of-band
nonlinear distortions caused by the real RF PA while improv-
ing the energy efficiency. In order to comply with BF-OFDM
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structure, we have introduced new PAPR reduction tech-
niques that take into account the overlapping structure of BF-
OFDM signal. Testbed results demonstrated that the com-
bined DPD and PAPR reduction allows the transmitter to
significantly improve the spectrum localization without sac-
rificing the in-band and out-of-band waveform quality, while
operating very close to the PA saturation level, thus achiev-
ing high power efficiency as well. The results are generally
applicable to all spectrally localized MWFs.

Furthermore, the developed testbed has been dedicated to
evaluate the capability of the selected waveforms in handling
mulit-user signals when there is imperfect synchronization
in time domain. We have provided further discussions and
comparisons of CP-OFDM, WOLA-OFDM and BF-OFDM.
More precisely, we have considered the coexistence of two
users which are asynchronously transmitting in adjacent
bands using the same transmit power per subcarrier. We have
also provided insights on the impact of several important
system parameters, e.g. guard bandwidth and filter design.
According the evaluation performed through the developed
testbed, we have demonstrated that the discussed filtered
(BF-OFDM) and windowed (WOLA-OFDM) waveforms
guaranties satisfactory robustness to inter-user interference
compared to CP-OFDM. In some specific scenario, the guard
band can be considerably reduced achieving a full spectrum
utilization.

Based on the experimental testbed results, it is safe to rec-
ommend the consideration of BF-OFDM andWOLA-OFDM
for the future wireless networks.
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