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Abstract: The 5G and beyond future wireless networks aim to support a large variety of services
with increasing demand in terms of data rate and throughput while providing a higher degree of
reliability, keeping the overall system complexity affordable. One of the key aspects regarding the
physical layer architecture of such systems is the definition of the waveform to be used in the air
interface. Such waveforms must be studied and compared in order to choose the most suitable and
capable of providing the 5G and beyond services requirements, with flexible resource allocation in
time and frequency domains, while providing high spectral and power efficiencies. In this paper,
several beyond 5G waveforms candidates are presented, along with their transceiver architectures.
Additionally, the associated advantages and disadvantages regarding the use of these transmission
techniques are discussed. They are compared in a similar downlink transmission scenario where
three main key performance indicators (KPIs) are evaluated. They are the peak-to-average power
ratio, the overall system spectral efficiency (wherein the out of band emissions are measured, along
with the spectral confinement of the power spectral density of the transmitted signals) and the bit
error rate performance. Additionally, other KPIs are discussed.

Keywords: 5G; spectral Efficiency; PAPR; interference cancellation; frequency domain equalization;
CP-OFDM; GFDM,; time interleaved block windowed burst-OFDM,; filtered-OFDM; windowing time
overlaping

1. Introduction

Over the past recent years, the fifth generation (5G) of wireless communication sys-
tems and networks has been researched, engineered and deployed. This introduces a
new paradigm that will change and define the future generations of telecommunication
standards, revolutionizing the way people interact, work and live [1,2]. The continuous
growth of mobile devices and applications, with increasing bandwidth demands, will force
the 5G and beyond technology to be able to support enormous volume of data, while
being more energy efficient than the previous generation [3]. Therefore, 5G and beyond
generations are envisioned to improve major key performance indicators (KPIs), including
data rates, spectral efficiency, power consumption, transceiver complexity, connection
density, latency, and mobility [4,5]. This can be done by exploring different methods for
achieving a higher capacity of exchanging information with enhanced coverage potential,
reliability and availability [2,6].

In general, three different types of services are to be supported in 5G: Enhanced
Mobile Broadband (eMBB), massive machine-type communication (mMTC) which includes
massive Internet of Things (IoT), and Ultra-Reliable and Low-Latency Communication
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(URLLC). Regarding eMBB, the KPIs driven from [7] include peak data rates of 20 Gb/s for
the downlink (DL) and 10 Gb/s for the uplink (UL), spectral efficiencies of DL 30 bits/Hz
and UL 15 bits/Hz, mobility up to 500 km/h and system bandwidth support up to 1 GHz.
Regarding mMTC, the number of devices to be connected is enormous, requiring relaxed
synchronization and low-cost devices [8]. Therefore, the KPIs include a density of 1 million
devices per km?, an area traffic capacity of about 10 Mbits/s/m?, coverage of 164 dB and
user equipment (UE) battery life up to 15 years. The URLLC implies a high reliability upon
the transmission of a packet from the transmitter to the receiver, i.e., with a low probability
of error (1 packet loss out of 100 million packet), no mobility interruption time and less
than 1 ms latency [9].

In order to accomplish such ambitious requirements, the 5G and beyond networks
will rely on an intelligent combination of several complementary factors and integration of
advanced technologies [10] which includes:

*  More flexible and efficient use of the current spectrum available in sub-6 Ghz bands,
which may include the aggregation of non-contiguous and fragmented under-utilized
spectrum bands for different network deployment scenarios [11];

¢  Expand the operation of 5G and beyond mobile network to consider also carrier
frequencies above 6 GHz, enabling high capacity and high throughput services with
low latency [12];

®  The use of milli-meter (mm)-wave systems [13,14] to deliver an unprecedented level
of service to the end user while dealing with new challenges, especially regarding
high penetration loss, strong Doppler effects, sparsity and directionality [6,12];

. Enhanced higher-order modulations, frame structure, multiple access and
coding schemes;

*  The concept of network slicing, which uses resources when and where needed, that are
after released [15].

Another way of improving the efficiency of the wireless 5G and beyond networks
consists on densification by either increasing the number of antennas per site or by adding
more base stations (BSs) and access points (APs) allowing for better spatial reuse of the
spectrum. However, the network efficiency can also be improved by using more spectrum
or by improving the spectral efficiency, i.e., the number of bits that can be transmitted
per second in each unit of bandwidth [16]. One viable approach of grating a considerable
increase in the network spectral efficiency consists into the use of multiple antennas at
the transmitter and the receiver, also known as multiple-input-multiple-output (MIMO).
Massive MIMO (m-MIMO) [17] deploys a massive number of transmitter antennas on
the BS and serves a cell with a large number of terminals in the same time-frequency
resource, separated in the spatial domain by receiving very directive signals [18]. In ad-
dition, it explores multipath propagation in order to boost overall data rates. Therefore,
it represents one of the key technologies deployed in 5G wireless communication standards,
providing high diversity and beamforming gains and spatial multiplexing of users and,
hence, granting an increase on the throughput, reliability, and spectral and energy efficiency
with simple signal processing, while reducing the inter-cell interference [19,20]. In [21] are
presented in more detail the five disruptive technologies that can lead to both architectural
and component design changes in 5G systems.

From the physical layer (PHY) perspective, modulation and waveform design is one of
the most important aspects that plays a major role in fulfilling the 5G and beyond systems
requirements. Because the current 4G long term evolution (LTE) communication systems
are limited and cannot fully meet the previously mentioned objectives, an highly flexible
air interface design must be identified, being capable of supporting mixed services with
different waveform parameters [22,23]. Therefore, tremendous research and development
of new suitable candidate waveforms for future cellular networks have been performed.

The goal of this paper is to provide a fair comparison between several candidates
waveforms that are expected to be implemented in the next generation of wireless commu-
nications, 6G. After a brief introduction to the waveforms, the evaluation is performed by
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measuring some KPIs in a similar downlink transmission scenario. The main contributions
of this paper are then:

e  To provide a detailed overview of some promising multi-carrier waveforms.

¢ To perform an analysis between these waveforms regarding the peak-to-average
power ratio (PAPR), power spectral density (PSD) and computation complexity.

e To derive a performance comparison between the waveforms in typical
channel models.

The outline of this paper is as follows. Section 2 lists and explains the 5G and beyond
network requirements that must be fulfilled by candidate waveforms. Section 3 presents a
detailed description of the transceiver architecture of the main candidate waveforms being
proposed for beyond 5G, while in Section 4 these are compared. Section 5 concludes the
paper, drawing the main conclusions.

Throughout this paper the following notation will be employed: capital bold lettering
(e.g., Sk) is used to refer a block/vector of samples at the frequency domain, and lower-
case bold lettering (e.g., s,) to denote a block/vector of samples at the time domain,
while non-bold capital (e.g., Sx) or lower-case lettering (e.g., s;) are used to denoted the
symbols/samples of each of those block/vectors, respectively.

2. Waveform Key Performance Indicators for 5G and beyond Communications

A candidate waveform that defines physical shape of the signal that carries the
modulated information through a wireless communication channel, should fulfill the
following KPIs [22]:

1. High Spectral Efficiency: Spectral efficiency is an important parameter since it indi-
cates the achievable amount of bits that can be transmitted per second and per unit
of bandwidth (bits/s/Hz), thus defining the maximum attainable bit rate given the
available bandwidth. It is crucial to transmit the maximum amount data, using the
minimum bandwidth that is possible, due to both licensing requirements and the
spectrum scarcity resulting from the increasing transmission bandwidth requirement
with demand for any time. Low spectral efficiency waveform formats can lead to high
spectral amplitude outside the allocated bandwidth. This is known as out of band
(OOB) radiation, which causes multiplexed services being transmitted on adjacent
frequency channels to interfere with each other, a phenomena known as inter-channel
interference (ICI) [6].

2. Peak-to-average-power-ratio: The PAPR indicates the ratio between the maximum
peak and the average transmitted power of the signal. A high PAPR results from
the large fluctuations of the signal’s envelope and it is associated to a high power
consumption at the base station’s terminals front-end, decreasing transmission energy
efficiency. This is mainly due to the need of using linear power amplifiers, that are
poorly efficient and is even lower when they are operated with some amount of
back-off in order to avoid amplifier’s saturation and signal distortion (which can lead
to spectral regrowth and higher bit error rates (BERs)) [24,25].

3. Processing delay: Directly related to the URLLC 5G requirement, a waveform format
with high complexity and large block processing delays increases the overall latency.
The processing delay can be controlled by reducing the symbol temporal duration
or period or increasing the sub-carrier spacing, which can be performed by efficient
algorithms and signal processing techniques [4,6].

4.  Robustness to frequency-selective channels: When the transmitted signal travels
through a wireless channel, it travels trough several paths with varied length, with
multiple echos of the signal reaching the receiver. This causes an effect denoted as
multipath fading [26]. The several copies of the waves that carry the transmitted
signal arrive at the receiver with random amplitudes, frequencies and phases and can
be combined constructively and destructively, interfering with one another. This leads
to a temporal dispersion of the signal which can induce inter-symbol interference (ISI),
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impacting severely the transmission. Therefore, waveforms must be designed in order
to be robust to this impairment.

5. Robustness to time-selective channels: In wireless environments, transmitter and
receiver mobility and, consequently, time-varying channels are still an open issue.
The waveform transceiver system must be design in order to be robust to time-selective
channels, by taking into account the channel coherence time, related to changes in the
amplitudes, delays and the number of multipath components are observed. In fact,
larger transmitted blocks can lead to higher sensibility to both carrier frequency offset
(CFO) and Doppler effects [6].

6. Massive Asynchronous Transmission: In 5G and beyond systems, a high number of
communicating nodes will be communicating at a given time. In order to efficiently
utilize network resources, asynchronous multiple access is essential. Thus, waveforms
designs that are well localized in a multiplexed domain by allowing asymmetric and
dynamic allocation of both time and frequency resources, as in frequency division
duplex (FDD) and time division duplex (TDD), can achieve higher throughput through
more efficient channel utilization [6].

7. Complexity: The hardware and computation complexity represent a critical metric.
It mainly depends on the the number of operations required at the transmitter or
receiver, which may include windowing, filtering operations, as well as interference
cancellation algorithms. The overall system complexity will influence the cost and
the energy efficiency of the system and can represent a bottleneck upon selecting and
determining the most suitable waveform candidate to be implemented for a certain
type of applications [4].

8. High flexibility, reliability and MIMO friendless: The ideal waveform should also be
able to support the coexistence of different numerologies and multi-numerology to
enable several services, while allowing dynamic allocation of bandwidth for these (nu-
merologies/services) [9]. An extremely high reliability is also necessary. This means
that the evaluated BER performances for the chosen waveform should be better, or
at least, similar to previous standard waveforms. The new waveform should sup-
port and be extended to MIMO (especially massive-MIMO), without requiring much
additional effort.

9. Filtering/Windowing: The waveform should allow a filtering and/or windowing
operation to be performed in both the transmission and reception stages, in order to
manage the OOB emissions and latency. On the one hand, a wide filter bandwidth,
which results in shorter filter length (in time domain), can control the system latency.
However they are not very efficient at lowering the OOB emissions. On the other
hand, a narrow filter implies very low OOB emissions but results in a long filter length
(in time domain) which increases the system latency. Hence, there must be a trade-off
between low OOB emissions and low latency [6].

3. Candidate Waveforms

The general waveform formats can be mainly classified as single-carrier (SC) and
multi-carrier (MC) waveforms. In conventional SC modulation techniques, a high rate data
stream occupy a large portion of the available spectrum. A wireless channel is usually
a frequency selective channel, i.e., different frequency components are faded differently
by the channel, being characterized by its coherence bandwidth, i.e., the frequency range
over with the frequency response of the channel is approximately flat [26]. In high rate
transmission scenarios, the low coherence bandwidth of the channel makes the SC systems
require complex equalization schemes to deal with ISI.

Alternatively, in MC systems, a high rate stream of data is divided into several
lower rates streams where independent data are modulated on different sub-channels,
multiplexed in the frequency domain. This means that each sub-channel now occupies
only a fraction of the overall bandwidth, allowing each sub-carrier experiences frequency
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flat-fading [27]. Nevertheless, a guard band is required between each adjacent sub-channel
to eliminate any ICL

3.1. Orthogonal Frequency Division Multiplexing

In order to fulfill the 5G and beyond KPI requirements [28], a new radio interface
has been suggested by 3rd Generation Partnership Project (3GPP) for 5G systems [29].
The choice of the waveform for 5G New Radio culminated in the adoption of Orthogonal
Frequency Division Multiplexing (OFDM) [27] added by a cyclic prefix (CP) for the under-
lying PHY technology in mobile broadband systems, regarding DL transmissions, as in 4G
LTE systems.

OFDM is a MC modulation technique that can be implemented based on the nu-
merology parametrization (number of sub-carriers, sub-carrier spacing and CP length) [10].
An OFDM signal consists on a group of N adjacent and orthogonal sub-carriers spaced,
at frequency domain. The sub-carrier spacing depends on aspects such as radio-channel
frequency selectivity, rate of channel variations, phase noise and Doppler effect [12,30].

Figure 1 represents the scheme of an OFDM transceiver. The bitstream b is bit-
interleaved and channel coded before mapping the resulting bitstream into constellation
symbols. These symbols are drawn from a M-ary constellation, Sy, k = 0,--- N — 1 are
mapped into each sub-carriers and simultaneously transmitted in an overlapping and
parallel approach, with the transmitted signal being given by

j2mnk

N-1
s[n] =s, = 2 Sqwlnle N ,n=0,.,N—1, (1)
k=0

where w(n] is a unitary rectangular pulse, allowing a considerable gain in spectral efficiency,
saving up to 50% of the used spectrum [27]. The sub-carries spacing grants a degree
of orthogonality, allowing an efficient demodulation free from interference from other
sub-carriers [31] and exhibiting robustness against ICI. OFDM presents other interesting
advantages, such as, the easy implementation of the transmitters based on inverse fast
Fourier transform (IFFT) algorithm, as can be perceived from (1).

b Mapper & Sk S: I. ‘ Pl Sn | i
_ —»| Bit Interleaver & /1 - IFFTN / Add "
Bitstream |  Channel Coding Pl—p S cP
(@)
FDE
Un | Remove Yk Sk: Demapper & b
| FFTN Bit Deinterleaver & F—>

CP Channel Decoding | Received

Bitstream
F, (0)

Figure 1. OFDM transmitter (a) and receiver (b).

The receivers include the CP removal, followed by a frequency domain equaliza-
tion (FDE) procedure, resulting in Sy (denoting the estimated symbol sequence) Finally,
the demapper, bit-deinterleaver and channel decoding operations are applied to the symbol
sequence, resulting in the estimated bitstream, b. e based on its inverse transform, i.e.,
the fast Fourier transform (FFT), allowing an efficient and low complexity FDE. It also
enables the possibility of adapting the transmitted power and the modulation cardinality
and an easy integration with MIMO technology, both at the transmitter and receiver, and a
simple channel estimation [32,33].
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Since the individual user’s channel delay spread is not taken into consideration [4] and
due to different time delays upon reception of an OFDM symbol, ISI can occur, where the
last part of the current symbol adds with the first part of the time delayed symbol. In order
to avoid ISI, associated with multipath fading, in each OFDM symbol, it is necessary to
add a cyclic extension of the symbol itself, called a CP, which is a copy of the tail of a
symbol placed at its beginning [24], resulting in x;. Its duration is required to be greater
than the impulse response of the transmission channel, which, in turn, is related to the
channel delay spread. This also allows transforming the linear convolution that occurs in
the transmission channel, in a cyclic convolution at the level of the individual processing
of each OFDM symbol, enabling the implementation of a simple receiver based on the
FFT. However the use of a CP per OFDM symbol increases the transmission overhead,
by adding redundancy since the same content is transmitted twice as the CP. This lowers
the effective throughput of the CP-OFDM system as well as its spectral efficiency, since
the duration of the CP often represents a considerable percentage of the period of the
symbol(which can reach up to 7-33%) [24]. Another aspect is related to the power wasted
to transmit the CP, which reduces the power efficiency of OFDM transceivers.

The high amplitude of OFDM'’s spectrum outside the allocated bandwidth is due to
the sharp transitions of the rectangular pulse used in the signal generation, whose spectrum
is a sinc. This way, the PSD of OFDM signal is a superposition sum of sinc shaped spectra,
each one associated to a sub-carrier and centered in the corresponding frequency. These
lateral lobes, of considerable amplitude add together giving rise to considerable OOB
emissions [4,34], producing a decrease in the spectral efficiency of the system since they
may cause interference on any adjacent channel.

Besides the restricted spectral efficiency, time domain transmitted signals in an OFDM
system can have high peak values since the instantaneous amplitude of each sub-carrier
that form the OFDM symbol is added by the IFFT operation. Therefore, OFDM systems
are also conditioned by the ratio of high peak power vs. average power ratio, i.e., PAPR,
which grows proportionally to the number of sub-carriers employed on the transmission
and is usually evaluated through its complementary cumulative distribution function
(CCDF) [25]. Such a high PAPR demands that the power amplifier must operate with
a large output backoff in order to amplify the signal within its linear range and avoid
amplifier’s saturation (which can lead to signal distortion), but that decreases amplifier
power efficiency [27].

As can be concluded, OFDM does not fully meet some of the requirements for future
wireless communication and further enhancements in this field can be made. This brought
the need for the development of new techniques as alternatives to CP-OFDM, with greater
spectral and power efficiency. Within the context of 5G and further generations of wireless
communications, many alternative waveforms have been the subject of many recent stud-
ies [4,11,12,34-40], with several techniques being proposed as Generalized Frequency Divi-
sion Multiplexing (GFDM) [41-43], Filtered-OFDM (F-OFDM) [44,45], the Time Interleaved
Block Windowed Burst Orthogonal Frequency Division Multiplexing (TIBWB-OFDM)
technique [46—48] and its variant with windowing time overlapping (WTO) [49,50].

3.2. Filtered Orthogonal Frequency Division Multiplexing

The F-OFDM waveform is still one of the most promising waveform candidates for
5G and beyond. It is based on OFDM, allowing to share some of the properties with
OFDM-based designs, such as MIMO friendliness, PAPR reduction techniques based on
discrete Fourier transform (DFT) precoding, and low complexity channel equalization
in the receiver, since it relies on a CP and does not require any interference cancellation
algorithm [44]. However, F-OFDM relies on sub-band based splitting and filtering, allowing
the co-existence of different time-frequency granularities, where independent OFDM
systems can co-exist in the assigned bandwidth [45]. This way, this system allows inter-sub-
band asynchronous transmission to optimize the communication based on the different
channel conditions and enabling diverse applications by adopting different numerologies
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(sub-carrier spacing, CP length, transmission time interval) in different sub-bands. Also,
global synchronization is no longer a requirement.

In Figure 2 it is presented the basic transmitter and receiver architecture of F-OFDM.
In each sub-band, a filter is applied in order to obtain lower OOB emission and to suppress
the inter-sub-band interference. This is made of the expanse of losing of the time domain
orthogonality between consecutive OFDM symbols in each sub-band [45], inducing inter
sub-band interference (ITSBI). In general, the sub-bands do not overlap with each other
and a guard interval is employed between sub-bands to mitigate ITSBI. One of the main
drawbacks F-OFDM, compared with OFDM, is its relatively high complexity due to the
filtering operation [9]. Furthermore, by supporting asynchronous transmission with flexi-
ble sub-band numerology, inner-sub-band interference (INSBI) may arise along with the
aforementioned ITSBI. These two interference classes depend on many factors, such as the
timing offset between the different interfering users, the guard band length and the filters
employed in each sub-band [51].

[ —> F—>*F|51n Lin L1n[]
. . Add
: 'F';)TM : | op P Al
—| —»1 S| 3
—— F—»{r]s2 T2 L2,
b Mapper & Sk (s |rrma[ |7 5 Add 128l i) —a{ P Tp
—| Bitinterleaver& — /| "5 @ | "gls CP2 / "
Bitstream | Ghannel Coding P . S . : S
—> F—>{*]%rn Lp Tp
. . Add n "
: IFI(—;;'M MmN mng frn] F—
N=MxP|_|—"3 LS| L @
] Y1n U1 ]
" | CP1 »| FDE >
—{ f1[n]| P emoval (FFTm)
i plY2n an CP2 FDE > Pl Sk Demapper & l~7
/ —> /2 [n] removal (FFTm) / —»| Bit Deinterleaver & —9»
yr, |s S Channel Decoding Received
~ Bitstream
YrPn Ypu | cp FDE
P —p —
—> /P [n} P emoval (FFTMm (b)

Figure 2. F-OFDM transmitter (a) and receiver (b).

3.2.1. F-OFDM Transmitter and Filter Design

The F-OFDM transmitter generates the sub-band OFDM based signals, by assigning M
consecutive sub-carriers in an OFDM symbol. This number M can be different for different
sub-bands. However, for the sake of clarity, in the following description of F-OFDM, all the
OFDM sub-band symbols are considered to have the same number of carriers. This means
that the transmitter performs P IFFTs of size M, with P sub-band OFDM symbols being
included within an OFDM symbol period, N > M x P. Afterwards, each one of these new
P “symbols” are added with a different CP of length, N¢p,, [44].

Figure 2 shows the schematic of a F-OFDM transceiver. Each one of the OFDM
sub-band based signals is given by

m+M-—1 j2rtkn
spln) =sp, = Y. Swlnle ¥, n=0,---, M—1,p=1---,P ()
k=m
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where Sy denote the modulated symbol from an constellation carried by the kth sub-carrier,
k=m,---,m+ M—1 from the assigned sub-carrier range. Each s, is added a CP adding
a total of M + Np,, samples, resulting in x,,. The overall N-sized OFDM, xy, signal is
written in vector (3) and includes all the P sub-band signals, x,,,

Xn = [X1 - Xp] (3)

The F-OFDM transmitted signal is obtained by filtering the CP-OFDM sub-signals,

Xp,, through an appropriately designed spectrum shaping filter, f;;[n], resulting in %, .

In other words, in each sub-band the rectangular window, w[n], is replaced by a filter f,,[n],
as follows

Xp[n] = xp[n] * fun[n] (4)

These filters are centered around the assigned sub-carriers with a bandwidth able to
cover all the sub-carriers M assigned for that sub-band, and its time duration is a fraction
of an OFDM symbol duration [44]. The overall F-OFDM signal, xr, can, thus, be written as

XF = [Xl . -Xp] (5)

Usually, these filter can be different for each sub-band, with their sizes being depen-
dent on M. The filter design is one the most critical aspects of this technique, involving
a trade-off between the time and frequency domain characteristics and complexity [45].
Usually, the the filter length is also allowed to exceed the CP length to achieve a better
balance between the frequency and time localization [44].

The ideal prototype filter has a rectangular frequency response, i.e., a sinc time domain
impulse response which causes no distortion in the pass-band and no OOB radiation [44].
For practical implementations, the sinc impulse response is soft-truncated with a window,
such as the Hanning or root raised cosine (RRC) windows. In this paper, the Hanning
window was employed in the filtering stage. More details on filter design can be found
in [52]. By adopting this approach, the impulse response of the obtained filters will
have smooth transitions, avoiding abrupt jumps at the edges, presenting only a limited
time domain energy spread [9], which limits considerably the ISI introduced between
consecutive OFDM symbols [45].

3.2.2. F-OFDM Receiver

The F-OFDM receiver for each sub-band is similar to the CP-OFDM receiver. However
each sub-band received signal is first filtered with the respective matched filter used upon
transmission, i.e., f,;[n], resulting in the estimated signal, 7, [n]. This is followed by the CP
(with N¢p, length) removal and then the FDE (that performs an M-sized FFT operation)
and finally the detection of the data symbols, §k, and bitstream, b.

3.3. Generalized Frequency Division Multiplexing

The GFDM waveform concept introduces additional degrees of freedom when com-
pared to traditional OFDM, by allowing a more flexible multi-carrier transmission regarding
time-frequency structure design [42]. The main difference between GFDM and OFDM is
that, in GFDM, the total number of modulated constellation symbols per frame is NsN, us-
ing Ns sub-symbols with different time-slots and N sub-carriers [53]. The basic architecture
of a GFDM transmitter and receiver is presented in Figure 3.
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Figure 3. GFDM transmitter (a) and receiver (b).

3.3.1. GFDM Transmitter

In a GFDM transmitter, every stream is firstly upsampled by K > N, filtered, and
then shifted to its carrier frequency. In the filtering stage the sub-carriers are circularly
convoluted with a prototype filter, g[n], such as the RRC [53]. A GFDM symbol is obtained
through superposition of the filtered data symbols belonging to all sub-carriers and time
slots and can be represented as follows [42]

Ns—1N-1 j2rtkn
s[n] =sp = Z Z Smi8mil(n —mK)mod(N;K)le"®, n=0,---KNs—1 (6)
m=0 k=0

where S, ;. is the complex modulated symbol on the kth sub-carrier and mth sub-symbol,
and g[n] denotes the prototype filter. The choice of g[n| = hrrc[n] can lead to lower ISI
but higher ICI, which in turn deteriorates with higher roll-off [53].

Equation (6) can also be written as

sn = AS @)

where S is a vector of NN; data symbols, S, and A is a KNs x NNs complex valued
modulation matrix with elements based on the parameters N;s, K, N and g[n}, whose
elements can be represented as [54]

27mtkn

A[(k+1) +mN] = gy i[(n — mK)mod(NsK)]el "k ®)

form=0,--- ,Ns—landk=0,--- ,N—1.
Among the main characteristics of GFDM is characterized by the following:
e The adjustable filters used for pulse shaping are circularly convoluted over a defined

number of symbols. This can result in non-orthogonal sub-carriers and both ISI and
ICI might arise [4,43].
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e Since GFDM is a MC technique it can exhibit high PAPR values, although with
the inclusion of adjustable pulse shapes, along with the possibility of employing a
filter-bank, equivalent to a DFT-OFDM signal, these values can be reduced [4,55,56].

¢ The possibility of adjusting the sub-carrier spacing allows a reduction on the
OOB emissions.

¢ In the GFDM block construction, the overhead needed to avoid IBI is relatively small.
Instead of adding a CP to every symbol like CP-OFDM schemes, the GFDM trans-
mitter includes the addition of a single CP for an entire block that includes multiple
sub-symbols [43], resulting in x,,. Windowing techniques can also be employed in the
GFDM multi-symbols in order to avoid discontinuities due to tail-biting.

Therefore, GFDM can achieve higher spectral efficiency than OFDM systems, at
the expanse of self-introduced interference between sub-symbols and higher transceiver
complexity. Additionally, the need for long filter lengths (narrow filter bandwidth) requires
higher block processing which can lead to higher latency [6]. Several transmitter and
receiver architectures have been proposed to reduce the overall system complexity, in order
to address the needs of future wireless communication networks, such as in [43] which
proposes a low complexity transmitter implementation based on the IFFT /FFT approach,
just like OFDM, or in [54] which presents a receiver architecture that presents a sparse
representation of the pulse-shaping filter in frequency domain, which also simplifies any
interference cancellation algorithm.

3.3.2. GFDM Receiver

If we assume that the CP inserted in the GFDM multi-symbol is larger than the chan-
nel’s delay spread, the GFDM received symbol at frequency domain can be expressed as

Yi = SiHi + Wy, )

where Hy denotes the channel frequency response at k™ sub-carrier and Wy, represents the
complex additive white Gaussian noise (AWGN) sample with variance E[|W;|?|, while the
total length of x,, is Ny = KN;. In order to compensate the influence of the channel on the
received signal, a FDE method can be applied to the received signal [43]. Assuming perfect
channel estimation and synchronization of the received signal, the minimum mean square
error (MMSE) algorithm can be employed as follows [43]

S, = YiF with F — H,i‘/(v_l + |Hk|2), (10)

where < denotes the signal-to-noise (SNR) ratio.

Afterwards, a Ny-sized inverse DFT (IDFT) is applied to the estimated signal (included
in the FDE in Figure 3b), resulting in 5,,. Thereafter, the time domain signal is fed into a
detector as follows:

d = B3, (11)
with B being the detection matrix and d is the resulting vector which contains the estimated
data symbols.

Furthermore, as a consequence of self-created interference between adjacent sub-
carries and time-slots, worse BER performances are observed [54]. Thus, it is necessary
to cancel this interference to achieve an acceptable performance [57]. Recently, it has
been proposed many equalization and self-cancellation techniques that aim to tackle this
multi-user interference in several realistic scenarios [58-60].

In [61], a double sided successive interference cancellation (DSSIC) method was
proposed and applied on the detected symbols, subtracting the interference to adjacent
sub-carriers in an iterative fashion.

Four set of different detectors have been proposed, materialized in a different B matrix.
The ones mentioned in this paper follow the ones presented in [43,53] and more details can
be found in these references. They are divided as:
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e Match Filtering (MF), where the same filter included in the transmitter is now applied
to each received block, i.e., Bpp = AH, where H is the Hermitian operator (conjugate
and transpose). This maximizes the SNR ratio per sub-carrier, but introduces self-
interference when a non-orthogonal transmit pulse is employed [43].

e Zero Forcing (ZF), where the inverse of matrix A, presented in (7), is applied to recover
the data symbols, i.e., Bzr = A~1. This approach completely removes any ICI at the
cost of enhancing the influence of the noise in the detected symbols.

. DSSIC, which although being based on the MF detector, tries to minimize the ICI
between neighboring sub-carriers. The basic idea is to subtract the ICI presented in the
received signal at kth sub-carrier and caused by (k + 1)th and (k—1)th sub-carriers.
More details can be found in [43,53,61].

e SIC, which is similar to DSSIC but only the interference from the (k—1)th sub-carrier
is compensated.

The detection of the data symbols ends with a downsampling of the signal presented
in (11) by K (included in block B in Figure 3b), followed by a demapper and decoder
complementary to those used in the transmission process, in order to obtain an estimate of
the original binary sequence, b.

3.4. Time Interleaved Block Windowed Burst Orthogonal Frequency Division Multiplexing
3.4.1. TIBWB-OFDM

The TIBWB-OFDM was proposed in [46,47] and is based on BWB-OFDM [62]. This new
waveform allows a better spectral efficiency, by employing transmitted signals with a PSD
as compact as F-OFDM schemes and a better power efficiency when compared to conven-
tional CP-OFDM schemes [62]. The greater spectral efficiency is obtained by increasing the
spectral confinement and lowering the OOB emissions of the signal transmitted through the
use of windowing techniques. The increase in power efficiency is obtained by concatenating
a number of OFDM symbols, to which a single prefix of zeros is added, thereby eliminating
the need of a CP [47]. Furthermore, this modulation technique performs a time-interleave
operation between the samples of the various OFDM symbols that make up the overall
BWB-OFDM multi-symbol [62]. Figure 4a depicts the TIBWB-OFDM transmitter. The time
interleave operation is performed after the cyclic extension and windowing operation and
causes the compression and replication of the spectral data over the occupied bandwidth,
creating a diversity effect in the frequency domain, thus increasing the robustness of the
method against deep fading of the communication channel, by allowing partial data recover
from eventual unaffected spectrum replicas [46,47].

The TIBWB-OFDM original packing consists into the juxtapotion of a set of Ny N sub-
carrier windowed OFDM-based symbols, generated according to a N-sized IFFT operation
si = IFFT{Sy;} = [soi - ,SN-1,], where S;; denote the modulated symbol from an
m-ary constellation carried by the kth sub-carrier, k = 0, - - - , N—1, of the ith OFDM symbol,
i=1---,Ns.

Afterwards, the cyclic extension and windowing operations is applied to each one
of s;, to perform spectral shaping [46]. Windowing employs a square root raised cosine
(SRRC) pulse shape where § < 1 represents the window roll-off as in [46,47].

Consequently, the new N; windowed symbol are expressed by

Sw,i = [8i|si] © hsrre, (12)

where the operator ® represents a point-wise Hadamard multiplication. The tailing
zeros from the windowing operation are then discarded, resulting in (12) being a vector
with length N;y,, = N(1 + ). The simple time domain juxtaposition of the component
OFDM symbols forms a BWB-OFDM multi-symbol [62]. As mentioned, the TIBWB-OFDM
approach performs a time domain interleaving operation between the samples of the
BWB-OFDM multi-symbol [46,47], resulting in a set of N; interleaved symbols, as follows

S = sy ITN®) (13)
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making up the TIBWB-OFDM multi-symbol, where II™™s) is the time-interleaved matrix
with period N; of size Ngymp X Ngymb, where the cth column has a "one" at row LN%J +
(CNsymb mod Nsymsz)'

The final step of Figure 4a includes the insertion of a single N ,-sized zero-pad (ZP),
acting as a guard interval in order to deal with channel’s delay spread and avoid ISI.

This results in the transmitted block, with a total length of Nx = Ngys Ns + Nzp.
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Figure 4. TIBWB-OFDM with WTO transmitter (a) and receiver (b). Conventional TIBWB-OFDM is obtained by removing
the WTO block in transmitter and WTO compensation in receivers A and B.

3.4.2. TIBWB-OFDM Packing with WTO

Although the TIBWB-OFDM technique already tackles some of the disadvantages
inherent to the use of the OFDM, while being easily applied to MIMO and mMIMO
systems [48,63], it also brings interesting challenges. The promised spectral and power
efficiency increases proposed by the method are limited by the growth of the windowed
OFDM-based blocks and also due to their juxtaposition. Even though performing the win-
dowing operation with higher roll-off improves the spectral confinement of the transmitted
signal, when juxtaposing the component blocks, the overall length of the TIBWB-OFDM
multi-symbol increases proportionally to (1 + §). Consequently, the achieved spectral
efficiency of this technique is limited, by either:

e improving spectral confinement by reducing OOB emission when using a larger
roll-off. This however, results in greater multi-symbol length, which increases the
required bandwidth, in order to keep transmission rate [49].

e by improving symbol rate when conventional rectangular window is used since a
sole ZP is used per group of packed OFDM-based blocks. This results in very high
OOB emissions, just like typical OFDM schemes [49].

Furthermore, the windowing operation employed in the transmission is responsible
for the decrease in the average signal power, due to the low amplitude of the window tails.
As a consequence, the overall PAPR of the TIBWB-OFDM multi-symbol tends to grow as
the window roll-off increases [50].
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Additionally, in Figure 4a, an alternative packing structure is also presented within
the original art of TIBWB-OFDM block construction. It includes a partial overlap between
the adjacent windowed OFDM symbols that form the TIBWB-OFDM multi-symbol, in time
domain, to keep original transmission rate and spectrum occupancy [49,50]. This consti-
tutes the basis of the TIBWB-OFDM with WTO waveform, whose transmitter is based on
the previously mentioned operations, followed by an overlapping procedure, as suggested
by Figure 4a.

The overlapping operation precedes the time interleaving block, and, therefore, instead
of simply juxtaposing the OFDM symbols, they are partially tailed overlapped, in time
domain, i.e., the last samples of the current symbol are added with the first samples of the
next symbol, with the overlap signal samples being given by

Ns
Swoln] = ;sw,i[n—(i—l)N}. (15)

The remaining steps that generate the WTO signal are the same that are included
within the original transmitter, as in [46,47]. The only difference is that, before ZP insertion,
(13) now becomes

S = Swoll™®) (16)

The number of overlapped samples can be regulated, as in [49]. However, the most
interesting scenario is when the temporal expansion of the overall signal is mitigated,
meaning that the overlapped windowed OFDM symbols maintain a total length of N
samples (except for the first and last one). The total length of the TIBWB-OFDM with WTO
multi-symbol is now N(Ns + B). It is clear that the temporal expansion of the overall signal
is NB, thus meaning that is negligible when compared to packing N; conventional OFDM
blocks with rectangular windowing. This way we can increase the spectral efficiency of
the system [49]. This alternative packing also improves the power efficiency of the system
by creating a flatter waveform with fewer transitions, increasing the average power of the
transmitted signal, and thus reducing on the signal’s PAPR [49,50].

3.4.3. Receivers for TIBWB-OFDM with WTO

In order to cope with both channel impairments and the additional interference
introduced between adjacent OFDM component blocks of the TIBWB-OFDM multi-symbol,
a different set of receivers must be developed. The TIBWB-OFDM with WTO receivers
must be entail both channel equalization and inter-block interference cancellation (IBIC).
Linear or iterative FDE can be applied to the received signal aiming to cancel out channel
impairments, as for conventional TIBWB-OFDM without WTO. In order to mitigate inter-
block interference, a two-way (i.e., simultaneously forward and backward) interference
successive cancellation (ISC) is employed. While ISC can also be made iterative enabling
better interference cancellation when combined with linear FDE, the IBIC procedure can be
simplified after the initial iteration when this is combined with iterative FDE [64].

The TIBWB-OFDM is also seen as an hybrid modulation technique [47], since in the
receiver side, the signal can be interpreted as block-based SC-FDE and each data stream
is equalized with a single tap equalizer, as shown in [46]. The basic block diagram of a
TIBWB-OFDM receiver is given by receiver A (without the WTO compensation block)
presented in Figure 4b. The received signal is converted to frequency domain by the means
of a Ny-sized DFT, resulting in Y, k = 0,--- , Ny — 1, with Ny = N, + NsN(1 + B) for the
TIBWB-OFDM original packing and Ny = Np + N(N;s + B) for the TIBWB-OFDM with
WTO. The signal in the frequency domain can be written as in (9). In order to obtain an
estimate of the transmitted signal, X, linear FDE algorithms can be employed, such as the
MMSE equalization [46] as in (10) (for this case, in both equations Sy and Sy, are replaced
with X and X, respectively). Afterward, the estimated signal Xy is then converted to time
domain, X;, through a Ny-sized IDFT, the ZP is removed and the block is deinterleaving
resulting in the estimated BWB-OFDM block whose unformatting follows [47,49,62].
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The channel equalization can also include non-linear iterative FDEs, such as the
iterative block decision feedback equalizer (IB-DFE) [65,66], which was included in the
TIBWB-OFDM receiver in [64] and is shown in Figure 4b.

At this point, in order to cancel out the interfering resulting from the WTO operation,
an IBIC algorithm must be employed. In [64], four different receiver embodiments are
presented for a TIBWB-OFDM with WTO transmission, where iterative and non-iterative
strategies can be used for both channel FDE and IBIC. They are all presented in Figure 4,
depending on whether the links 1 and 2 are on or off. These receivers are divided as:

®  Receiver A (Link 1—off; Link 2—off): It consists on the linear MMSE FDE technique,
presented in (10) to deal with channel impairments and an MMSE ISC algorithm to
cancel WTO interference.

e Receiver B (Link 1—on; Link 2—off): It consists on the non-linear IB-DFE FDE [47] and
MMSE ISC algorithms. Each iteration allows an improvement in BER performance
since the ISC algorithm is applied iteratively.

e  Receiver C (Link 1—off; Link 2—on): This receiver is similar to A since it includes the
linear MMSE FDE scheme. However, instead of applying the MMSE ISC algorithm per
iteration, an iterative IBIC algorithm is employed, assuming perfect reconstruction.

e  Receiver D (Link 1—on; Link 2—on): This receiver is a combination of both re-
ceivers B and C, wherein the IB-DFE FDE technique and the iterative IBIC algorithm
are employed.

More details on the developed ISC algorithm can be found in [49,64], while the
iterative IBIC version along with the receivers are presented in [64].

4. Performance Results and Discussion

In this section we perform a comparison between the candidate waveforms mentioned
in previous section, regarding the PAPR and PSD/spectral efficiency of the transmitted
signal, BER performance and implementation complexity. For the TIBWB-OFDM with
and without WTO cases we consider that OFDM component sub-symbols with N = 64
sub-carriers and the number of packed OFDM blocks per TIBWB-OFDM block is N; = 42.
For the CP-OFDM and F-OFDM cases, in order to perform a fair comparison, the total
number of carriers was chosen in a way that the overall signal’s length is similar to the
length of the TIBWB-OFDM block. This way, the total number of carriers for these cases
is NN; = 64 x 64. Also, for GFDM, the same procedure was applied and the number of
time-slots employed in transmission was adjusted to N; = 64. The carrier multiplication
factor and the number of time-slots is N5 = 64 (and not 63) in order to provide the same
conditions regarding channel coding. Quadrature phase shift keying (QPSK) modulation
with a Gray coding rule are applied upon bits carried on each carrier. Furthermore, for all
the transmission scenarios, the transmission channel is a severely time dispersive channel
with 32 symbol-spaced multipath components with uncorrelated Rayleigh fading.

4.1. PAPR
The PAPR of a time domain signal, x[n], is expressed by

PAPR(x[n]) = 10log,, (W) [dB] (17)

where x*[n] corresponds to the conjugate of x[n] and the E[.] operator represents the
mathematical expectation or mean value.
As mentioned, the PAPR is evaluated by its CCDF, which can be expressed by

CCDF(PAPR(x[n])) = Prob{ PAPR(x[n]) > 6} (18)

where PAPR(x[n]) is the PAPR of the symbol and ¢ is a PAPR threshold.
The transmitted signal’s PAPR’s CCDF for the different waveforms are presented in
Figure 5, wherein ¢ is depicted for 8 < § < 15 dB. For the TIBWB-OFDM with and without
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WTO and GFDM cases, the SRRC window is employed with a roll-off of B = 0.5. As we
can observe all the waveforms presented in this figure present relatively high PAPR values,
since they all are MC modulation techniques. We can clearly observe that the waveform
that provides the worst PAPR behaviour is the TIBWB-OFDM. As mentioned, the high
PAPR values are result of the windowing operation performed in the transmitter, which is
responsible for decreasing the average power of the transmitted signal, increasing the PAPR
as in (17). Additionally, the PAPR of the TIBWB-OFDM waveform tends to increase as the
roll-off increases [50]. On the contrary, for the WTO case, the time overlapping operation
allows the reduction of the PAPR by creating a waveform without the low amplitude of
the symbol’s tails, which in turn, opposes the decrease in the average signal power and,
consequently, reducing the PAPR. In this operation, only the tails of the windowed OFDM
symbols are overlapped, thus, the increase of the peak power is negligible. The F-OFDM
candidate presents similar performance as OFDM since the only difference is regarding
the filtering stage and the simulation was performed assuming large OFDM and F-OFDM
signals with a total length equal to a TIBWB-OFDM multi-symbol. Therefore, although the
Hanning window presents smooth transitions, it does not affect the PAPR considerably
in this analysis. Hence, the high PAPR values still occur since the transmission scheme is
based on the IFFT operation, wherein the instantaneous amplitude of each sub-carrier that
form the OFDM sub-symbol are added. GFDM falls into the same category, however, in
this case, the SRRC window employed with = 0.5 makes the PAPR to increase slightly
when compared to OFDM.

In brief, from the point of view of this KPI, the only waveform that is not recommended
is the TIBWB-OFDM.
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Figure 5. PAPR’s CCDF of the OFDM, TIBWB-OFDM with and without WTO, GFDM and F-OFDM.

4.2. PSD and Spectral Efficiency

In order to compare the waveforms regarding their spectral efficiency, we will evaluate
the required bandwidth taking as reference the total transmission time of the overall symbol
sequence, i.e., the useful bit-rate R;, assuming that all the sub-carriers are modulated by
symbols from the same constellation. This means that the waveforms that transmit a
signal with larger overhead require a larger bandwidth in order to achieve the same total
transmission of the symbol sequence.
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For the TIBWB-OFDM with WTO waveform, the overhead includes the temporal ex-

tension of the sub-blocks and the ZP, but this is negligible when compared to the total signal

ﬂNJrNZp) ~ Rs
S,

length. This means that the total bandwidth required is proportional %( +

where Rs denotes the symbol rate and relates to the bit-rate by Rs = 210;}%

On the other hand, the standard TIBWB-OFDM, although providing a higher degree of
spectrum confinement, does not deal with the temporal extension of the sub-symbols and
the overhead in this case is proportional to the window roll—off B, leading to an increase of

the required bandwidth, W (1 +p+ NNI:%;’ - /5) 210g2 (14 B)-
A similar analysis can be made to GFDM since the overall overhead includes a single
CP. However, the CP is only added per GFDM block and then can be discarded. This way,

the total required bandwidth is also proportional can also be approximated by the symbol

St PO R
ratele,ZIOg( )<1+ ) 2Tog, (M)

The CP-OFDM and F OFDM cases the overhead will include the CP per symbol, which
in these cases, represents a significant percentage of the overall signal, granting an increase

of the required bandwidth proportional to the CP percentage, i.e., %;’(M) (1 + N )

Table 1 presents a resume of the total bandwidth for arbitrary values of the CP and
window roll-off, while in Figure 6 it is presented a comparison on the PSD normalized to
the information bit rate R, of CP-OFDM, F-OFDM, GFDM and TIBWB-OFDM with and
without WTO, assuming a baseband QPSK-modulated transmitted symbol sequence. Once
more, the strict window B = 0.5 is considered for both the TIBWB-OFDM and GFDM cases,
and the CP employed in CP-OFDM and F-OFDM techniques is assumed to be 25% of the
overall signal’s length.

Table 1. Required bandwidth for the different waveforms.

Waveform Bandwidth
N,
OFDM R Nep
7Tog, (M) (” N )
F-OFDM Ry (1 Ney
2log, (M) N
GFDM Ry (14 Nep\ R
2log, (M) NN; 2log, (M)
TIBWB-OFDM R <1 T ) Ry +
210, \' TP NN 1)) 2logy () P
TIBWB-OFDM with WTO Ry (1 BN+Nzp\ R
2log, (M) NN 2log, (M)

From Figure 6, it is clear the considerable improve on spectral efficiency gains of the
new proposed TIBWB-OFDM with WTO against all the other techniques. Although the F-
OFDM waveform is the one that provides the lowest OOB radiation due to the employment
of the filtering operation, it relies on a CP (just like OFDM) to deal with the channel’s
impairments and also requires a large ZP (in the order of the filter length), which limits its
spectral efficiency. A similar OOB radiation to F-OFDM is obtained with the conventional
TIBWB-OFDM, but also in this case the spectral efficiency is limited due to the temporal
extension of the symbols due to the windowing operation. Regarding GFDM this presents
a poor OOB rejection, that compares to CP-OFDM schemes [42]. The amount of spectrum
saved for the TIBWB-OFDM with WTO (when compared to conventional TIBWB-OFDM)
is proportional to the temporal growth of the OFDM-based blocks, i.e., to (1 + ). Also,
the use of a ZP per group of OFDM-based symbols allows this technique to save spectrum
when compared to CP-OFDM and F-OFDM schemes.
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Figure 6. PSD of CP-OFDM, GFDM, F-OFDM and TIBWB-OFDM with and without WTO.

In summary, the TIBWB-OFDM with WTO and GFDM, from the point of view of
spectrum demand, are the most spectrally efficient waveforms, since they require the least
amount of signal overhead. On the other hand, the waveforms that provide a higher degree
of spectrum confinement are the TIBWB-OFDM and F-OFDM, while TIBWB-OFDM with
WTO still provides considerably low OOB emissions. All things considered, the TIBWB-
OFDM with WTO is among all the one that with the better spectral efficiency, presenting a
good trade-off between effective throughput, while still achieving low OOB radiation.

4.3. BER Performance

Figure 7 compare the BER performances of TIBWB-OFDM waveforms with and
without WTO, GFDM, F-OFDM and with conventional CP-OFDM. In order to provide a
fair comparison in a realistic scenario, the same amount of CP, considered in Section 4.2,
is employed in CP-OFDM and F-OFDM transmissions. The four receiver embodiments
proposed in [64] are employed for the TIBWB-OFDM with WTO waveform. Furthermore,
the conventional TIBWB-OFDM results are presented for the linear MMSE and IB-DFE
receivers, as in [47]. Regarding OFDM, F-OFDM and GFDM a FDE MMSE algorithm is
employed at the early stage of the receiver. However four different interference cancellation
methods are considered in the GFDM receiver. The MF, ZF and DSSIC detectors mentioned
in the previous section are included, along with the simpler version of the DSSIC detector
(the GFDM SIC detector) which subtracts the ICI presented in the signal at kth sub-carrier
and caused only by the (k + 1)th sub-carrier [43,53]. Perfect synchronization and channel
estimation is assumed at reception. The channel code employed is a (128,64) LDPC code
and bit-interleaving is applied over 21 consecutive coded words for the TIBWB-OFDM
and OFDM cases. For GFDM and F-OFDM, since the number of time-slots is higher the
bit-interleave operation is applied over 32 consecutive coded words. For a fair comparison
results are also presented as function of the ratio energy per information bit to noise
spectral density % added to the required amount of back-off taking as reference PAPR at

CCDF = 10~*. Additionally, the CP power penalty is also considered.
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Figure 7. BER performance of 25% CP-OFDM and F-OFDM together with GFDM and TIBWB-OFDM with and without
WTO considering the different proposed receivers when = 0.5.

More specifically, Figure 7 includes the performance for the different techniques for
B = 0.5, with results for the iterative receivers being presented for the 5th iteration. Clearly,
by analyzing this figure, we can conclude that the TIBWB-OFDM receiver D has the best
performance when back-off associated to the PAPR is considered, with almost no added
complexity when compared to receiver B. Also, we can conclude that the GFDM detectors
SIC, but mainly, DSSIC can really improve the BER performance of GFDM standard MF and
ZF receivers, while exhibiting a similar performance when compared to standard TIBWB-
OFDM case with receiver A. It is worth stating that the SIC algorithms were applied only
for 1 iteration. Furthermore, although the TIBWB-OFDM with WTO (regarding receivers
B and D) is a waveform that have interference levels that must be dealt in the receiver,
they present better BER performances than standard OFDM and TIBWB-OFDM (regarding
receiver B) cases, due to its much lower PAPR owing to the windowing and packing with
overlap operation. Finally, we can also conclude that F-OFDM presents a slightly better
performance (less than 1 dB) than CP-OFDM due to the large ZP that is added in the last
stage of the transmitter.

To sum up, with the employing of more efficient and complex receiver equalization
techniques, the TIBWB-OFDM and TIBWB-OFDM with WTO are able to provide a satis-
factory performance, outperforming OFDM and F-OFDM in terms of reliability. GFDM
presents the overall worst BER performance, however it is possible to enhance the receiver’s
interference cancellation algorithms in order to provide a more acceptable performance.

4.4. Computational Complexity

The next figure of merit that is included in this paper is the computational complexity
regarding the implementation of the different transceiver presented for every waveform.
In order to perform a fair comparison the complexity is evaluated in terms of the number
of complex multiplications for each MC scheme. The same signal conditions, regarding
sub-carriers N and sub-symbols Ns employed in transmission are assumed in this analysis.

Table 2 shows the computational complexity of the 5G and beyond candidate wave-
forms in terms of total number of complex multiplication employed in transmission and
reception. It is clear that most of the complexity effort comes from the receiver operations.
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The complexity of OFDM schemes comprises the IFFT and FFT complexity employed
at the transmitter and receiver, respectively. For the F-OFDM waveform, the overall com-
plexity includes the multiplication operations performed in OFDM added by complexity
due to transmit and receive filters. It is assumed that the filtering operation employed in
transmission is performed once for the CP samples [67].

The complexity analysis of GFDM transmitter is based on the low complexity trans-
mitter implementation proposed in [42], where the first term originates from the N;-sized
FFTs of N sub-carriers, the second one arises from the filtering operation of N sub-carriers
and the last one from the N;N-sized IFFT that converts the signal back to time domain.
The receiver complexity analysis is based on [54] and includes the multiplications presented
in both the MF operation and the SIC algorithm.

In [64] the TIBWB-OFDM with WTO receivers complexity was analysed and it was
concluded that:

*  Receiver A includes only a direct path, where includes a N,-sized FFT upon sig-
nal reception, a MMSE equalization algorithm and BWB-OFDM unformatting with
WTO compensation.

®  Receivers B and D include the direct path but instead of MMSE equalization, the IB-
DEFE algorithm is employed. The feedback path wherein the BWB-OFDM block for-
matting is performed is also included. For L iterations, the number of multiplications
will increase proportionally by L in the direct path and L—1 in the feedback path.

®  Receiver C is similar to receiver A in the first iteration, performing all the operation in
the direct path, while including the BWB-OFDM formatting operation in the feedback
path. For L > 1, the direct path only includes the BWB unformatting with WTO
compensation and the feedback path includes the BWB-OFDM formatting.

The TIBWB-OFDM receivers A and B are identical to the ones explained for the
TIBWB-OFDM with WTO with the only difference being the removal of the WTO compen-
sation block. Therefore the multiplications employed in this block are not considered in
these cases.

Table 2 presents the overall transceiver complexity for the same number of carriers, sub-
symbols and roll-off employed in previous subsections. Also in this case we considered that
the filter length is I = 1032, the number of iterations is Lgrpys = 1 and Ny = (Ns + B) (we
can discard the ZP here since it represents only a very small fraction of the overall signal).
The number of multiplications for the TIBWB-OFDM standard case can be considered
discarding the term 28N;N and considering that Ny = N;N(1 + ). The complexity
regarding the simpler GFDM receivers with the MF and ZF detectors can be obtained by
discarding the term Lgrpp(21log,(Ns) + 1).

Table 2. Transceiver complexity for the different waveforms.

Waveform Complex Multiplications
OFDM 3NsNlog,(NsN) + 4NsN
F-OFDM 3NN log, (NsN) 4 4NsN + 2I(NsN + N¢p)
GFDM NsN(log,(N) +2log,(Ns) +4 +log, (NsN) + log, (Ns) +

LLgrpm(21og,y(Ns) +1))

TIBWB-OFDM with WTO
Tx+Ry A 4Ny log, (Nx) + 4Ny + 2N;N(1 + B) + 28NN
4Ny log,(Ny) +4Ny + (L+1)(NsN(1+ B)) + L(2BNsN) + (L —
1)(Nx log, (Nx) + NsN(1+ B))

(L4 1)(3Nylog,(Nyx) + NsN(1+ B)) + L(8Nx + 2BNsN) + (L —
1)(Ny log,(Nx) + NsN(1+ B))

Ty + Ry C

Ty + Ry Band D

Concluding, for DL transmissions, where this KPI is the most critical, due to the low
processing capabilities of mobile terminals, the most suitable waveform is F-OFDM, since,
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when compared to OFDM,, it only requires the sub-band filtering operations. On the other
hand, GFDM and TIBWB-OFDM with and without WTO rely on transmission/reception
of large signals with multiple OFDM-based sub-symbols and may include iterative in-
terference cancellation algorithms. Therefore, along with the filtering and windowing
operations, respectively, multiple FFTs and IFFTs must be employed to recover the original
data, increasing significantly the receiver complexity.

4.5. Further KPI Discussion

In this subsection, other KPI for each waveform are compared and analyzed in fur-

ther detail:

Processing delay and filtering/windowing: These KPI are directly related. GFDM
relies on a CP insertion and performs the filtering operation by sub-carrier, after
an upsample operation, requiring a long filter length (narrow bandwidth). Thus,
the overall block processing delay will be high [4,6]. Both TIBWB-OFDM with and
without WTO perform the filtering operating per sub-band, and thus, they use shorter
filter length (wide bandwidth). However, the overall system delay is still high because
the systems require that each one of the OFDM-based sub-symbol go through several
operations. Besides, FFT modulation formats involving a relatively high duration
multi-symbols are employed. Therefore, the overall block processing delay will be
high for all these waveforms and they are not suitable for low latency applications.
Additionally, F-OFDM schemes use shorter filter lengths and although including
large CP lengths, the overall symbol duration remains low, compared to the previous
waveforms. Thus, from the point of view of this KPI, the most suitable waveforms are
OFDM and F-OFDM.

Robustness to frequency-selective channels: Overall, all the MC waveforms are ro-
bust to the frequency selectivity of the wireless channel. The OFDM principle is
to divide the transmission channel’s bandwidth into narrowband sub-carriers, by
transforming a broadband frequency selective channel into multiple narrowband
flat-fading sub-channels. Therefore, deep fadings will affect only a few sub-carriers.
F-OFDM is based on OFDM schemes and GFDM can be seen as a generalization of
OFDM [68], with both presenting the same robustness as OFDM, regarding multipath
propagation. Both TIBWB-OFDM with and without WTO go beyond that and allow
a deeper level of robustness against deep fading [46], due to the inclusion of the
time interleave/deinterleave operations in their transceiver design, granting a higher
degree of diversity in the frequency domain and robustness upon transmission under
deep inband channel fades. Thus, from the point of view of this KPI, the most suitable
waveforms are TIBWB-OFDM with and without WTO.

Robustness to time-selective channels: When the user mobility is taken into account,
the changes of the transmission channel can cause ICI, affecting all the MC waveforms.
F-OFDM is as robust as OFDM regarding this KPI. However, in [38,47] it is shown,
respectively, that both GFDM and TIBWB-OFDM waveforms are MC schemes that are
relatively robust regarding this impairment. In GFDM the use of very well localised
pulse shapes in the frequency domain allows a certain degree of CFO resilience [38].
Additionally, in TIBWB-OFDM, the large multi-symbol length can also allow a more
accurate estimation of the CFO or Doppler drift based on the IB-DFE principle [47].
This way, GFDM and TIBWB-OFDM with and without WTO are the most suitable
waveforms to be considered in a mobile transmission/reception environment.

High flexibility and efficient MIMO implementation: All of the waveform contenders
presented in this paper are flexible with the possibility of employing multiple nu-
merology parameters since they are based on OFDM scheme. A friendly MIMO
adaptation is directly related to the implementation complexity regarding the channel
equalization techniques that are employed in the system [6]. In general, OFDM-based
waveforms (F-OFDM and TIBWB-OFDM) allow an efficient MIMO implementation
since the transceiver architecture allows a simplification in the FDE with only one
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equalization iteration per sub-carrier with simple channel estimation techniques. Also,
in [63], it is shown that the TIBWB-OFDM waveform is also easily integrated in MIMO
systems. GFDM is an exception since the sub-carrier superposition is performed in
frequency domain causing ICI that must be dealt in the receiver, requiring a chan-
nel estimation in each sub-symbol [6]. However, in TIBWB-OFDM with WTO the
interference is added locally between adjacent sub-symbols in time domain. Hence,
concerning this KPI, the only waveform that is not recommended is GFDM.

4.6. Final Discussion

To sum up this discussion, Table 3 summarizes and grades the different MC waveform
formats analyzed throughout this paper for each KPI. This table considers the simulation
results from previous subsections and the grades are presented taking into consideration a
performance comparison between each waveform candidate and OFDM.

There are three categories of traffic types in 5G and beyond, which exhibit different
characteristics under different propagation scenarios. They are eMBB, mMTC and URLLC.

eMBB mainly focuses on high transmission bit rate and spectral efficiency. Therefore,
the main positive KPIs that a waveform contender should have is regarding the spectral
efficiency, OOB emissions, robustness to both time and frequency selectivity and efficient
MIMO implementation. From this perspective, by analyzing Table 3, the most suitable
waveforms to be the heir of OFDM are GFDM and TIBWB-OFDM with WTO, due to their
ability to provide a very high spectral efficiency, with relatively low OOB emissions, along
with a considerable robustness upon transmission in time and frequency selective channels
(although MIMO implementations in GFDM transceivers require more complex channel
equalization schemes).

Concerning the mMTC service requirements, the used waveform should support a
huge number of devices, with simple synchronization and low power consumption. Hence,
waveforms with low PAPR and computation complexity, along with an efficient MIMO
implementation should prevail. Pure MC waveforms always exhibit high PAPR values.
However, F-OFDM is the most fitting candidate to replace OFDM in DL transmissions since
its characteristics are better adapted to fulfill the UE receiver’s low complexity requirement.
If we consider UL transmissions, TIBWB-OFDM with WTO is a suitable candidate to replace
current OFDM systems, since it presents a similar transmitter’s complexity to OFDM with
much better power and spectral efficiencies, and because the receiver’s computation
complexity criteria is less critical at BS.

Regarding URLLC, service requirements include high reliability and low latency
as the main focus. Thus, the KPIs that a waveform should have are an acceptable BER
performance, low computation complexity and low processing delay. From Table 3, F-
OFDM is the most suitable waveform when the main issue is the latency. This is typically
observed in real time applications, such as online gaming or video applications. However,
if the main focus is on reliability, the TIBWB-OFDM with and without WTO are the main
contenders, due to their ability to provide reasonable BER performances.
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Table 3. Comparison of different MC schemes.

TIBWB-
KPI OFDM F-OFDM GFDM TIBWB- OFDM with
OFDM
WTO
PAPR High High High Very High High
Spectral . . .
efficiency Low Low Very High High Very High
OOB emissions High Very Low Mo]ilg‘l;ate/ Very low Low
Reliability (BER Moderate Moderate Low Low/Moderate Moderate
performance)
Computation . Moderate/ High/
complexity Low Moderate High High Very High
Processing delay Low Low High High High
Robustness to
frequency High High High Very High Very High
selectivity
Robustness to . . .
time selectivity Low Low High High High
Efficient MIMO . . . .
implementation High High Moderate High High

5. Conclusions

This paper addressed the main KPI regarding the 5G and beyond candidates wave-
forms and also discussed the challenges they present in order to fulfill the diverse set
of requirements for future wireless communications. It also described in the detail the
advantages and disadvantages of each waveform, while providing a detailed overview of
the transceiver architecture of each MC scheme.

Ultimately, we can state that there is no ideal waveform that can fit all requirements,
and trade-offs must be beared in mind. Therefore, in order to select the most suitable
waveform formats for a specific scenario, future wireless systems must be flexible by taking
into account the different 5G and beyond services requirements and propagation conditions.
An alternative solution consists of choosing and adapting the waveform format that suits
the most service requirements for a specific type of application.
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Abbreviations

The following abbreviations are used in this manuscript:

DFT Discrete Fourier Transform

KPI Key Performance Indicator

eMBB Enhanced Mobile Broadband

mMTC Massive Machine-Type Communication
CCDF Complementary Cumulative Distribution Function
URLLC Ultra-Reliable and Low-Latency Communication
GFDM Generalized Frequency Division Multiplexing
FDE Frequency Domain Equalization
TIBWB-OFDM  Time Interleaved Block Windowed Burst OFDM
MIMO Multiple-Input-Multiple-Output

MMSE Minimum Mean Square Error

IBIC Inter-Block Interference Cancellation

ISC Interference Successive Cancellation

AWGN Additive White Gaussian Noise

ICI Inter-Channel Interference

SRRC Square Root Raised Cosine

IB-DFE Iterative Block Decision Feedback Equalizer
DSSIC Double Sided Interference Cancellation
PAPR Peak-to-Average-Power-Ratio

IFFT Inverse Fast Fourier Transform

WTO Windowing Time Overlapping

FDD Frequency Division Duplex

ITSBI Inter Sub-Band Interference

OFDM Orthogonal Frequency Division Multiplexing
3GPP 3rd Generation Partnership Project

S/P Serial to Parallel

DL Downlink

ISI Inter-Symbol Interference

PSD Power Spectral Density

IoT Internet of Things

5G Fifth Generation

UL Uplink

F-OFDM Filtered-OFDM

UE User Equipment

CFO Carrier Frequency Offset

OOB Out of Band

AP Access Point

mm Milli-Meter

PHY Physical Layer

BS Base Station

SNR Signal-to-Noise Ratio

LTE Long Term Evolution

BER Bit Error Rate

MF Match Filtering

ZF Zero-Forcing

SC Single-Carrier

TDD Time Division Duplex

MC Multi-Carrier

cp Cyclic Prefix

INSBI Inner Sub-Band Interference
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