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'A Abstract

Support of many different services, approximately 1000x increase of current data rates, ultra-low latency and energy/cost efficiency
are among the expectations from the upcoming 5G standards. In order to meet these expectations, researchers investigate various
potential technologies involving different network layers and discuss their tradeoffs for possible 5G scenarios. As one of the most
critical components of communication systems, waveform design plays a vital role here to achieve the aforementioned goals. Basic
features of the 5G waveform can be given in a nutshell as more flexibility, support of multiple access, the ability to co-exist with
different waveforms, low latency and compatibility with promising future technologies such as massive MIMO and mmWave com-
munications. Orthogonal frequency division multiplexing (OFDM) has been the dominant technology in many existing standards
and is still considered as one of the favorites for broadband communications in 5G radio access network (RAN). Considering the
current interest of industry and academia on enhancing OFDM, this paper drafts the merits and shortcomings of OFDM for 5G
RAN scenarios and discusses the various approaches for its improvement. What is addressed in this paper includes not only en-
hancing the waveform characteristics, out of band leakage and peak to average power ratio in particular, but also methods to re-
duce the time and frequency redundancies of OFDM such as cyclic prefix and pilot signals. We present how the requirements of
different 5G RAN scenarios reflect on waveform parameters, and explore the motivations behind designing frames that include
multiple waveforms with different parameters, referred to as numerologies by the 3GPP community, as well as the problems that
arise with such coexistence. In addition, recently proposed OFDM-based signaling schemes will also be discussed along with a

brief comparison.
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1 Introduction

xponential growth in the variety and the number of

data-hungry applications along with mobile devic-

es leads to an explosion in the need for higher data

rates, and this is definitely the main driving factor
in 5G [1]. Therefore, a wide range of data rates up to gigabits
per second are targeted in 5G technologies which are expected
to be deployed around 2020. In order to achieve these goals,
academia has been in a great collaboration with industry as ob-
viously seen in European Union projects as SGNOW [2], ME-
TIS [3], MiWaveS [4] and FANTASTIC - 5G [5]. Along with
those, standardization has been started in 3GPP to deliver the
demanded services timely.

One of the most challenging parts of achieving targeted high
data rates is physical scarcity of the spectrum, and researchers
have been putting an extensive effort to this challenge. One
popular approach is to extend existing spectrum towards virgin
higher frequencies up to 100 GHz [6]. Another approach is to
increase spectral efficiency for a given spectral resource. Milli-
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meter wave (mmWave) communications and massive multiple-
input multiple-output (MIMO) are the representative concepts
of these two approaches and very promising technologies for fa-
cilitating 5G goals, especially for enhanced mobile broadband
(eMBB) services which constitutes one of the main service
groups considered for 5G radio access network (RAN).

Even though not considered as the revolutionary part of 5G,
one of the most fundamental components of any communica-
tion system is the waveform design. Therefore, intensive discus-
sions are being conducted in academia and industry, in order
to select the proper waveform meeting 5G requirements.
Among all the candidates, multicarrier techniques are promi-
nent especially for broadband wireless communications due to
several advantages such as immunity against frequency selec-
tivity, multiuser diversity support and adaptive modulation/cod-
ing techniques. Orthogonal frequency division multiplexing
(OFDM) has been the dominating technology so far and suc-
cessfully deployed in many of the current standards such as
Long Term Evolution (LTE) and Wi-Fi. In the transition from
existing technologies (4G) to the next generation, waveform se-

June 2017 Vol.15 No. S1 ZTE COMMUNICATIONS | 11



B Special Topic

Enhanced OFDM for 5G RAN
Zekeriyya Esat Ankarali, Berker Pekdz, and Hiiseyin Arslan

lection ramifies to two paths for 5G RAN. The first one is re-
considering OFDM based methods by improving its character-
istics and handling its drawbacks with proper solutions. The
second one, on the other hand, is to implement alternative mul-
ticarrier technologies and redesign everything based on a dif-
ferent rationale. Fig. 1 shows transceiver block diagrams for
OFDM and other popular multicarrier schemes including fil-
tered multi-tone mode of filter bank multicarrier (FBMC), uni-
versal filtered multicarrier (UFMC) and generalized frequency

division multiplexing (GFDM). Let us firstly provide the merits
and challenges of the multicarrier technologies considered as
an alternative to OFDM in the context of 5G expectations.

1.1 FBMC

FBMC is one of the most well-known multi-carrier modula-
tion formats in wireless communications literature which is al-
so discussed as a 5G waveform in [7]. It offers a great advan-
tage of shaping each subcarrier and facilitating a flexible utili-
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zation of spectral resources along with meeting various system
requirements, e.g., low latency, multiple access, ete. This is al-
so an advantage for making signal robust against channel ef-
fects, i.e., dispersion in time and frequency domains. For exam-
ple, rectangular filters are preferable for time dispersive chan-
nels while raised cosine filters are more robust against frequen-
cy dispersion. Many other pulse shaping filters are also investi-
gated to cope with various effects of the channel and provide a
reliable system design based on different scenarios [8].

Despite all the advantages of FBMC, the significantly long
filter lengths resulting in colossal symbol durations not only be-
come a problem if low latency applications or short bursts of
machine type communications are in focus [9], but also intro-
duce an excessive computational complexity for MIMO detec-
tion as the channel coherence bandwidth would fall below the
subcarrier bandwidth [10], which would mean problems in all
main applications of 5G.

1.2 UFMC

UFMC is a generalized version of filtered multicarrier tech-
niques where groups of subcarriers, i.e., sub-bands, are filtered
rather than filtering each subcarrier individually [11]. By doing
so, interference between neighboring sub - bands is decreased
compared to conventional OFDM. Also, sub-band based filter-
ing operation, when compared to the subcarrier filtering opera-
tion performed by FBMC, aims to increase the efficiency for
short-burst type communications such as IoT scenarios or very
low latency packets by reducing the filtered symbol duration
and outperforms both cyclic prefix (CP)- OFDM and FBMC for
such use cases [9]. A similar scheme is also presented as re-
source block (RB)-filtered OFDM in [12]. On the other hand,
while UFMC aims to solve the problems of FBMC while main-
taining its advantages, the increased fast Fourier transforma-
tion (FFT) length introduces complexity issues at the transmit-
ter and receiver operations.

1.3 GFDM

GFDM is a block - based multicarrier filtered modulation
scheme, designed to address the challenges in the vast usage
scenarios of the fifth generation by providing a flexible wave-
form [9]. GFDM allows reuse of techniques that were originally
developed for OFDM, as circular convolution is employed to fil-
ter the individual subcarriers, making the GFDM frame self -
contained in a block structure. For tactile internet scenarios,
GFDM can be distinguished from other multicarrier waveforms
by how it achieves robustness over highly mobile channels.
This is accomplished via taking the advantage of the transmit
diversity provided by the easy generation of impulse responses
simply obtained with circularly shifting the single prototype fil-
ter in time and frequency. To improve the reliability and laten-
cy characteristics even further, the GFDM waveform can be
combined with the Walsh - Hadamard transform for increased
performance in single-shot transmission scenarios. When com-
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bined with offset quadrature amplitude modulation mapping,
GFDM avoids self-generated interference if non-orthogonal fil-
ters are employed for next generation multiple accessing.

In a different point of view, GFDM can be considered as a
highly parameterizable waveform that is flexible across frames
rather than a single waveform. By choosing the parameters of
the GFDM waveform appropriately, one can obtain different
waveforms such as OFDM, single carrier - frequency domain
equalization (SC-FDE), FBMC and Faster-Than-Nyquist at the
output, as demonstrated in [9]. In spite of these type of interest-
ing flexibilities, GKDM is a computationally extensive scheme
mainly because FFT/inverse FFT (IFFT) could not immediate-
ly be employed at the GFDM based transceiver [13]. Further-
more, the circular convolution used in the filtering process, re-
ferred to as tail - biting in [14], introduces non - orthogonality
across subcarriers as explained in [8]. Therefore, a successive
interference cancellation at the receiver side is required so as
to remove inter-carrier interference (ICI) [15].

Unlike the aforementioned technologies, OFDM has been
widely and successfully used in wireless digital communica-
tion systems such as LTE and Wi-Fi due to its numerous ad-
vantages such as low-complexity implementation with FFT and
the robustness against multipath channels with single - tap
FDE. However, plain OFDM signals suffer from the distortions
due to the non-linear characteristics of power amplifier (PA).
At the same time, the block nature of OFDM symbols may re-
sult in a high out-of-band (OOB) leakage and cause severe ad-
jacent channel interference. Considering these issues, alterna-
tive schemes, GFDM, UFMC and FBMC definitely offer some
advantages over OFDM. However, backward compatibility of
OFDM with the existing technologies along with the other ad-
vantages makes enhancement of OFDM more appealing for the
industry rather than going for a new waveform, as far as seen in
the current standard discussions [16]-[18]. Therefore, in this
paper, we draft various approaches addressing the shortcom-
ings of OFDM and discuss how OFDM fits the envisioned 5G
concepts and technologies.

Organized into the following five sections, this paper first
presents the methods that enhance the spectral compactness,
robustness against nonlinear effects of radio frequency (RF)
front-end and spectral efficiency of OFDM. We provide exam-
ples of transmitter algorithms that lower peak-to-average power
ratio (PAPR) and OOB leakage of OFDM without requiring ma-
jor modifications at the receiver side. Secondly, considering
newly introduced 5G RAN applications such as massive MI-
MO, we discuss the methods that address reducing the redun-
dancies of OFDM in time (CP duration) and frequency (pilots)
in order to increase spectral efficiency. Following that, we de-
scribe one of the main goals of 5G, which is to make all the di-
verse applications requiring different waveforms co-exist in the
same frame, as addressed by 3GPP community within numerol-
ogy contributions. The motivations and challenges of this con-
cept are briefly investigated. Finally, new OFDM -derived ap-
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proaches that aim to overcome the drawbacks of OFDM are pro-
vided along with the issues they encounter.

2 Improvements in Waveform

Characteristics

In a general sense, the key terms characterizing a basic
OFDM waveform are multicarrier modulation and rectangular
pulse shape', and the majority of the advantages and disadvan-
tages of OFDM are stemming from these features. In this sec-
tion, we discuss how to improve characteristics of OFDM and

make it a more convenient waveform for 5G RAN in terms of
high PAPR, OOB leakage and redundancy introduced by CP.

2.1 OOB Leakage Suppression

High OOB leakage is a major issue in OFDM due to the in-
herent rectangular shape of OFDM symbols. In the frequency
domain, subcarriers are shaped by sinc functions and addition
of their sidelobes results in a considerable energy leakage on
the neighboring channels as shown in Fig. 2. Although there
are well-known filters emitting less energy on side bands, e.g.,
raised cosine and Gaussian filters, OFDM does not allow pulse
shaping unlike FBMC and GFDM, and therefore, a severe in-
terference might be inevitable for users operating on the neigh-
boring frequencies, especially for asynchronous scenarios.
Leaving sufficient guard bands between the users might be con-
sidered as a practical solution, but this would not be an effi-
cient way of utilizing spectral resources. In 5G scenarios, as
far as envisioned so far, a huge number of asynchronous and
data-hungry users should co-exist within a limited spectrum.
Therefore, OFDM signals should be more localized in the fre-
quency domain by handling OOB leakage problem in a practi-
cal way to adapt OFDM to such scenarios.

For the aforementioned purpose, OOB leakage of OFDM sig-
nals has been extensively addressed with numerous techniques
in the literature as reviewed and compared in [19]. For in-
stance, a time domain windowing approach is proposed in [20],
which can make the transitions between the OFDM symbols
smoother and avoid signal components at higher frequencies.
Hence, the OOB leakage of OFDM symbols is significantly re-
duced. This approach became very popular due to its simplici-
ty, effectiveness and requirement of no modification at the re-
ceiver side. However, the introduction of an extra redundancy
as much as the windowing duration remained a problem. In
[21], while the total duration for CP and windowing is kept con-
stant for all subcarriers, windowing is mostly applied to the
edge subcarriers since the leakage of edge subcarriers causes
more interference on the adjacent frequencies. In a practical
multiuser scenario where users need different CP sizes, this ap-
proach can decrease the windowing redundancy compared to

' CP deployment can also be considered among these terms, however,
that will be discussed in later sections.
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the classical approach via a convenient user scheduling. Users
with low time-dispersive channels are assigned to the edge sub-
carriers and users having highly time-dispersive channels are
assigned to the inner subcarriers. Thus, the total duration re-
quired for CP and windowing could be shorter without causing
any problem. In [22]-[25], the OOB leakage is addressed from
frequency domain perspective. A set of subcarriers, named as
cancellation carriers, are allocated for canceling the sidelobes
in [22], [23]. However, such approaches also introduce redun-
dancy in the frequency domain and degrade spectral efficiency
similar to classical windowing approach. In [24], sidelobe sup-
pression is done by weighting subcarriers in such a way that
sidelobes are combined on adjacent frequencies as destructive-
ly as possible. However, weighting leads to a pre-distortion of
subcarriers and bit-error rate (BER) performance naturally re-
duces. In order to limit this distortion, a frequency domain pre-
coder is proposed in [25], which only maintains the spectrum
of OFDM signals under the prescribed mask rather than forc-
ing OOB leakage to zero. By doing so, interference on the adja-
cent frequencies is kept on a reasonable level at the expense of
a smaller degradation BER performance.

2.2 PAPR Mitigation

As a consequence of multicarrier transmission, i.e., transmit-
ting multiple signals in parallel, high PAPR is inevitable for
OFDM signals due to the probable constructive combination of
signals in time domain. In Fig. 3, a comparison between SC
signals having various modulation orders up to 256-QAM, and
OFDM signals having a different number of subcarriers (V) is
provided. Obviously, there is a huge difference in PAPR even
when the number of subcarriers is as low as 32. It could be ig-
nored for users requiring low power transmission. However, in
many scenarios such as the mobile users on cell edges, a reli-
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able transmission requires high power and high PAPR of the
signal for this scenario makes the signal vulnerable to non-lin-
ear effects of RF front-end components. These components typ-
ically have a limited linear range, and any part of the signal ex-
ceeding the linear range is non - linearly scaled. Non - linear
scaling of a signal can also be referred as multiplying a part of
signal components with various coefficients. This makes a time-
varying channel effect on the signal, and the signal is distorted
as if it is exposed to a Doppler spread effect at the transmitter.
As a result, non-linearity of RF' components may lead to severe
interference not only in the user’s band but also for the others
operating on neighboring frequencies due to the spectral re-
growth. At this point, one may notice that the OOB leakage is
not only the function of the waveform itself but also the spec-
tral regrowth of the ideal waveform signals due to the high PA-
PR in practice. Then, even if the OOB suppression perfor-
mance of the related studies in the literature is quite satisfacto-
ry, a good scheme needs to address PAPR and OOB leakage
jointly for fixing these two shortcomings, practically.

PAPR suppression techniques are surveyed well in [26],
however, many of them tackle with PAPR individually without
considering OOB. On the other hand, some existing studies use
PAPR reduction concepts for suppressing OOB. This is
achieved by actively selecting some predesigned sequences,
i.e., selected mapping (SLM) sequences in [27]. Another well -
known PAPR reduction method, partial transmit sequences are
applied on OFDM signals partitioned into contiguous blocks in
the frequency domain in [28]. Additionally, the optimized
phase rotations are multiplied by each sub-block to provide a
contiguous transition between the OFDM symbols to suppress
OOB leakage along with PAPR. Another joint suppression
method is presented in [29], where the constellation points are
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dynamically extended. For the similar purpose, a method
called CP alignment is proposed in [30] similar to the interfer-
ence alignment method presented in [31]. The key idea in this
method is to add a perturbation signal, called alignment signal
(AS), to the plain OFDM symbols in order to reduce the PAPR
and OOB leakage such that the AS aligns with the CP duration
of the OFDM symbols after passing through the channel. How-
ever, this method completely relies on the perfect channel esti-
mation and any error might result in an interference on the da-
ta part. In order to fix this problem, a recent method called stat-
ic CP alignment is proposed in [32] where the AS is designed
according to a pre-determined filter independent of the chan-
nel. These methods also provide physical layer security to
some extent by using additional signals that confuse the unau-
thorized users [33].

Joint PAPR and OOB leakage suppression techniques are
definitely offering a comprehensive solution in enhancing char-
acteristics of OFDM signals. However, they require symbol
based active optimization, which introduces complexity issues
at the transmitter side. Therefore, simpler solutions such as
windowing are still needed in this field.

3 Reducing Redundancies of OFDM

Classical CP-OFDM is known as one of the most spectrally
efficient transmission schemes and sufficiently satisfying the
requirements of LTE - Advanced Pro and currently used IEEE
802.11 systems. However, it still suffers from redundancies, in
both time and frequency domains. The redundancy in time
comes from the use of CP while the redundancy in frequency
domain comes from the use of pilot subcarriers and guard
bands. In order to adopt OFDM for future radio access technol-
ogies and to achieve the aforementioned goals in data rate,
these redundancies should be reduced, significantly.

3.1 CP Reduction

In communication channels with multipath delay spread, a
guard interval (GI) is required to prevent leakage in time be-
tween the successive symbols. CP is a smart way to utilize the
guard interval by copying the samples from the end of a symbol
and pasting them to its beginning. Thus, the linear convolution
of the channel becomes a circular convolution, which makes
the channel matrix diagonalizable only by taking its Fourier
transform and enables a simple equalization in the frequency
domain. The length of the CP is chosen to be larger than the ex-
pected delay spread to avoid any inter - symbol interference
(ISI) and ICI. Also, in order to maintain orthogonal coexistence
of neighboring transmission blocks, predefined values have
been used for the length of the CP and applied to all the
blocks. For example, two CP rates are defined in LTE where
the normal CP duration in terms of symbol duration (Tgyy) is

given as Ty, %X9/128 while the extended CP duration is
Ty, %32/128
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Recent works have shown that extending the CP duration
might not be the best approach to combat against long delay
spreads [34]-[36]. The newly proposed 5G scenarios have in-
troduced their own methods for ISI mitigation. An example is
mmWave MIMO systems that employ highly directional trans-
mission using beamforming. For such systems, beam switching
reference signals are broadcasted so that the receivers can de-
termine which predefined beam is directed to their way, result-
ing in higher signal to interference plus noise ratio for all re-
ceivers. Inventors have shown in [34] that such signals not only
provide support for beam switching but can also be used to esti-
mate delay spread exceeding CP duration. Then, ISI could be
canceled from received symbols, which reduces the required
CP. In [35], authors claim that MIMO receivers can identify
the presence of any residual interference after equalization by
evaluating the channel matrix. It was shown that decreasing
the modulation and coding index instead of extending the CP
length, would increase the throughput. In addition to these
methods, advanced signal processing techniques can be em-
ployed to mitigate the interference. A good example of that is
the bi-directional M - algorithm based equalizer proposed in
[36]. It has shown that a system which experiences a delay
spread six times longer than the CP duration exhibits the same
performance of a conventional system with sufficient CP. It is
achieved at only the expense of performing two iterations of the
proposed algorithm referred to as trellis-based interference de-
tection and mitigation.

In some scenarios, the maximum excess delay might be
much less than the duration of normal CP which makes the
minimum CP overhead of 7% a pointless guard for LTE sys-
tems. To reduce this overhead, the authors of [37] present the
idea of a flexible frame design. A wider range of options in
terms of subcarrier spacing and CP length are used for the
OFDM symbols inside the proposed frame structure. Then, the
users experiencing similar channel dispersions are grouped
and the proper symbol parameters are determined for each
group within the frame. Thus, overall efficiency is enhanced by
avoiding inconvenient parameter selection. An extension of
this approach to mmWave single user MIMO systems can also
be found in [34], where the use of additional subframe configu-
rations is presented independently for each user. Increasing
the number of options for the CP duration is also recommended
in the 3GPP standard contributions [38], [39].

CP overhead also constitutes a disadvantage for the low la-
tency required applications as it introduces delays in the trans-
mission which might cause drawbacks for 5G services such as
ultra reliable low latency communications (URLLC). In the al-
gorithm proposed in [40], the author removed the CPs entirely
from all symbols except the first one for reducing total trans-
mission delay. In the proposed method, the CP used by the
first symbol is utilized to obtain a detailed estimation of the
channel time and frequency characteristics. Afterwards, the
subcarrier spacing is reduced to Afl(Ngyy = 1), where Af de-
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notes the subcarrier spacing used in the first symbol and Ny,
denotes the total number of symbols including the first one. All
symbols sent later are combined to fit in the same bandwidth
used by the first symbol using an IFFT size of
(NSYM— 1)><N0FDM, and sent as a single symbol without CP.
Thus, the total transmission time is reduced by

(N SYM 1) XT., where T¢p is the CP duration.

3.2 Pilot Decontamination

Another redundancy that has been with OFDM since it be-
came practical is the use of pilots within the subcarriers. In
time domain duplexing (TDD) systems, inside a cell, the mo-
bile stations transmit mutually orthogonal pilot sequences to
the base station (BS) so that the BS can estimate the channel in
the uplink (UL), and assuming channel reciprocity, precode ac-
cordingly for the downlink (DL). In the case of frequency do-
main duplexing (FDD) systems, because the channel state for
the UL and DL is different, a two-stage procedure is required.
The BS first transmits pilot symbols and then, the users feed-
back their channel state information to the BS. For the massive
MIMO concept with the TDD case, many beams are estab-
lished for a vast number of users compared to the past. Each
beam requires a different mutually orthogonal sequence, which
increases the length of the sequences immensely and decreas-
es the resources available to transmit data symbols. For the
FDD case, the same situation happens as the number of trans-
mit antennas at the BS goes to infinity. A proposed method to
reduce this overhead is reusing pilot sequences of nearby
cells, which introduces inter-cell-interference and gives rise to
the “pilot contamination” effect [41]. The high number of
lengthy pilots also increases the latency and makes Internet of
Things (IoT)-type sporadic and short messages inefficient.

Some researchers allow the use of the pilots but try to re-
duce the overhead, which can be referred to as soft pilot mitiga-
tion. In [42], the authors propose using only the amplitudes of
the subcarriers as the pilots, and the phase of the same subcar-
riers can be used to transmit information in an effort to in-
crease the data rate. In [43], the author proposes many tech-
niques to mitigate pilot contamination for the TDD case. The
terminals are suggested to match the DL reference signal pow-
ers in the UL, in order to reduce both the overall pilot interfer-
ence in the neighboring cells and the pilot overhead required
for closed loop power control. Another suggestion is reusing pi-
lots softly to avoid inter-cell-interference. Some pilot sequenc-
es are proposed to be assigned for use only at the cell edge
whereas the same groups of pilot sequences can be transmitted
with less power near the BSs. Even further, the author suggests
that the angular resolution provided by the massive number of
antennas can be used to coordinate pilot allocation between
cells and safely reuse the pilot sequences for spatially separat-
ed terminals. In [44], the authors have aligned the Power Delay
Profiles (PDPs) of the users served by the same BS to orthogo-
nalize the pilots sent within the common OFDM symbol. By



aligning the PDPs for the same number of users that can be
sounded within the same symbol, it has been shown that the av-
erage signal-to-noise ratio (SNR) can increase by half.

Another group of researchers has proposed blind channel es-
timation or signal detection techniques to remove pilots com-
pletely, which would be appropriately called hard pilot mitiga-
tion. In [45], the authors have shown that pilots can completely
be removed as the singular value decomposition of the re-
ceived signal matrix projects the received signal onto an inter-
ference-free subspace governed by an easily predictable non-
linear compound. The authors have demonstrated that the pro-
posed subspace projection method outperforms linear channel
estimation if a power margin between the users of interest and
interfering users are provided, especially when the base station
antennas outnumber the coherence time (in number of symbol
durations). In [46], the authors have treated the detected UL
data as pilot symbols to obtain the least squares estimate of the
channel. Also, by estimating the channels of all users sequen-
tially, they obtained extracting vectors that accurately extract
the desired data from the mixture signal.

4 Numerology

Wireless users have different requirements in waveform
based on the service that they get or channel conditions that
they experience. Therefore, there is not any one-size-fits-all so-
lution for waveform design. The ongoing discussions on the us-
age of different numerologies also confirm this argument and
consequently, one crucial expectation from future standards is
the allowance to use multiple waveforms in one frame. This
would definitely constitute a great relaxation in selecting the
most proper waveform based on user needs. However, manag-
ing their coexistence is a critical issue. Especially, inter-user
interference management for uplink/downlink, synchronous
and asynchronous scenarios should be carefully investigated to
utilize spectral resources efficiently.

In the context of 3GPP 5G standardization contributions, the
term numerology refers to the configuration of waveform param-
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eters, and different numerologies are considered as OFDM -
based sub-frames having different parameters such as subcarri-
er spacing/symbol time, CP size, etc. [47]. By designing such
numerologies based on user requirements, industry targets to
meet the aforementioned user - specific demands to some ex-
tent. A general illustration of such numerologies is provided in

Fig. 4. Here, numerology-I would be properly assigned to high-

ly mobile users having more time - variant channels and the

ones with low latency requirement. On the other hand, numer-
ology - II offers more robustness against frequency selectivity
and includes less redundancy due to low CP rate.

Let us give more details on the parameters and the impor-
tance of their selection for designing different numerologies:

1) CP length: The basic function of CP is to avoid inter-symbol
interference and in-band interference. In order to achieve
that, CP length should be specified as longer than the maxi-
mum excess delay of the channel impulse response. There-
fore, users experiencing a wireless channel causing high dis-
persion in time (or more selectivity in frequency) should
have longer CP lengths compared to the users with low dis-
persive channels. In addition, CP makes the signal robust
against time synchronization errors. This might be very criti-
cal especially for asynchronous UL scenarios and low laten-
cy demanding services.

2) Subcarrier spacing: It can also be referred to as subcarrier
bandwidth and is directly related to the duration of an
OFDM symbol. When the CP size is determined on the ba-
sis of the channel conditions and application requirements,
decreasing subcarrier spacing increases spectral efficiency
as the CP rate decreases. However, for highly mobile users,
channel responses might vary within a symbol duration
which leads to ICI. Therefore, symbol time should be kept
smaller by increasing subcarrier spacing in order to make
the transmission robust against time-varying, i.e., frequency
dispersive channels. Additionally, a proper choice of subcar-
rier spacing is very critical for immunity against phase
noise, which is specifically important for users operating on
high frequencies such as mmWave frequencies.

Frequency

Guard band

Numerology- I

Less latency
Robust against time variation
(Doppler spread)

Numerology— II

Spectrally efficient
Robust against ISI
Robust against freq. selectivity |

Figure 4. > AT :
Illustration of different ) ‘ Time
numerologies. ISI: inter-symbol interference
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In the light of aforementioned facts, the coexistence of differ-
ent numerologies offers a great advantage in serving users with
different requirements. However, such a design obviously re-
moves the orthogonality between the numerologies, i.e., sinc
shaped subcarriers with different spacings as illustrated in Fig.
4, and inter-numerology interference becomes inevitable. This
is a major issue in numerology design and guard band determi-
nation between numerologies. Therefore, for the sake of com-
munication performance and spectral efficiency, minimization
of OOB leakage of each numerology or keeping their orthogo-
nality with various methods should be investigated carefully.

5 Other OFDM-Based Signaling Schemes

While many researchers take a stand on enhancing the char-
acteristics of OFDM without changing its conventional struc-
ture, alternative OFDM based approaches, e.g., Unique Word-
OFDM (UW -OFDM), discrete Fourier transformation - spread -
OFDM (DFT-s-OFDM), etc., are also very popular. In this sec-
tion, we will discuss the advantages and disadvantages of these
technologies, illustrated in Fig. 5, along with a comparison
with the classical CP-OFDM.

5.1 Utilizing GI with UW

In Subsection 3.1, we have denoted that CP is a smart way
of utilizing the Gl. There are other methods that utilize the GI
as good as CP, which have recently been gaining attention. The
most prominent one among these methods is UW-OFDM [48].
In UW-OFDM, the GI is filled with a deterministic sequence
called the unique word. To obtain the UW, data subcarriers are
multiplied by a precoding matrix, which depends on the de-
sired UW, before the IFFT operation. This multiplication gen-
erates data dependent redundant subcarriers. Then, these re-
dundant subcarriers are given as input to the IFFT along with

the data symbols. At the output of the IFFT, UW is obtained in

HE -

Tai Tierr T Tier T Tiger

UW-OFDM ‘
o« M M M-

UW DFT-s-OFDM
Tai T Tiwer T

T Tirer Tieer Tieer

CP-OFDM
or

CP DFT-s-OFDM

CP: cyclic prefix

DFT: discrete Fourier transformation
GI: guard interval

IFFT: inverse FFT

OFDM: orthogonal frequency division multiplexing
UW: Unique Word
ZT: zero tail

AFigure 5. The modified structures’ symbols in time below the OFDM
symbol in time, to scale according to LTE extended CP specifications.

18 ' ZTE COMMUNICATIONS =~ June 2017 Vol.15 No. St

DA\EMAG\2017-06-57/VOL15\F7.VFT——10PPS/P8

the time symbol, without needing any other operations such as
copying and pasting as performed for CP.

The advantages of UW-OFDM comes from the fact that the
UW is a natural part of the IFFT interval. Due to this property,
symbols with different unique words can be multiplexed in
time and frequency without destroying the orthogonality among
various users and applications as long as the IDFT length is
kept the same. Therefore, UW length can be adjusted by select-
ing the number of redundant subcarriers and UW-OFDM sym-
bols can be flexibly designed based on the delay spreads expe-
rienced by different receivers [49]. Furthermore, the corre-
sponding correlation introduced between the redundant and da-
ta subcarriers can be exploited to improve the BER perfor-
mance [50]. However, due to the increased complexity
stemmed from the precoding and decoding processes, UW -
OFDM suffers from the complicated receiver and transmitter
structures [51].

5.2 Quasi-Single Carrier Structures

DFT-s-OFDM can be obtained by adding an M-DFT block
before the conventional N-IFFT operation where M < N. It is a
midway between multicarrier and single carrier (SC), and is
usually categorized as a quasi-single carrier structure due to
this generation process. There are two main reasons this well -
known modification of OFDM has been used in the UL of LTE
[52]. Firstly, although higher from pure SC, it exhibits lower
PAPR compared to the CP-OFDM and requires much lower
power amplifier back-off resulting in a higher power efficiency.
Secondly, since it is an OFDM-based structure, the scheduling
flexibility provided by orthogonal frequency division multiple
access (OFDMA) can still be used [53].

The circularity of DFT-s-OFDM symbols is also satisfied
with the help of CP just like the conventional OFDM imple-
mented in LTE. Recently, methods that fill the GI with differ-
ent sequences have also been proposed for DFT-s-OFDM. De-
spite the similarity to the UW -OFDM approach discussed in
the previous subsection, filling the GI with specific sequences
does not require any precoding operation in DFT-s-OFDM be-
cause of its inherent structure [54]. When the sequence, de-
sired to fill the GI, is appended to the data symbols at the in-
put of the M-DFT, the interpolated form of this sequence is ob-
tained at the output of the N-IFFT at no expense of complexity.
Furthermore, these schemes can be used by existing DFT -s-
OFDM receivers without any modifications as the guard se-
quences do not impact the data symbols [55]. Considering
these facts, a popular alternative to the CP -based DFT -s -
OFDM is zero tail (ZT)-based DFT-s-OFDM [56]. The main mo-
tivation behind using a ZT is the ability of adaptation to differ-
ent channel conditions and data rates just by modifying the
number of zeroes [57]. Compared to conventional CP-DFT-s-
OFDM, this scheme offers a better BLER performance and re-
duced OOB leakage as the interference power leaking to the
consecutive symbols is reduced and the zeroes are a natural



part of the IFFT output [57]. Having a ZT, however, decreases
the average power of the transmitted signal, resulting in a PA-
PR penalty [55]. This penalty recently forced this approach to
evolve into what is called Generalized DFT-s-OFDM, and ZT
DFT-s-OFDM remained as a special case where the head and
tail are set to zeroes [58].

The UW concept can also be combined with ZT DFT - -
OFDM and gives rise to UW DFT-s-OFDM. It replaces the ZT
with nonzero low energy redundant symbols that further reduce
the OOB leakage, PAPR and energy in the tail compared to
both UW-OFDM and ZT-DFT-s-OFDM [55]. An enhanced ver-
sion of UW DFT-s-OFDM concept is given in [59], where an
additional perturbation signal is introduced to suppress the ISI
energy between the consecutive symbols, which remains even
less than the ISI between ZT-DFT-s-OFDM symbols. However,
this scheme suffers from the increased receiver complexity and
transmitter complexity due to the linear precoding [55].

6 Conclusions

In this paper, we discussed various aspects of OFDM as the
strongest candidate waveform technology for 5G RAN. After
providing a brief discussion on other candidate waveform
schemes (FBMC, UFMC and GFDM), we firstly addressed the
two major shortcomings of OFDM, high PAPR and OOB leak-
age, and reviewed the potential solutions for handling them in-
dividually or jointly. Then, we discussed the redundancies in
OFDM, e.g., CP and pilots, and provided the proposed meth-
ods in the literature for reducing them. They are specifically
critical for massive-MIMO applications and majority of the pro-
posed techniques are presented in this context. Following the
redundancy reduction techniques, we discussed the concept of
numerology which plays an important role for 5G technologies
in terms of delivering reliable service to the users with various
requirements. Since OFDM is the most prominent waveform
considered in the standard contributions, we just focused on
how OFDM related parameters can meet different user require-
ments stemming from personal and environmental conditions,
and from the types of provided service. However, authors be-
lieve the concept of numerology will evolve to a more general
and flexible notion that encompasses any waveform technolo-
gy, not limited to OFDM. We finally went through the other
OFDM-based waveforms along with their pros and cons in com-
parison with classical OFDM.
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