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Abstract: Fifth generation (5G) wireless technology is a new wireless communication system that must meet
different complementary needs: the high data rate for mobile services, low energy consumption and long-range for
connected objects, low latency to ensure real-time communication for critical applications and, high spectral
efficiency to improve the overall system capacity. The waveforms and associated signal processing present a real
challenge in the implementation of each generation of wireless communication networks. Different research works
have discussed this topic; but, these works are limited to the Filter-Bank Multi-Carrier (FBMC), Universal Filtered
Multi-Carrier (UFMC), and Filtered Orthogonal Frequency-Division Multiplexing (F-OFDM) waveforms. In this
work, we review the technical basics of the physical layer for the LTE system which uses, OFDM modulation for
the downlink and the single carrier frequency division multiple access (SC-FDMA) technique for the uplink.
Besides, this paper presents the diverse waveforms candidate for 5G systems, including, FBMC, UFMC, and F-
OFDM, and compares these techniques with Constant Envelope-OFDM (CE-OFDM), which is an advantageous
form regarding power consumption, especially for battery-powered devices. Simulations are carried out to compare
the performance of the OFDM, CE-OFDM, F-OFDM, UFMC, and FBMC in terms of power spectral density
(PSD) and Bit Error Rate (BER). It has been demonstrated that (CE-OFDM) constitutes a more efficient solution in
terms of energy consumption than the other technics. By comparison with the other technics, the CE-OFDM
scheme performances, in terms of BER and PSD, are controllable by the values of its parameters (M, h, and J).
This advantage gives designers of the system to consider the mutual choice between spectral efficiency and the
BER. Moreover, the (F-OFDM), (UFMC), and (FBMC) schemes could constitute a more efficient solution in terms
of power spectral density. It can be concluded from this paper that CE-OFDM wave form gives the best
performance in terms of power consumption by reducing the Peak to Average Power Ratio (PAPR) associated with
the OFDM system and FBMC is an efficiency technique to reduce the inter-carrier interference (ICl).
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1. Introduction

Over the past decade, the need for broadband wireless communications services has increased. These services are

confronted with numerous energy and spectral constraints on the implementation of networks and terminals.
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Indeed, 4G is currently the latest generation of cellular technologies, the fifth generation (5G) will be used for the
future communication system. Like 3G technologies, Long Term Evolution (LTE) and LTE-Advanced have used a
wide range of mechanisms to support the growing load of mobile data users. But unlike 3G, using Code division
multiple access (CDMA) multiplexing, Orthogonal Frequency-Division Multiple Access (OFDMA) used in 4G can
drastically reduce the interference experienced by transmissions, greatly improving system performance. 5G brings us
from the design of networks connecting mobile devices only to systems that connect different types of devices
operating at high speed. The main features of 5G are high throughput, improved spectrum efficiency, reduced latency,
better mobility support, and high connection density. To support the increased 5G bandwidth requirements, a new
spectrum has been assigned to the 5G millimeter wave bands. 5G technology is designed to support data rates of
several Gbps [1], [2]. To achieve this goal, one of the most difficult tasks of wireless transceivers is to generate
millimeter waveforms (mmW) in the measurement band greater than 24 GHz [3], [4] with reduced Peak to Average
Power Ratio (PAPR), better energy efficiency and good spectral efficiency.

The switch to 5G would be a significant break from 4G systems, such as LTE and Wi-Fi based on Orthogonal
Frequency-Division Multiplexing (OFDM), as a multi-carrier modulation technique. This technique has important
advantages, its flexible resource allocation and simplified equalization. Even these important advantages, OFDM has
disadvantages. OFDM is based on the use of rectangular pulses in the time domain, which leads to a slowly decaying
behavior in the frequency domain; this makes OFDM unsuited for use in fragmented spectrum scenarios, where strict
constraints on the out-of-band (OOB) levels are to be fulfilled. On the other hand, in 4th generation systems, control of
out-of-band emissions is performed by filtering the whole OFDM signal. Both solutions unfortunately lead to a loss in
spectral efficiency, since in the former case some of the available subcarriers are actually not modulated, while in the
latter case we need a longer cyclic prefix to combat the time dispersion induced by the filtering operation. Moreover,
the need for a long cyclic prefix (CP) in heavy multipath environments is then another factor that degrades the system
spectral efficiency. Likewise, the need for strict frequency and time synchronization among blocks and subcarriers in
order to maintain orthogonality is a requirement that does not match well with the 10T scenario, wherein many devices
have to access the channel with short data frames. Furthermore, Synchronization is also a key issue in the uplink of a
cellular network wherein different mobile terminals transmit separately [5], and in the downlink, when base station
coordination is used [6]. Additionally, OFDM signals may exhibit large PAPR values [7], and this has a clear impact on
the system energy efficiency.

In order to meet the different requirements of 5G in terms of energy efficiency, spectral efficiency and to meet the
needs of users of different services offered by 5G, many waveforms have been proposed with particular design
parameters.

For high spectral efficiency, many filter-based waveforms have been widely studied recently. The advantage of
filter-based waveforms is that they use different designs to support asynchronous transmission by reducing OOBs [8].
In general, the filter-based waveforms can be divided into three types: subcarrier filtering sub-band filtering and full-
band filtering. The Subcarrier Filtering approach is used in Filter-Bank Multi-Carrier (FBMC) [9], [10]. In this system,
any modulation type might be employed. However, it can suffer from performance degradation in harsh environment
such as large Doppler spread or channel delay spread [9]. In addition, the filter banks used in FBMC are taken from a
prototype filter that controls the system performance, such as inter-symbol interference (ISI) and inter-carrier
interference (ICI) [10]. The sub-band filtering is applied to Universal Filtered Multi-Carrier (UFMC) [11], [12]. This
later can offer many advantages like a spectral efficiency similar to FBMC with less complexity, and lower power
back-Off than for an OFDM system. The full-band filtering exploited by Filtered-OFDM (F-OFDM) [13], [14] is a
technique used to reduce the input back off power (IBO) associated with OFDM modulation.

For good energy efficiency, the amplification of the OFDM signal with constant envelope is effective. This is,
done at a minimum IBO and does not cause spectral widening [15]. By phase modulation, Constant Envelope-OFDM
incorporates the information contained in a high PAPR message at the carrier phase rather than at its amplitude, giving
a constant envelope RF signal -an optimal 0 dB PAPR-. The addition of a spectral precoder in the CE-OFDM block
allows the reduction of powers of the side lobes [16]. The solutions proposed in [17] allow the reduction of the
complexity of CE-OFDM system. However, to improve the spectral efficiency of CE-OFDM, a Quasi-CE-OFDM
scheme is proposed in [18] which use a phase/ quadrature modulator. The constant envelope waveform can be applied
for digital transmission via PLC channels [19]. More applications of CE-OFDM are detailed in [20]. In [21], [22], the
authors proposed a CE-OFDM-CPM scheme using Multiple-Input Multiple-Output (MIMO) to increase the capacity of
the OFDM system.

This article aims to use those solutions to reduce energy consumption and increase the use of bandwidth in the 5G
network. Our objective is, on one hand, to increase the spectral efficiency, on the other hand to increase the energy
efficiency of the systems, which constitutes a fundamental challenge, these two objectives often being contradictory.
Simulations are conducted to complete this study. They allow comparison of the proposed systems in terms of Power
Spectral Density (PSD) and in terms of bit error rate (BER). To illustrate these results, the BERSs versus signal-to-noise
ratio (SNR) are given for the proposed systems.

This paper is organized as follows: section 2 presents the related works. The transition techniques used in the 4G
LTE standard are given in section 3. In the section 4, the basic principles and characteristics of various candidate
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waveforms for 5G technology are presented. In section 5, the simulation parameters and results are presented and
discussed. Finally, we closed the paper with brief conclusions in section 6.

2. Related Works

The demand for throughput increases significantly each year with the emergence of new applications and services.
These new trends push 4G to its limits. Thus, the 5th generation of mobile networks (5G), currently being standardized,
will have to provide effective solutions to these new challenges. This new generation plans to introduce new types of
services for these emerging applications, while improving the conventional mobile communications service in terms of
throughput, latency and network coverage. In this context, several techniques are being explored to meet the
requirements of 5G. Among the most promising techniques in the physical layer, new multi-carrier waveforms are
proposed. Many researches warried out on multi-carrier waveforms in order to propose a souhaitble one for 5G
application.

Indeed, the majority of the work related to this subject is based on the comparison of the waveforms FBMC,
UFMC, F-OFDM and Generalized Frequency Division Multiplexing (GFDM) with the popular waveform OFDM. In
[23], authors present a comprehensive comparison between these waveforms in terms of spectral efficiency, complexity
and compatibility with MIMO technique. The work presented in [24] is limited to the study of the UFMC scheme, its
performance is evaluated in terms of spectral efficiency, BER, PAPR, Carrier Frequency Offsite (CFO), time delay
(TD) effects, etc. It has been demonstrated that the UFMC suffers from the same problems as other multi-carrier
modulations, including a higher PAPR, affected by CFO, but it has its own advantages inherent such as delay
insensitivity or energy efficiency, and the main negative factor of UFMC is ICI. In [25], authors tried to build a
common framework based on the OFDM principle and derive these new waveforms. This derivation provides a new
perspective that facilitates the direct understanding of channel equalization and the application of these new waveforms
to multi-input multi-output channels. It also facilitates the derivation of new structures for a more efficient
synthesis/analysis of these waveforms than those reported in the literature. In [26], several key requirements are
presented to determine the merit of candidate waveform formats to meet 5G requirements in the mmWave ARoF
architecture. An overview of the different waveforms suitable for this architecture is provided, discussing their
advantages and disadvantages. In addition, a complete comparison in terms of different requirements is also presented
in this document. Authors of [27] provided comprehensive analysis and comparison of typical waveforms (FBMC,
UFMC, GFDM, F-OFDM). In addition to the basic principles of these waveforms, the authors also reveal the
underlying characteristics. In [28], OFDM's downlink were strained and he demonstrated that Filter bank multicarrier
(FBMC) could be a more impressive answer. The comparative study of the FBMC and OFDM was carried out in view
of the power spectral densities reproduced using MATLAB. Based on this work author have concluded that the FBMC
system eliminates the disadvantages of OFDM and can the candidate waveform for future systems 5G systems. In [29],
authors review the concept of channel estimation in FBMC, OFDM-Offset Quadrature Amplitude Modulation (OFDM-
OQAM), UFMC and GFDM-OQAM waveforms as well as in other candidate waveforms for study in emerging 5G
networks. In [30], authors compare the performance of candidate waveforms such as GFDM, BFDM, FBMC, UFMC,
NOMA and with OFDM. Based on the analysis of the results and discussions, a new waveform is proposed that
overcomes the disadvantages of previous waveforms in use. The proposed waveform was windowed and filtered
OFDM. According to goyal et al. WFOFDM supports M-ary quadrature amplitude modulation (M-QAM) modulation
and is a good waveform competitor which results in improved performance, reduced OOB emission in shorter window
length (6 or 8) and increased spectral efficiency. Researchers have tried to make a comparison of different mutli-carrier
waveform for 5G wireless applications in order to propose a completive one. In this direction, we have proposed a new
waveform for 5G band which is CE-OFDM. This technique has the advantage to eliminate the PAPR associated with
other waveforms as well it is a less power consumption which allows this technique to be desirable for battery-powered
wireless systems.

3. OFDM and SC-FDMA in 4G networks

The current 4G standard, the LTE system, is based on the use of the OFDM modulation for the downlink and of
the single carrier frequency division multiple access (SC-FDMA) technique for the uplink [31]. OFDM is an orthogonal
block transmission scheme which, in ideal conditions, is not affected by inter-carrier interference and inter-symbol
interference. Among the chief advantages of OFDM and OFDMA are: a)- The simplicity of implementation of the
transceiver thanks to the fast Fourier transform (FFT) and inverse fast Fourier transform (IFFT) blocks, b)- The ability
to counteract multi-path distortion, c)- The orthogonality of subcarriers, which eliminates inter-cell interference, d)-
Their easy coupling with adaptive modulation techniques And e)- The easy integration in multi-antennas hardware.

3.1 Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is a modulation technique which has revolutionized the wireless communications industry. OFDM is a
multicarrier scheme, which divides a wideband signal into multiple narrower bands of spectrum such that the aggregate
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signal does not suffer the total impact of the fading in a wideband multipath channel. This lends OFDM its inherent
ability to enable high-speed communication on harsh wideband multipath channels without the need for complex
channel equalization. This virtue has made OFDM a favorite modulation technique for 802.11 Wi Fi protocols, and the
4G cellular standards.

OFDM makes to transmit a block of N symbols during a period Tg in parallel manner on N subcarriers.
Transmitting a cyclic prefix during a guard interval between successive blocks avoids the ISI. The interval duration, T,
is designed such that Ty > tmax (channel’s maximum propagation delay) so that the channel is absorbed in the guard
interval and the OFDM block is uncorrupted.

The OFDM signal can be expressed as

N-1 )

S(t) :Z|: Ii'keJZkat:|g(t_iTB) (l)
i k=0

The pulse shape, g(t), is typically rectangular:

1, O0<t<T
a(t)= B @
0, Otherwise

Notice that the N data symbols{lik}s:o1 are transmitted during the ith block. The set of complex sinusoids

{ejz”fk‘}N*1 are referred to as subcarriers. The center frequency of the kth subcarrier is fx = k/Tg and the subcarrier
k=0

spacing, 1/Ts Hz, makes the subcarriers orthogonal over the block interval, expressed mathematically as
1J‘TB('2ft* 27t LMo ion(fp-ft
el el ”kl) (eJ”kz)dt:_j (eJ 7(fio—fia) )dt

T, 0 T, 0
(©)

L k=K,

o,k =k,

where ()" represents the complex conjugate operation, the subcarrier orthogonality can also be viewed in the frequency
domain. Consider the Oth OFDM block:

N-1 i
st) =D 18", 0<t<T, @
k=0
During the OFDM block interval, the waveform is
Nl
st) =Y 1,e%, 0<t<T, 5)
k=0

where {li k}::: are the data symbols, {ejz”fk‘}N_1 are the subcarriers, N is the total number of subcarriers, fc = k/Tg is

the center frequency of the kth subcarrier and Tg is the block period. The guard interval is defined during -Tq <¢ < 0,
where Tq is the guard period. To transmit a cyclic prefix, the last T4 s of the block is transmitted during the guard

interval:
N-1 o N-1 o . N-1 o
S(t) — Z Ike] 7 fi (t+Tg) — Z Ikej T ktejZIZk — Z Ikej it ®)
k=0 k=0 k=0

where -Tg <7< 0.
Notice that the above simplification is made due to the periodicity of the signal. Thus the OFDM signal having a
guard interval with cyclic prefix is simply
N-1
st) =Y 1,7, T <t<T, o)
k=0
The received signal is
r(t) = s(t) *h(z) +n(t)
= [ "h(z)s(t-7)dz +n(t) ®)
= jo h(z)s(t—7)dz +n(t)

where A(z) is the time-invariant channel impulse responsel and n(t) is additive noise.
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3.2 Single Carrier Frequency Division Multiple Access (SC-FDMA)

Single Carrier Frequency Division Multiple Access (SC-FDMA) is a slightly different version of OFDM used in
the uplink of LTE. It is a promising transmission technology for portable devices due to its low PAPR and a less
sensitivity to frequency offset [32], [33]. The conventional SC-FDMA (C-SCFDMA) presented in Fig. 1(a) consists of
NDiscrete Fourier Transform (DFT) and a subcarrier mapping followed by N-IFFT, where A/ is the number of
subcarriers allocated to a user and N is the full IFFT size. Let (#2), 72=0, 1, - - -, /.- 1, be modulated samples. The
output of /-DFT is written as

e nm
X4(n) = x(m)exp —jZﬂ'N— ©)
m=0 a

The subcarrier mapping expands (n) by zero padding as

) X4 (|n—n*|Na), n*—%SnSn*

N,
X, (In|N) = 51

(10)
0 Otherwise

where 72* is the subcarrier shift corresponding to the distance between the direct current (DC) subcarrier and the center
subcarrier in the allocation and |k|N =k mod N is modulo operation. The output of N-IFFT is written as

18 ...hm
yd(k):WZXc(n)exp j27TN—, 0<k<N-1 1)

n=0 a

As system bandwidth grows, SC-FDMA transmitters face some challenges in implementation to meet the budget
requirement of the processing time, where inverse fast Fourier transform (IFFT) is one of the computation-intensive
blocks [34]. A implementation using an integer rate interpolation is achieved by replacing the full size IFFT with a
smaller IFFT and a small interpolator, the interpolation-based SC-FDMA (I-SC-FDMA) presented in Fig. 1(b), can
provide a significant complexity reduction when the resource allocation size is relatively small [35].

In [36], the authors demonstrate that this implementation allows a significant reduction in computational
complexity when the size of the resource allocation is relatively smaller than the total number of subcarriers. ie, if this
condition is met, 1-SC-FDMA offers a reduction in complexity, otherwise C-SC-FDMA is preferred. It should be
emphasized that the selection threshold is sufficiently high for a user in multi-user scenarios.

5 Subcarrier R—
x(m) Xa(n) Mapping X.(n) Y.(n)
(a)
iubcarr.ler Up sampling Lovo-l-Pass _ Ph-ase
x(m) X, (n) entering X,(n) y2(k) Filter y3(k) Shifter Yp(k)

Interpolator

(b)

Fig. 1 - Simplified block diagrams for (a) conventional SC-FDMA transmitter; (b) Interpolation-based SC-
FDMA implementation [36]

4. Modulations and Waveforms for 5G networks: CE-OFDM, FBMC, UFMC and F-OFDM

The main disadvantage of OFDM is that the modulated waveform has high amplitude fluctuations that produce
large peak-to-average power ratios (PAPR) [7]. The high PAPR increases the OFDM's sensitivity to non-linear
distortion caused by the transmitter's power amplifier (PA) [37]. In the absence of sufficient power reduction, the
system suffers from spectral broadening, intermodulation distortion and, therefore, performance degradation [38].
These problems can be reduced by applying different PAPR reduction methods [39], [40], but this has a negative effect
on the PA efficiency [41]. For battery-powered mobile devices, this poses a real problem due to the limited energy
resources. As a result, OFDM is considered inefficient in terms of power, which is undesirable especially for battery-
powered wireless systems. Low energy consumption and good spectral efficiency are the most relevant expectations of
5G.

In this section, we present candidate waveforms to meet the diversified and pronounced expectations of future
cellular 5G networks, notably CE-OFDM to PAPR 0dB for amplification without the need for linearization of the
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power amplifier. Moreover, FBMC, UFMC and F-OFDM as a modulation techniques that use different types of filters
to improve the spectral efficiency of the system.

4.1 Systems Models
4.1.1 FBMC System Model

FBMC offers advantages that overcome the known limitations of OFDM in terms of reduced spectral efficiency
and synchronization requirements. These advantages have led to consider FBMC as one of the modulation techniques
of 5G communication systems. The Subcarrier Filtering approach used by FBMC to solve the ISI problem in OFDM is
to add additional filtering at the transmitter and receiver levels side, next to IFFT/FFT blocks.

The blocks which constitute an FBMC system are presented in Fig. 2, where T denotes the time interval of FBMC
symbols and N denotes the number of subcarriers [27]. For each subcarrier, the complex QAM symbols are first split
into real parts and imaginary parts. The OQAM symbols are employed to avoid intrinsic interference in the
conventional FBMC systems. Next to imaginary parts of a duration T/2, the joined OQAM signals come into the
transmission filter, after that the signals will be modulated by the corresponding subcarrier frequency before being
transmitted to the network. The receiver follows a reverse procedure to recover the signal sent by the transmitter.

A prototype filter that guarantees significant ISI suppression is obtained by introducing additional coefficients
between the FFT coefficients in the frequency domain. In particular, the number of introduced coefficients between two
consecutive DFT coefficients is called the “overlapping factor” of the filter K, which is also equal to the ratio between
the filter impulse response duration and the multicarrier symbol period T, thereby determining the number of
multicarrier symbols which overlap in the time domain. To guarantee a low ISI, the filter response must be impulse:

Filter 0 —)§7 —)@—) Filter 0 > i i

—-—
1 ﬂ

Filter 1 A —) Filter 1

— g
oI G+ g -Jf 2ass
RPN L.
e/ (N=1EFt+3) e~ J(N= 1)(—“-)
Filter N-1 e®— _)é% Filter N-1 9@

Fig. 3 - Block diagram for FBMC

K-1 kt
p(t) =1+2> H, cos| 27— (12)
) KT
where the coefficients Hyare given in Table. 1, up to K = 4.

Table 1 - Frequency-domain prototype filter coefficients

K Ho H1 Hz H3
2 . .
2 1 N/) 4
3 1 0911438 0411438 y
2
4 1 0.971960 N3 4 0.235147

The complex input symbols are expressed as

X=R)+jl), 0<m<M-land 0<n<N-1
 Rotily ]
(13)

R i
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where R7 and | are the real and imaginary parts of the mth symbol on nth subcarrier, respectively.

The signal s(t), consisting of M symbols, sent over N subcarriers can be expressed as

M-1N-1

SOEDIP I (10

m=0 n=0

>

where the basis pulse g, (t) = p(t—mT /2)e’>"" "™ is, essentially, a time and frequency shift version of the

prototype filter p(t). x . are real-valued symbols, which is related to R} and | by the following equation.

n H n .
X, = Rr: n !s even X = Imn n |-s even (15)
' I; nisodd ' RY nis odd

In practical, the FBMC signal is generated by a sampling rate. Thus, the transmitted data of discrete time FBMC
system can be written in a simple manner as

s[i]= 2> XnaGmal[1] (16)

where g, [i]denotes the shifted version used for the nth subcarrier. Considering an ideal channel with no noise, the
demodulated symbol at the receiver for the n'th sub-carrier and the m'th time slot can be written as

-1N-1

Z D Xn 9 e [1]9ma (1] an

i m=0n=0

where (.)" denotes the complex conjugation.
The Power spectral density (PSD) of discrete random process of FBMC signal, is given in the following

K
s(f) =|G(f)[" A[Efj (18)
where A(% fj is the PSD of the signal, G( f ) is the Fourier transform of the prototype filter g[n], and f is the
normalized frequency with respect to the sampling frequency fs.

For the AWGN channel, the BER performance of FBMC system for 16-OQAM can be expressed as [42]
1 3 6 5

BER e == — — + (19)
2
8\/1+10 8\/9+10 8\/25 10
SNR SNR SNR
The SNR is defined as
POFDM PFBMC
SNR = P = X (20)

n

n lp
2

where P =E {| X 2} represents the average data symbol power. For the same bandwidth FL, setting

pFeMe — % POFPM see (20), implies that the average transmit power P, = K_lT j “E {|s(t)|2 }dt is the same for OFDM,

CP-OFDM and FBMC.

4.1.2 UFMC System Model

The waveform based on sub-band filtering is proposed to overcome the drawbacks of the subcarrier filtering used
in FBMC. The sub-band-wise filtering is considered as a compromise between the whole band filtering of OFDM and
subcarrier-wise filtering of FBMC. Hence, the filters are shorter compared to the FBMC, where the length of filters is
much longer than the symbol duration. The total available bandwidth is partitioned into sub-bands and filtering is
performed with a fixed frequency domain granularity.

The multi-carrier signal transmitted in the time domain for a user k is the superposition of the components filtered
under the band, with the filter length L and the FFT length N. The signal demodulation in the receiver depends on a 2N-
point FFT. A key feature of UFMC is the employment of that 2N-point FFT in the receiver, which can recover the data
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symbols without the need of CP. Given the length of the transmitted signal, N, and the length of the channel impulse
response (CIR), L, the length of the received signal will be NCL—1. The data symbols can be recovered via the
application of a 2N point FFT followed by decimation with factor two after the filling of N-L-1 zeros at the end of the
received signal. For more details see reference [27]. A block diagram of a conventional UFMC transmitter-receiver is
shown in Fig. 3.

The transmitted signal is given by Equation (21):

B B
X = zxik = Z FicVie Sic 1)
i1 i1

where Six is the transmitted signal of the ith sub-band and B is the total number of sub-bands. Vix represents the IFFT to
eplitz matrix for the ith sub-band. Size of Vi is Nxni. Fi is Chebyshev filter applied to the ith sub-band. Size of this
vectoris (N +L — 1) x N . Size of Siisnixland k = 0....B.

UFMC can be even used with different subcarrier spacing or filter times for users in different sub-bands. E.g. user
1 uses a particular FFT size N1 and filter length Li, user 2 uses N2 and L, and the UFMC symbol durations might be
designed identically, thus Ni+Li-1= Na+L,-1. This allows UFMC to be a highly adaptive modulation scheme, which
can be easily tailored to many different aspects of communications such as delay/Doppler spread characteristics of the
radio channel and user needs. A conventional UFMC receiver utilizes an FFT block that has twice the size of IFFT
block at the transmitter. A Chebyshev window with parameterized side lobe attenuation is employed to filter the IFFT
output per sub-band [13].

IDFT Filter Fy, X1k
si. G spreader with
p Vi +P/S Length L

X2k X e
Filter Fy, .
. with to RF
S
. Length L

Filter Fy,
with

Other
users

Noisen
Sax

Symbol
estimates

< equalization]
Zero padding

Fig. 3 - Basic concept of UFMC

For AWGN channel, the BER of OFDM using M-QAM in [43] is given as

o AWM fT6E, Tog, I
OFDM Nlogzm No M -1

(22)

where M represents the modulation order, Eb/NO is signal to noise ratio and Q(x) is Q-function which is defined as

Q(x) = (23)

12
1 J-+oo e—zdt
27
Unlike OFDM where filtering is applied to all of the symbol's sub-carriers. In UFMC, each subcarrier is filtered.
On the receiver side, each sub-band must perform the reverse process of the filter. In this process, the noise variance on
the k-th subcarrier of UFMC system in the i-th sub-band is

of =—= (24)

209



Jamal Mestoui et al., International Journal of Integrated Engineering Vol. 13 No. 6 (2021) p. 202-219

where ry indicates the equivalent filter response corresponding to the k-th subcarrier, and o, represents Gaussian white
noise variance. Therefore, the BER of M-QAM in the UFMC system under the AWGN channel can be expressed as

P —iii Z(W_l) Q 6Eb| |2 |092\/_
o BiTia \/_|092\/_ N, " M -1

(25)

where K is the total subcarriers of each sub-band, and B is the number of sub-bands. Although the UFMC is not an
orthogonal waveform as a whole, the sub-bands and the subcarriers in the band are still orthogonal. Therefore, the
overall BER of the system is equal to the average bit error rate of the respective sub-bands under the condition that each
sub-band is independent of each other.

The BER of the system corresponding to the AWGN channel is the upper limit of the performance of the UFMC
system. In fact, a communication system is often accompanied by fading channels. For UFMC, the main factor
affecting the BER of system is the signal to noise ratio. After equalization compensation, the effect of channel on noise
is the same for OFDM and UFMC. The only difference is that the filtering of the UFMC changes the power of the

noise. Thus, the noise variance on the k-th subcarrier in the i-th sub-band for UFMC system can be written as

1
2 O-n

o =—>
7

where A is corresponded to the equivalent filter impulse response and the Rayleigh fading channel response in the k-th

subcarrier, and oy, is the variance of Gaussian white noise. Bringing (23) to (22), the BER of UFMC can be rewritten as

o1 &S (W_l) .2 log, M
UFMC_@;:;\/—IOQZ\/—E \/ |A1<| M -1

(26)

@7)

From the Eq. (38) the BER of UFMC is mainly determined by modulation order, signal to noise ratio, equivalent
filter response, and fading channel response, which is different from OFDM. Simultaneously, the number of subcarriers

K and the number of sub-bands B also impact on BER for UFMC. Under certain conditions, |ﬂk|2 =1, OFDM and

UFMC should have the same performance. But, in a practical implementation, we can’t guarantee that this situation
will be met. Under these circumstances, the performance of UFMC will not coincide with OFDM. This is due to the
amplification of the noise caused by the filtering operation and channel equalization.

4.1.3 F-OFDM System Model

Filtered-OFDM (F-OFDM) is another sub-band-wise filtered multicarrier scheme, but the filtering granularity is
more flexible than UFMC. According to the diagram in Fig. 4, F-OFDM is a waveform that uses full-band filtering,

only one emission filter and another reception filter are used.
—= Filter |—> Remove
cp H

Hﬂ Add —> Filter —>
P

Fig. 4 - System structure of F-OFDM

|auueyy

The filtered frequency orthogonal frequency division multiplexing system (F-OFDM) is a promising waveform for
5G and beyond that allows multi-service and efficient spectrum slicing.

The F-OFDM shares all the advantages of well-localized frequency waveforms such as the low OOBE, allowing
asynchronous transmission, requiring fewer guard tones and compatible with the MIMO transmission scheme.
However, complexity remains the main drawback of F-OFDM compared to CP-OFDM.

4.1.4 CE-OFDM System Model

CE-OFDM is multi-carrier system which used to avoid the PAPR problem associated with OFDM system by way
of signal transformation. This method consists of a transformation of the OFDM signal before the amplification part, at
the receiver an inverse conversion is performed before the demodulation stage. By using this method we can reduce the
PAPR to 0 dB. Fig. 5 gives the Block diagram of CE-OFDM system.
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The baseband OFDM waveform

N

m(t) ZZZ L 0 (t=iTg) (28)

i k=l
where{|ik}, are the data symbols and {q,(t)} are the orthogonal subcarriers. For CE-OFDM, before amplification
m(t) is passed through a phase modulator.
The baseband CE-OFDM signal is

s(t) = Ae¥® (29)

where A is the signal amplitude and ¢(t) is the information bearing phase signal. The advantage of the CE waveform

is that the instantaneous power is constant‘s(t)‘2 — A2. Consequently, the PAPR is 0 dB and the required back off is 0

dB.

The PA can therefore operate at the optimum (saturation) point, maximizing average transmit power (good for
range) and maximizing PA efficiency (good for battery life).
The phase signal during ith block is written as

N
#(t) =6, +27hC D 1, q, (t—iTy), Ty <t<(i+DT, @0
k=1
where h is referred as the modulation index and &, is a memory term. The normalizing constant, C,.issetto

2
C,=|— (31)
N \j No?

where o is the data symbol variance:

2
0,2=E{‘Ii]k‘2}=% 32)
which is only a function of the modulation index. The signal energy is
& = L(T:l)TB |S(t)|2 dt = AT, (33)
and the bit energy is
. g, AT, o

~ Nlog,M Nlog, M
CE-OFDM requires a real-valued OFDM message signal. Therefore, the data symbols in (28) are real-valued:
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I, e{xL£3,., (M -1} (35)

This one-dimensional constellation is known as pulse-amplitude modulation (PAM). The subcarriers {q, (t)} must

also be real-valued. Three possibilities are considered: half-wave cosines, half-wave sines, and full-wave cosines and
sines.

In terms of implementation, (36) can be computed with a discrete cosine transform (DCT); (37) with a discrete
sine transform (DST); and (38) by taking the real part of a discrete Fourier transform (DFT), or equivalently by taking a
2N-point DFT of a conjugate symmetric data vector as processed in [15].

For k =1,2,..., N, half-wave cosines is,

coszkt/T, 0<t<T,
q.(t) = . (36)
0 othewise
For k =1,2,..., N, half-wave sines is,
sinzkt/T, 0<t<T
=1 " - @)
0 othewise
For k=1,2,...,N afull-wave cosines and sines is:
cos 2kt /T 0<t<T,; k<N/2
q.(t)=4sin2z(k-N/2)/T, 0<t<T, k>N/2 (38)

0 othewise

The smoothest phase results from CP-DCT (Continuous Phase-DCT)which, unlike DST and CP-DFT, has a first
derivative equal to zero at the boundary times t = iTs. Consequently, the CP-DCT is the most spectrally contained.
The power spectral density of the CE-OFDM signal can be easily estimated by Welch's method [44].

4.2 Spectral Efficiency

In order to answer the requirements of the applications that must be provided by 5G technology, spectral efficiency
is a very important parameter. Good spectral efficiency increases the transmission capacity which has an effect on the
data rate. Spectral efficiency, is can be defined as symbol transmission rate in a band of frequency.

Table 2 - Spectral efficiency of OFDM, UFMC, FBMC and CE-OFDM

Spectral Efficiency Parameters description
OFDM

Rorpa : Transmission rate
Nlog. M Worpy : Transmission bandwidth
SEorom = Rorou =299V 39 N: Number of subcarrier
Worow N+ Nep Ncp: Cyclic Prefix length
M: Modulation order

UFMC
Rurumc : Transmission rate
Woeme = T ission bandwidth
Ry N log, M (0) urue ransmission bandwi
SEjeve = =—"° N: Number of subcarrier
Woewe  N+L-1 L: length of filter

M: Modulation order

FBMC

Rrguc : Transmission rate

R Slog. M Wesmc : Transmission bandwidth
SEpgye = 2 AL L)) S: Number of symbol

Wegye S +K-1/2 K: Overlapping factor
M: Modulation order

CE-OFDM
Nlog, M
Ree_orom = T 2 (b/s)
B
SEce orom = Ree orou = log, M__(42) T: OFDM block period
Wee oron ~ Max(27h,1) Weswme : Transmission bandwidth

h: Modulation index
M: Modulation order
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Through (39), (40), (41) and (42), it is obvious that with the reduction of cyclic prefix or the length of filter or the
increasing of modulation order, the spectral efficiency of multicarrier modulation can be improved.

Note that, F-OFDM maintains the same CP-OFDM process and uses FIR filtering. Filtering does not reduce
spectral efficiency. Therefore, the spectral efficiency of F-OFDM is also equal to that of CP-OFDM.

5. Simulation Results and Comparison

In this section, the simulation results and discussions regarding the comparison of power spectral density and BER
performance in different candidate waveforms for 5G technology will be presented. The simulations are done by
MATLAB. The simulation parameters for each system model are given in the Table. 3.

Table 3 - Systems parameters

Parameter Parameter description Value
OFDM parameters
N Number of subcarrier 128
Ncp Cyclic Prefix length N/4
numFFT FFT size 1024
SNR Signal-to-noise ratio 0-15
Modulation type 16-QAM
CE-OFDM parameters
N Number of subcarrier 128
Ncp Cyclic Prefix length N/4
J oversampling factor 8
numFFT FFT size N*J
2zh h : modulation index 0.2-1.2-2
SNR Signal-to-noise ratio 0-15
Modulation type 16-QAM
FBMC parameters
N Number of subcarrier 128
numFFT FFT size 1024
SNR Signal-to-noise ratio 0-15
Modulation type 16-QAM
K Overlapping Factor 4
Filter type Prototype
UFMC parameters
N Number of subcarrier 128
numFFT FFT size 1024
SNR Signal-to-noise ratio 0-15
Modulation type 16-QAM
B Number of sub-band 10
Subcarrier per sub-band 80
L Length of the sub-band filters 33,50
Filter side-lobe Attenuation 40
Filter type Chebyshev
F-OFDM parameters
N Number of subcarrier 128
Ncp Cyclic Prefix length N/4
L Filter length 513
Number of resource blocks 64
Bit per resource block 8

5.1 CE-OFDM Performances

In this section, the effect of the modulation order and modulation index h on the BER performance of the CE-
OFDM system over the AWGN and Rayleigh channels are shown in Figures 6 and 7, respectively.

Figure 6 illustrates the effect of the modulation order M (4, 16, 32, 64) on the performance of the system, the
simulation parameters of the proposed system are N = 128, 2zh = 1 and AWGN channel. From figure 6 it is clear that
when M = 4 the proposed system offers high performance compared to other modulation orders. However, the
proposed system with M=64 offers the highest throughput among the others but it offers also the highest BER. For
example, to obtain a BER less than 10-3 we need a SNR more than 11 dB and 14 dB for M=4 and M=16 respectively.
On other parameter that controls the performance of the proposed system is the modulation index.
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Fig. 6 - Modulation order effect on BER performance of CE-OFDM over AWGN channel
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Fig. 7 - BER performance of CE-OFDM over AWGN and Fading channel

Figure 7 shows the BER as a function of the modulation index h (with 2zh = 0.2, 2zh = 0.6 and 2xh = 1.2) for M =
4, N =16 and J = 8 (order of oversampling). Form this figure, it is clear that the CE-OFDM system has the best BER
performance as h increases. Moreover, we notice that the performance of the proposed system over the AWGN channel
is better compared to that obtained over the Rayleigh channel. The behavior of the system is better on the ideal channel
AWGN except in the case of lower modulation index (2zh = 0.2).

5.2 Power Spectral Density Comparison

Power spectral density is a mathematical quantity that defines the spectral content of a signal. The PSD describes
how a signal’s power is distributed in frequency.

For the FBMC system, the order of the prototype filter can be chosen as follows: 2*K-1, where K is the overlap
factor, which is the number of overlapping multi-carrier symbols in the time domain. The values of parameter K are
indicated in Table. 1.

The implementation of an FBMC scheme requires a frequency extension by a factor K. Indeed, one possible
implementation is based on a frequency spreading plus a KN-point IFFT at the transmitter, and on a KN-point FFT
followed by a dispreading at the receiver. However, increasing the FFT size by a factor K poses significant complexity
issues. In order to reduce the computation complexity, it is possible to use a polyphase FFT network that does not
require any frequency spreading, but to the detriment of certain additional processing operations.
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Fig. 8 shows the PSDs of the OFDM and FBMC-OQAM systems with the parameters shown in Table 2. The
comparison of the power spectral density of the FBMC and OFDM systems shows the low out-of-band leakage of
FBMC on OFDM. This is translated by: the lateral lobes of the FBMC-OQAM system are lower than those of the
conventional OFDM systems, which improves spectral efficiency. The out-of-band radiation (OOB) is effectively
reduced for FBMC than for OFDM.

In the next simulation, we highlight the advantages of the F-OFDM modulation scheme and compare it with the
OFDM system, with cyclic prefix (CP-OFDM). We use a filter in the time domain to improve the out-of-band behavior
while preserving the orthogonality of the symbols OFDM. For the implementation of F-OFDM, F-OFDM filtering must
meet requirements such as 1)- A flat bandwidth on the sub-carriers of the sub-band 2)- A clear transition band to
minimize guard-bands and 3)- Sufficient attenuation of the stopping band.

A rectangular frequency response filter, i.e. a sincere impulse response, meets these criteria. To create this causal
link, the low-pass must be created using a window that effectively truncates the impulse response and provides smooth
transitions to zero at both ends. Fig. 9 compares filtered OFDM modulation with the conventional OFDM system in
terms of power spectral density.

L ——OFDM | |
20 ~———F-OFDM

PSD (dBW/Hz)

80 L L L L L L
-0.5 -0.4 0.3 0.2 0.1 0 01 0.2 0.3 0.4 0.5

Normalized frequency

Fig. 9 - Power Spectral Density of F-OFDM versus OFDM

The simulation result presented in Fig. 9 shows that the F-OFDM has lower sidelobes than the OFDM system. It is
clear that the out-of-band radiation (OOB) is effectively reduced for F-OFDM than for OFDM, which means that the
spectral efficiency of F-OFDM is improved compared to that of OFDM.

Another technique that was studied in this work is the UFMC waveform. This technique is seen as a generalization
of F-OFDM and FBMC modulations. The subcarrier grouping in UFMC allows one to reduce the filter length (when
compared with FBMC). On the other hand, UFMC can still use QAM because it retains complex orthogonality
compared to FBMC which works with MIMO schemes.

In UFMC the full band of subcarriers N is divided into sub-bands. Each sub-band has a fixed number of subcarriers
and not all sub-bands need to be employed for a given transmission. To filter the sub-bands, we can use different filters.
However, in our case, the Chebyshev window with parameterized side lobe attenuation is used for all sub-bands.
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Fig. 10 - PSD of UFMC versus OFDM for different length of filter (a) L=33; (b) L=50

Using the parameters indicated in Table 2, the comparison of UFMC and OFDM systems of the same size IFFT
with 4-QAM is presented in Fig. 10. This figure shows that the spectral density for the UFMC scheme has lateral lobes
lower than those of the OFDM scheme. This allows greater use of the allocated spectrum, which leads to good spectral
efficiency. Moreover, for each user in the UFMC system, the spectral roll-off is much more rapid. This rapid roll-off is
an important advantage in sub-band multiplexing, as it means that there is much less interference between the different
users of UFMC.

From Fig. 10(a) and Fig. 10(b), it can be concluded that the spectrum of the UFMC depends on the length of the
filter used. A longer filter will result in more rapid spectral roll-off, at the cost of some loss in overall spectral
efficiency and increase signal processing complexity. The UFMC waveform based on sub-band filtering can be used to
serve low latency applications in a 5G network and to reduce the OOBE.

The last simulation is based on the CE-OFDM system. The latter is a complicated non-linear modulation and its
power density spectrum can only be determined with estimates. The approach adopted to determine the power spectrum
of conventional Continuous Phase Modulation (CPM) signals can be used to CE-OFDM. The modulation without
memory (6i = 0) leads to spectral lines at frequencies fy = k/ TB, k =0, £ 1, + 3 ,. . . . Using the memory eliminates
these lines [45]. Different estimates can be used to determine the power spectral density of the CE-OFDM signal, such
as Taylor's expansion and Abramson's spectrum. In our case, memory is used to guarantee the continuity of the
spectrum.

The memory of CE-OFDM is defined by

820, + K31 AK -1 AK)] @

The effective double-sided bandwidth, defined as the twice the highest frequency subcarrier, of m(t) expressed in
(28) is

B2 NN ()
2T, T,
The more appropriate and conservative bandwidth is B, = max(2zh,1)B,
(a) b) (c)
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Fig. 11 - PSD of CE-OFDM versus OFDM for different values of h.
(a) 2zh=0.2; (b) 2zh =1.2; (c) 2zh =2.0

Fig. 11, shows that the modulation index controls the CE-OFDM spectral confinement. A smaller h can be used if
a narrower spectrum is required. The trade-off is that h smaller results in poorer performance. Consequently and
according to the needs, the designer of the system can exchange the performances against the spectral confinement and
inversely. Due to CE-OFDM’s phase-continuous design, exhibits faster side lobe roll-off than conventional OFDM.
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5.3 BER Performance Comparison

In this section we compare the performance of CE-OFDM, FBMC, UFMC, and F-OFDM waveforms in terms of
BER. Figure 12 illustrates a comparison between the different waveforms cited above. From these results, we can note
that the CE-OFDM wave form gives the best performance at high SNR. However, at low SNR FBMC is the efficient
technique.
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Fig. 12 - BER of CE-OFDM versus FBMC, UFMC and F-OFDM for M=4 over AWGN channel

104

However, as the desired BER is less than 10 the CE-OFDM waveform outperforms the FBMC one. For example,
to obtain the desired BER we need a SNR of more than 10.5 dB and 11.5 for CE-OFDM and FBMC respectively. So,
the CE-OFDM can be considered an appropriate technique for applications that need less BER. Furthermore, the two
waveforms UFMC and F-OFDM are not suitable for applications that require less BER. To obtain a clear picture on the
performance of the proposed wave forms let us see their performance over a fading channel. Figure 13 depicted the
BER versus SNR of the wave forms cited before. It is clear form this figure that CE-OFDM is the desired technique
over fading channel. For the others wave form, they can’t offer a BER less that 102 even when BER more than 15 dB.
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Fig. 13 - BER of CE-OFDM versus FBMC, UFMC and F-OFDM for M=4 over fading channel

6. Conclusion

5G systems must meet the requirements of applications that require higher data rates, lower latency, and better
spectrum exploitation. New waveforms are therefore envisaged for 5G communication systems to overcome some of
these factors. In this paper, an overview of techniques that can be used for 5G applications such as CE-OFDM, FBMC,
UFMC, and F-OFDM is presented. The grouping of subcarriers in UFMC can be considered as an intermediate case
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between the FBMC where the subcarriers are filtered individually and the F-OFDM in which the band is fully filtered.
The simulation results show that the proposed techniques can be used in 5G applications that require high spectral
efficiency and better power efficiency. Moreover, CE-OFDM it's a technique with a constant envelope that has the
advantage to eliminate the PAPR associated with other waveforms, i.e. it is a less power consumption technique, which
is desirable for battery-powered wireless systems. It has been demonstrated by simulation that the CE-OFDM
outperforms the other technics in terms of performance. For this reason, CE-OFDM can be the best choice for 5G
applications, especially for battery-powered devices.
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