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ABSTRACT This paper studies the performance of enhanced multicarrier waveforms in the presence of
a nonlinear memoryless high power amplifier (HPA). In particular, we focus on the in-band non-linear
distortions (NLD) and their effects on symbol-error-rate. First, we introduce a theoretical characterization
of NLD caused by HPAs. Two HPA models are considered in this paper: 1) a 4-GHz realistic HPA, modeled
using a polynomial model, and thismodel exhibits both amplitude-to-amplitude (AM/AM) and amplitude-to-
phase distortions and 2) a Rapp model, which exhibits only the AM/AM distortion. Second, we present fur-
ther discussions and comparisons on the different waveforms: the cyclically prefixed orthogonal frequency
division multiplexing (OFDM), the weighted overlap and add OFDM, the universal filtered multicarrier,
the filtered OFDM, and the filter bank multicarrier based on offset-QAM. Then, we provide insights into the
impact of in-band non-linear distortions caused by HPAs. The simulation and theoretical results are shown
to be in agreement for different waveforms and various input back-off values.

INDEX TERMS 5G waveform, CP-OFDM, WOLA-OFDM, f-OFDM, UFMC, FBMC/OQAM, HPA,
NLD, SER.

I. INTRODUCTION
5G is coming. Critical capability objectives to be ful-
filled by international mobile telecommunication (IMT)-
2020-compliant radio access include 20 Gbps peak data rate,
100 Mbps user experienced data rate, 10 Mbps/m2 area
traffic capacity, 106 devices/km2 connection density, 1 ms
latency and mobility up to 500 km/h [1] enhanced mobile
broadband (eMBB), massive machine type communications
(mMTC), and ultra-reliable and low latency communications
(uRLLC) [2]. Tomeet these design goals, the third generation
partnership project (3GPP) has launched the standardization
activity for the first phase 5G system in Release 15 named
New Radio (NR) in 2016, targeting deployment in 2018
and the ready system in 2020 [3]. In this regard, research,
development and standardization activities for 5G wireless
communication technologies has been ongoing in academia
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and international projects for several years. Examples of the
key technologies considered include massive multiple-input
multiple-output (MIMO), where the BSs are equipped with
an excess of antennas to enhance both spectral-efficiency
(SE) and energy-efficiency (EE) [4], enhanced multicar-
rier waveforms (MWF) flexibly accommodate various
services/applications with different requirements [2], and
so on.

Multicarrier waveforms have been consistently and
fundamentally shaping the development of wireless com-
munications. As the latest example, the cyclically prefixed
orthogonal frequency division multiplexing (CP-OFDM) is
largely adopted by physical layer (PHY) of today’s long term
evolution advanced (LTE-A). However, it is unlikely that 5G
and Beyond challenges can be satisfied using CP-OFDM
waveform. Indeed, the post-OFDMMWF chosen must allow
for specific 5G asynchronous signaling scenarios, support
large bandwidth (100 MHz and above), allow for high
SE, support various multi-antenna techniques and flexible
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FIGURE 1. Basic MCM system model.

duplex, and allow for ultra-low latency, low-power and
low-complexity design [2], [5].

A first class of these MWFs gathers the ones that adopt
a per-subcarrier pulse-shaping to reduce out-of-band (OOB)
emission and increase bandwidth efficiency and relaxed syn-
chronization requirements: filter-bank multi-carrier based
on offset QAM (FBMC/OQAM) [6]–[10] has been heav-
ily studied. The universal filtered multicarrier (UFMC) [11]
is another class of sub-band filtering based waveform,
where only a transmit filter is used while the demodu-
lation in the receiver relies on the oversampled discrete
Fourier transform (DFT). Another filter based waveform
is the filtered-OFDM (f-OFDM), firstly introduced in [6].
This multicarrier modulation bothers the classical CP-OFDM
with sub-band filtering in order to improve the OOB radi-
ation. Time-domain windowing can also be considered to
achieve the desired enhancements, which is to prevent steep
changes between two OFDM symbols so as to confine
OOB emission. In this regard, an advanced windowing based
waveform called - weighted overlap and add based OFDM
(WOLA-OFDM) [11] has been studied. Interested readers
are referred to [5] for an overview as well as qualitative and
quantitative comparisons among different waveforms.

It is worth to mention some contributions related to
the above mentioned MWFs. Zayani et al. [11] applied
WOLA-OFDM in an asynchronous transmissions scenario.
This MWF (WOLA-OFDM) has been shown to provide
interesting performance with lower complexity compared to
those based on filtering techniques [12]. Bouhadda et al. [13]
studied the impact of in-band nonlinear distortions caused
by memoryless HPA. The analysis carried in this study
were restricted to CP-OFDM and FBMC/OQAM MWFs.
Guan et al. [14] report a field in time division duplex
down-link (TDD-DL) conducted on a configurable testbed in
a real-world environment for the performance evaluations of
CP-OFDM, Windowing-OFDM and f-OFDM.

Despite the mentioned MWFs advantages, they lose
rapidly their good properties when non-linear (NL) radio
frequency (RF) high power amplifiers (HPAs) are used, since
they suffer from high Peak-to-Average Power Ratio (PAPR)
of the modulated signal. In this regard and compared to the
above contributions, this paper presents an analytical study
of the effect of memoryless power amplifiers on the perfor-
mance of the most promising post-OFDMMWFs. In particu-
lar, we focus on the in-band non-linear distortions (NLD) and
their effects on system symbol error rate (SER) performance.

The main contributions of this paper are: we focus
our attention firstly on developing a universal approach
to make this study feasible for any measured or mod-
eled memoryless HPA model and for each MWF. Results
using analytical expressions can be served to validate the
ones obtained by simulations. We present further discus-
sions and comparisons on different waveforms: CP-OFDM,
WOLA-OFDM, UFMC, f-OFDM and FBMC/OQAM and
we provide insights on the impact of in-band NLD caused by
RF HPA.

The rest of this present paper is structured as follows.
Section II describes the considered system model. In par-
ticular, the detailed principle of CP-OFDM, WOLA-OFDM,
UFMC, f-OFDM and FBMC/OQAM and the considered
HPA models are presented, respectively. In section III,
the approach to characterize theoretically NLHPA distortions
is presented. In section IV, parameter selections are defined
and waveform performances are validated and compared via
both simulations and analytical models. The relevant perfor-
mance, in terms of SER, are discussed. Finally, the conclusion
is given in section V.
Notations :E [.] stands for the expectation operator and (.)∗

denotes the complex conjugate operation.

II. SYSTEM MODEL
Fig. 1, shows a generic transmission scheme MWFs in pres-
ence NL HPA. The Multi-Carrier-Modulation (MCM) block
modulates the signal by one of the MWFs selected in this
paper : CP-OFDM, WOLA-OFDM, UFMC and f-OFDM.
The signal: x(t) at the output of MCM block is than weighted
be a scalar gain α in order to have a signal i(t) with a given
Input Back-Off (IBO), at the input of the HPA. Depending on
the HPA NLD, the amplified signal will suffer from in band
distortions as well as out off band distortions. We underline
that in this paper, only in band distortions will be studied.
After propagation over a given channel, the received signal
will be demodulated and the channel equalized, if required,
before achieving symbols decision. In the next section,
we will give short description of theMWFs considered in this
paper, along with the two HPAs models.

A. SELECTED WAVEFORMS
1) CP-OFDM
The CP-OFDM transmitter and receiver are implemented

using the inverse fast Fourier transform (IFFT) and FFT,
respectively. In order to keep the orthogonality between
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subcarriers, a cyclic prefix (CP) is usually inserted transform-
ing thus the linear channel convolution into circular convo-
lution if the CP is longer than channel impulse response.
Therefore, after the FFT operation, the channel equalization
becomes trivial through a single coefficient per subcarrier.

2) WOLA-OFDM
This MWF introduces a time-domain window to control the
OOB emission. TheWOLA-OFDM [15] has been intensively
discussed along this line of study, and schemes have been
proposed for asynchronous 5G [11], [12]. The boundaries of
each CP-OFDM symbol are multiplied with a smooth win-
dow in time-domain (e.g, a window, a Hanning window). The
increasing window is applied at the beginning of the CPwhile
the decreasing window is applied on a cyclic suffix (CS),
corresponding to the first WTx samples added at the end of
the OFDM symbol (see. Fig. 4). Thus, the WOLA-OFDM
time domain symbol is cyclically extended from N samples
to+CP+WTx . In order to achieve the same spectral efficiency
as CP-OFDM, WOLA-OFDM symbols are overlapping.

At WOLA-OFDM receiver, an advanced windowing is
also applied in order to enhance asynchronous inter-user
interference suppression [11]. The applied receive window is
independent from the one applied at the transmitter and its
length is equal to N + 2WRx .

3) UFMC
The key design feature of UFMC is the resource block

(RB)-wise filtering operation [16]–[18], which is imple-
mented by utilizing finite impulse response (FIR) filters.
Indeed, each RB is filtered by the corresponding FIR filter
after the inverse discrete Fourier transform (IDFT) and the
zero padding (ZP) operation.1 Note that this RB-wise filter-
ing leads to a shorter FIR compared to the per-subcarrier
filtering approach. Such a property improves the UFMC
suitability to short-packet transmission context. In order to
recover the transmitted data, a basic ZP-OFDM receiver is
used with additional processing (e.g. windowing) in the case
of multi-user interference context.

4) F-OFDM
Similar to UFMC, f-OFDM was proposed in [6] by com-
bining the classical CP-OFDM with subband-wise filtering
which brings an improvement in terms of spectral localiza-
tion. In order to mitigate the interference caused by time
and/or frequency misalignment, a similar filter is used at the
receiver side before the basic CP-OFDM demodulator. Note
that f-OFDM suffers from inter-block interference because
the FIR length is allowed to exceed the CP [19]. However,
the impact of this interference can be reduced by designing
properly the filter. Moreover, a truncation is applied at the
burst edges in order to make f-OFDM well localized in the
time domain. Unfortunately, such a procedure will impact
the frequency localization of f-OFDM. However, the results

1It is used to absorb the filter transient response

in [19] show that, truncating the burst by half CP length on
each side, presents a good compromise between the short
packet requirement and the frequency localization.

5) FBMC/OQAM
FBMC/OQAM is a per-subcarrier filtering-based wave-
form using well-localized prototype filters. Such a key
property provides the capability of using fragmented spec-
trum with a relaxed synchronization. However, this advan-
tage is at the price of the orthogonality condition that is
restricted to the real domain by using the OQAMmodulation
where the in-phase and the quadrature components of the
input data symbols are time staggered by half a symbol
period [20], [21].

B. HPAs MODELS
Broadly, the nonlinear HPA models can be classified to
two categories; memoryless nonlinear models and nonlin-
ear models with memory. The memoryless characterize the
power dependent nonlinear behavior by AM/AM (amplitude
to amplitude modulation) and AM/PM (amplitude to phase
modulation) conversion characteristics. Nonlinear models
with memory aim also to capture the effects that are mani-
fested not only by the instantaneous input signal magnitude
but also the frequency dependent characteristics of the sig-
nal envelope e.g. making AM/AM and AM/PM functions
non-static and depend on the past input levels. Memory
effects in HPAs are attributed to various sources, thermal and
electric [22], [23]. These effects are more elevated in high
HPAs, but also appear as the signal bandwidth is increased.

This nonlinearity phenomena leads to in-band performance
degradation and spectral regrowth causing adjacent channel
interference. For in-band signal these distortions are quanti-
fied by Symbol Error Rate (SER) at the receiver. HPA nonlin-
earities have especially noticeable impacts on small devices
and thus for especially important for UL transmission but for
higher mmWave frequencies HPA could also impact and set
constraints to DL transmission. The dynamic long termmem-
ory effects in PA introduce asymmetry in sidebands Adjacent
Channel Leakage Ratio (ACLR) or Intermodulation Distor-
tion (IMD) variation due to envelope frequency [22]–[24].

Volterra series are well-known method to model nonlin-
ear systems with memory accurately. The main drawback
of it is the high complexity of the model. One common
derivative of Volterra series is Memory Polynomial (MP)
model [25], [26], providing good modeling accuracy with
somewhat reduced complexity. MP model (and other deriva-
tives of Volterra series) have widely been used in predistor-
tion studies of wide-band high PA. Other common industry
adopted approach is to use the memoryless nonlinear model
through AM/AM and AM/PM conversion characteristics.
This approach, while not necessarily capturing the possible
asymmetry, offers reasonable accuracy and merits in simula-
tion simplicity. Furthermore, memoryless models have been
used extensively in the academic studies as well as many ear-
lier evaluations carried out in RAN4 and related studies [27].
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Therefore, it is felt that for initial evaluations of post-OFDM
waveform, one could choosememoryless nonlinearmeasured
or modeled HPA as those considered in [27]. MP type models
could be considered further on later studies to fine tune the 5G
and Beyond systems requirements.

In practice, in order to avoid or at least to reduce the
effects of nonlinearities, the HPA is operated at a given Input
Back-Off (IBO) from its 1dB compression point [28]. The
1dB compression point refers to the input power level where
the transfer characteristics of the amplifier have dropped by
1 dB from the ideal linear characteristics.
In the log scale, the signal IBO is defined as follows:

IBO = 10 log10

(
P1dB
Pi

)
(1)

where P1dB is the input power at the 1dB compression point
and Pi is the mean power of the input signal.
As illustrated in Fig. 1, before amplifying the signal x(t),

by the HPA, it is necessary to scale it by a real positive gain
α to ensure a given IBO. For a given mean power: Px =
E
[
|x(t)|2

]
, of the signal x(t), the gain α needed to ensure a

signal i(t), with a given IBO value is:

α =

√
P1dB

10
IBO
10 Px

(2)

The complex envelope i(t) of the signal at the input of the
HPA can be written as:

i(t) = ρ(t)ejϕ(t) (3)

where:
• ρ(t) is the input signal modulus, and
• ϕ(t) is the input signal phase.
In practice, the HPA cannot be considered as a linear

device. Then, as a general formulation, the amplified signal
u(t) can be written as:

u(t) = Fa(ρ(t))ej(Fp(ρ(t))+ϕ(t)) (4)

where:
• Fa(ρ(t)) is the AM/AM characteristic of the HPA,
• Fp(ρ(t)) is the AM/PM characteristic of the HPA.
We can rewrite Eq. (4) as following:

u(t) = S(ρ(t))ejϕ(t) (5)

where S(ρ(t)) = Fa(ρ(t))ejFp(ρ(t)) is the complex soft enve-
lope of the amplified signal u(t).
The AM/AM and AM/PM characteristics cause distor-

tions on the signal constellation in addition to spectral
regrowth, degrading then the system performance. For pur-
pose of theoretical studies, it is necessary, for a given HPA,
to propose a mathematical model to reproduce or approx-
imate its NL effects in amplitude (AM/AM) and phase
(AM/PM) [29], [30]. In the literature, two main families of
HPA models can be found: the memoryless HPA models and
the HPA models with memory. In this study, we will assume
that the HPA frequency response is constant over the useful
signal frequency band, which allows neglecting the memory

effects of the HPA. Thus, any change in the signal input
occurs instantaneously at the output.

Many memoryless HPA models have been proposed and
studied in literature. Among them we can cite :
• The Soft Envelop Limiter (SEL), used for modeling a
HPA with a perfect predistortion system,

• The Rapp model, commonly used for modeling Solid
State Power Amplifiers (SSPA) [31],

• The Saleh model, generally used for modeling Travel-
ling Wave Tube Amplifiers (TWTA) [32],

• The polynomial model, widely used for purpose of the-
oretical analysis of NL HPA effects.

In the following paragraphs, a brief description will be
given for the two HPA models considered in this paper.

1) HPA1: POLYNOMIAL MODEL
This model is based on a measured commercial 4 GHz long
term evolution (LTE) user equipment HPA provided by [33],
exhibiting both AM/AM and AM/PM distortions. The mea-
sured AM/AM and AM/PM curves of this HPA model are
approximated using a full rank polynomial model with order
P = 9. The signal u(t) at the output of the HPA device can be
written:

u(t) =
P∑
l=1

alρ(t) |ρ(t)|l−1 (6)

where al are the complex coefficients of the polyno-
mial approximation, computed by using a classical Least
Square (LS) method.

By combining Eq. (4) and Eq. (6), we can write the com-
plex soft envelope of the signal u(t) as:

S(ρ(t)) = Fa(ρ(t))ejFp(ρ(t)) =
P∑
l=1

alρ(t)n (7)

2) HPA2: MODIFIED RAPP MODEL
For HPA2, based on a modified Rapp model, the amplified
signal exhibits only amplitude distortion. The AM/AM con-
version function: Fa(·), of the modified Rapp model can be
expressed as follows:

Fa(ρ(t)) =
G0ρ(t)(

1+
∣∣∣G0ρ(t)
Asat

∣∣∣2p) 1
2p

(8)

where G0 is the linear gain, Asat is the saturation voltage
and p a smoothness factor that controls the transition from
the linear region to the saturation region, (p > 0). For
purpose of theoretical analysis of HPA2 effects on transmitted
signals, the AM/AM characteristic of this HPA model will be
approximated with a polynomial model.

The AM/AM conversion characteristics of the two HPA
models are given by Fig. 2. In this figure, we remind that
the order of the polynomial approximation used for HPA1 is
equal to 9.

As expected from a Rapp model, HPA2 AM/AM conver-
sion characteristic shows a linear performance for low ampli-
tudes of the input signal. Then, a transition towards a constant

29444 VOLUME 7, 2019



H. Shaiek et al.: Analytical Analysis of SER for Beyond 5G Post-OFDM Waveforms in Presence of HPAs

FIGURE 2. AM/AM conversion characteristics of HPA1 and HPA2.

saturated output is observed. When p→∞, the Rapp model
converges towards the SEL one. The parameters G0 and Asat ,
are computed to make the linear gain of this HPA model
equal to that of HPA1. The knee factor p is chosen to be
equal to 1.1 to have a different compression point from that
of HPA2 model.

The AM/PM conversion characteristics of the HPA1 is
given by Fig. 3.

FIGURE 3. HPA1 model: AM/PM conversion.

In the next section we will develop theoretical analysis
to evaluate the impact of the HPA models, described in this
section, on the considered waveforms SER over Additive
White Gaussian Noise (AWGN) channels.

III. THEORETICAL ANALYSIS OF SER PERFORMANCE
A. NON LINEAR DISTORTION MODELING
A theoretical characterization of NLD effects on CP-OFDM
systems has been proposed in [34], where the authors focused
on the impact of the NL distortions induced by three HPA
models: the SEL, the SSPA, and the TWTA. We note that,
except for the SEL HPA model, the investigation presented
in [34] gives only semi-analytical results which could not

be easily extended to real HPA with measured characteris-
tics, which is the case of one of the HPA models (HPA1)
considered in this paper. Other contributions [35], [36] used
the results presented in [34] to study the effect of HPA on
Multiple-Input Multiple-Output (MIMO) transmit diversity
systems. Bouhadda et al. [13] proposed a theoretical char-
acterization of the NLD parameters for any measured or
modeled HPA. The results presented in [13], were limited to
CP-OFDM and FBMC/OQAM waveforms.

One of the main contribution of this study is to investigate
the in-band impact (SER) of a real-life and a modeled HPAs
over the selected post-OFDM MWFs. The analysis carried
in this paper are based on the theoretical NLD parameters
characterization proposed in [13].

The SER performance analysis, proposed in this paper is
based on Bussgang theorem [37], saying that if the input HPA
signal i(t) has a Gaussian (which’s true for all the MWFs
considered in this paper, when the number of subcarriers
N is large) distribution, the HPA output signal u(t) can be
expressed as:

u(t) = K0i(t)+ d(t) (9)

where:

• d(t) is a zeromean noise, which is uncorrelated with i(t):
• K0 is a complex gain with modulus |K0| and phase φK0 .

For simplicity sake, we will discard, in the following equa-
tions, the time variable t , from ρ and ϕ. According to [34],
K0 can be computed analytically by:

K0 =
1
2
E
[
∂S(ρ)
∂ρ
+
S(ρ)
ρ

]
(10)

We recall that S(ρ) = Fa(ρ)ejFp(ρ) is the complex soft
envelop of the signal u(t), at the output of the HPA.
The variance σ 2

d of the NLD noise d(t) is given by:

σ 2d = E(|d(t)|2) = E
(
|S(ρ)|2

)
− |K0|

2 E(ρ2). (11)

In [13], an attractive approach, for computing the NLD
parameters K0 and σ 2

d , has been proposed. For a given mod-
eled or measured HPA, this approach is based on polynomial
modeling of the HPA conversion characteristics (Eq. (6)),
followed by the computation of the expectation of ρl (with l
a positive integer).

The authors would like to recall, here, the analytical
expression for computing the NLD parameters K0 and σ 2

d .
Indeed, the authors have checked Eq. (32) and Eq. (33) in
paper [13] and fixed some errors, leading to the following
updated expression for computing the complex gain K0:

K0 = a1 +

√
π

8

P∑
l=2,leven

(l + 1)alσ l−1
l−2
2∏
i=0

(2i+ 1)

+
1
2

P∑
l=3,lodd

(l + 1)al(
√
2σ )l−1(

l − 1
2

)! (12)
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where:

• σ =
√
Pi =

√
α2Px =

√
P1dB

10
IBO
10

is the standard deviation

of the HPA input signal,
• ! stands for the factorial operator.
For the variance σ 2

d of the NLD noise d(t). The updated
expression is given by:

σ 2d =

P∑
l=1

|al |2 2lσ 2l l! − 2 |K0|
2 σ 2

+

√
4π
2

P∑
l,n=1,l 6=n,(l+n)odd

<[ala∗n]σ
l+n

l+n−1
2∏
i=0

(2i+ 1)

+ 2
P∑

l,n=1,l 6=n,(l+n)even

<[ala∗n](
√
2σ )l+n(

l + n
2

)!

(13)

where <[.] stands for the real part.

B. SER THEORETICAL ANALYSIS OF MWFs
OVER AWGN CHANNEL
According to Eq. (9) and the system model shown in Fig. 1,
we can write the received signal y(t), in presence of AWGN
channel as follows:

y(t) = u(t)+ b(t)

= K0i(t)+ (d(t)+ b(t))

= K0αx(t)+ (d(t)+ b(t)) (14)

We assume a perfect compensation for the complex gainK0
at the receiver side. This compensation can be jointly made
with the channel estimation process. After compensation for
the multiplicative gain K0, it is straightforward to write, that,
over AWGN channel, the SER of M-QAM modulated sym-
bols with an MCM scheme [38], as:

SER(Eb/N0) = 2(1−
1
√
M

)×erfc

√3α2log2(M )
2(M − 1)Pn

 (15)

where:
• Pn = (σ 2

d + σ 2
b )/ |K0|

2 is the total power of both
non-linear noise d(t) and thermal one b(t),

• σ 2
b = Pu/(log2(M ).Eb/N0) is the thermal noise variance

corresponding to Eb/N0,
• M is the size of QAM constellation.
From Eq. (2), it is obvious that the IBO coefficient α

depends on the consideredMCMscheme. Indeed, the average
power of the transmitted signal x(t): Px can be influenced
by the windowing and/or the filtering processes used in the
MCM transceiver. This is a key point of the analysis carried
out in next sections.

1) CP-OFDM
Let P0 be the CP-OFDM per-sample average power. Since
there is no windowing nor filtering, we can write the mean

power of a CP-OFDM symbol (PCP−OFDMx ) as:

PCP−OFDMx = (N + CP)P0 (16)

2) WOLA-OFDM CASE
For WOLA-OFDM, we have a signal with a constant mean
power on each sample except at the beginning and at the end
of the symbol. As illustrated in Fig. 4, every CP+ N +WTx
samples we have a diminution of the per-sample average
power due to the applied windowing process. Finally, we get
the WOLA-OFDM signal represented in Fig. 5.

FIGURE 4. WOLA-OFDM transmitted signal.

FIGURE 5. WOLA-OFDM signal power.

The mean power of a given WOLA-OFDM (of length
N + CP) symbol PWOLA−OFDMx is equal to:

PWOLA−OFDMx = P0(N + CP− 3.WTx)

+ 2P0
WTx∑
k=1

ω2
Tx(k)+ 2P0

2WTx∑
k=WTx+1

ω2
Tx(k) (17)

The overlapping between successiveWOLA-OFDMsymbols
has been taken into account through the coefficient 2 in the
last two terms of Eq. (17).

Since ωTx(k) ≤ 1, the mean power of a WOLA-OFDM
symbol PWOLA−OFDMx is lower than the one of CP-OFDM
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PCP−OFDMx . Then, the WOLA-OFDM signal has to be ampli-
fied in order to have an equivalent IBO equal to that of
CP-OFDM. For the crests of the WOLA-OFDM signal, this
is equivalent to having an equivalent lower IBO.

FIGURE 6. Equivalent IBO illustration.

In Fig. 6, we have plotted a CP-OFDM and a
WOLA-OFDM signals with N = 40 and WTx = 10. The
two signals have the same power and, then, they correspond
to the same IBO. Nevertheless, looking at WOLA-OFDM
signal in the middle region, it’s clear that this signal has
different IBO than the CP-OFDM one (dashed star one).
This different IBO, named in the following as ‘‘equivalent
IBO’’ and noted IBOMCMequ for a given MCM scheme, will
be taken into account for computing the SER. In fact, for
WOLA-OFDM, the major part of the signal at the HPA input
will be seen with an ‘‘equivalent IBO’’. In the computation of
SER, given by Eq. 15, Pn and α must be computed with this
equivalent IBO.

To this end, the gain that has to be applied to the
WOLA-OFDM time domain signal can be calculated as
follows:

1WOLA−OFDM
G =

PCP−OFDMx

PWOLA−OFDMx
(18)

This extra gain corresponds to a loss in terms of IBO for
WOLA-OFDM:

IBOWOLA−OFDMequ = IBOCP−OFDM

− 10log10(1WOLA−OFDM
G ) (19)

The theoretical SER for WOLA-OFDM has to be com-
puted with Eq. (15) using updated coefficients K0 and σ 2

d
that are computed for the equivalent IBOWOLA−OFDM given
by Eq. (19).

3) UFMC CASE
Similar to WOLA-OFDM, the UFMC signal has a constant
mean power on each sample except at the beginning and at
the end of the UFMC block. In fact, we have a reduction of
the per-sample average power due to the filtering applied at
the transmitter side. As illustrated in Fig. 7, we distinguish
three areas within every UFMC block of N + CP samples:
• Ramp-up area: from time domain sample k = 0 : Lu−1
(first part of the UFMC symbol),

FIGURE 7. UFMC transmitted signal.

• Constant power area: from time domain sample k = Lu :
Lu + N − 1 (middle part of the UFMC symbol),

• Ramp down area: from time domain sample k = Lu+N :
Lu + N + Lu − 1 (last part of the UFMC symbol).

where Lu is the FIR length.
Let [s(0), s(1), . . . , s(N−1)] be theN OFDM time domain

samples, after filtering we get [c(0), c(1), c(2), . . . , c(N−1+
Lu)] non zero samples,

1) c(0) = h(0)s(0)
2) c(1) = h(0)s(1)+ h(1)s(0)
3) c(2) = h(0)s(2)+ h(1)s(1)+ h(2)s(0)
4) c(n) =

∑Lu−1
k=0 h(k)s(n− k)

5) E(c(n)c(n)∗) =
∑n

k=0 |h(k)|
2.E(|s(n − k)|2) =∑n

k=0 |h(k)|
2).P0

where P0 = E(|s(n)|2) is the mean power of a time domain
sample and h(k) is the k th coefficient of the FIR of the
transmit filter.

Therefore, the per-sample average power can be written as
follows
• Ramp-up area:

E(|c(n)|2) =
n∑

k=0

|h(k)|2P0

• Constant power area:

E(|c(n)|2) =
Lu−1∑
k=0

|h(k)|2P0

• Ramp down area:

E(|c(n)|2) =
Lu−1∑

k=n−N−CP−Lu

|h(k)|2P0

Considering the three areas, the UFMC symbol mean
power can be written as:

PUFMCx = P0[(N + CP+ 3.Lu)
Lu−1∑
k=0

h(k)2

+ 2
Lu−1∑
k=0

(Lu − k)h(k)2] (20)
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Accordingly, the UFMC symbol mean power is then lower
than the one of CP-OFDM. As for the WOLA-OFDM case,
theUFMC signal has to be amplified in order to have the same
IBO as CP-OFDM. In order to do so, the gain that has to be
applied to the UFMC time domain signal is equal to:

1UFMC
G =

PCP−OFDMx

PUFMCx
(21)

This extra gain corresponds to an equivalent IBO for
UFMC given by:

IBOUFMCequ = IBOCP−OFDM − 10log10(1UFMC
G ) (22)

4) F-OFDM CASE
As for WOLA-OFDM and UFMC, the f-OFDM signal has
a constant mean power on each time domain sample except
at the beginning and at the end of the frame of K OFDM
blocks. We have thus a diminution of per-sample average
power due to the filtering process. Note that for very long
frames (K >> 1), the performance of f-OFDM will be close
to that of CP-OFDM one since the filter ramp up/down length
is negligible with respect to the K × (N +CP). However, the
f-OFDM SER performance will be detrimentally impacted in
the case of short frames. For instance, the construction of a
single f-OFDM frame with K = 2 is illustrated in Fig. 8.

FIGURE 8. f-OFDM symbol.

After the truncation and similar to UFMC, we have three
regions within a f-OFDM frame:
• Truncated ramp-up area: from time domain samples k =
0 : Lf /2+ CP/2− 1 (first part of the symbol),

• Constant power area: from time domain sample k =
Lf /2+CP/2 : Lf /2+CP/2+K (N +CP)−Lf (middle
part of the symbol),

• Truncated ramp down area: from time domain samples
k = K (N+CP)+CP−Lf /2−CP/2 : K (N+CP)+CP
(last part of the symbol).

where Lf is FIR filter length.
Since the impulse response of the filter is symmetrical,

the per-sample average power in the ramp-up region is iden-
tical to the ramp-down one. Consequently, the per-sample
average power can be written as:
• Ramp-up/down area:

E(|c(n)|2) =
Lf−1∑
k=n

|h(k)|2P0

• Constant power area:

E(|c(n)|2) =
Lf−1∑
k=0

|h(k)|2P0 (23)

where h(k) is the k th coefficient of f-OFDM sub-band filter
Finally, the mean power of an f-OFDM frame becomes:

Pf−OFDMx = P0.[
Lf−1∑
k=n

|h(k)|2(K (N + CP)Lf )

+ 2(
Lf /2+CP/2−1∑

n=0

LV−1∑
k=n

|h(k)|2)] (24)

The gain that has to be applied to the f-OFDM time domain
signal is equal to:

1
f−OFDM
G =

Pf−OFDMx

PCP−OFDMx
(25)

This extra gain corresponds to an equivalent IBO for f-OFDM
given by:

IBOf−OFDMequ = IBOCP−OFDM − 10log10(1f−OFDM
G ) (26)

IV. NUMERICAL RESULTS
Theoretical study introduced in previous section were per-
formed in order to evaluate the performance of studied mul-
ticarrier waveforms in presence of nonlinear HPA. They are
built around a system setup that, first, identifies a behavioral
model of the PA using polynomial model, and then validates
it by comparing simulated results and the theoretical ones.

A. SYSTEM SETUP
We recall that two HPA models are considered in this work.
The first one (HPA1) is a 4 GHz realistic one [33]. With
this HPA1 model we have AM/AM distortion together with
AM/PM distortion. The second HPA (HPA2) model is a
Rapp modified model, which linear gain has been adjusted
to be equal to that HPA1. With HPA2 model we have only
AM/AM distortion. A brief summary of system setup and
parameters is provided in Table 1.

B. COMPARISON BETWEEN THEORETICAL
AND SIMULATED SER PERFORMANCE
It is worth noticing that FBMC/OQAM has similar perfor-
mances as the classical CP-OFDM for different IBOs and
HPAs. This behavior can be explained by the fact that this
two WFs have the same mean power for each symbol. The
SER given by Eq. 15 is thus computed by using the same
equivalent IBO as that of CP-OFDM (equal to the real IBO
in this case).

ConcerningWOLA-OFDM, UFMC and f-OFDM, we note
some performance degradations compared to CP-OFDM.
This is related to the different structures of these post-OFDM
waveforms.
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TABLE 1. Scenario parameters.

1) WOLA-OFDM CASE
Fig. 9 presents the SER of WOLA-OFDM for N = 1024,
CP = 72, WTx = WRx = 20, 64-QAM and for HPA2 with
three IBOs= 2, 3 and 4dB. We can see that there is a very good
match between theoretical and simulation results.

FIGURE 9. WOLA-OFDM performance for different IBOs for HPA2.

Fig. 10 presents the SER of WOLA-OFDM for N = 1024,
CP = 256, 64-QAM, HPA2 with IBO = 4dB and various
values of WTx . When WTx is increasing, the length of the
modulated signal holes increases, yielding a lower equivalent
IBO and thus a lower SER performance. We can see on
Fig. 10 that, again, there is a good match between theoretical
and simulation results.

2) UFMC CASE
The theoretical SER for UFMC has the same expression as
the SER of CP-OFDM except that coefficients K0 and σ 2

d are
computed for the equivalent IBOUFMCequ given by Eq.(22).

FIGURE 10. WOLA-OFDM performance for different values of WTx , HPA2,
IBO = 4dB, N = 1024, CP = 256, WTx = [50, 25, 5].

FIGURE 11. UFMC performance for HPA2 and IBO = 4, 3, 2dB.

Fig. 11 presents the SER of UFMC for N = 1024,
CP = 72, Lu = CP + 1 = 73, 64-QAM, for HPA2 with
IBOs = 4, 3, 2 dB. We can confirm the good agreement
between theoretical and simulation results.

Fig. 12 presents the SER of UFMC for N = 1024,
64-QAM, HPA2 with IBO= 4dB and various values of CP
length (36, 72 and 144). When CP is increasing, the width
of the holes in the time domain signal is increasing, corre-
sponding to a lower equivalent IBO and thus a lower SER
performance. We can see on Fig. 12 that, one more time,
there is a good match between theoretical expressions and
simulation results.

3) f-OFDM CASE
The theoretical SER for f-OFDM has the same expression as
the SER of CP-OFDM except that coefficients K0 and σ 2

d are
computed for the equivalent IBOf−OFDMequ given by 26.

Fig. 13 presents the SER of f-OFDM for N =

1024, CP = 72, Lf = 512, 64-QAM, for HPA2 with
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FIGURE 12. UFMC performance for different values of CP length, HPA2,
IBO = 4dB, M = 1024, CP = [36, 72, 144].

FIGURE 13. f-OFDM performance for HPA2 and IBO = 4, 3, 2dB.

IBOs = 4, 3, 2 dB, the frame-lengthK = 1 and the number of
active subcarriers is equal to N .31/32 = 992. Again, we can
notice a very goodmatch between theoretical expressions and
simulation results.

Fig. 14 presents the SER of f-OFDM for N = 1024,
HPA2 with IBO = 5dB, 64-QAM and various frame-lengths
(K = 1 and 10). When K is decreasing, the distance between
two holes, in the time domain signal, is decreasing, corre-
sponding to a lower equivalent IBO and thus a lower SER
performance.We can see on Fig. 14 that there is a good match
between theoretical expressions and simulation results.

C. SER PERFORMANCE COMPARISON BETWEEN
ALL THE MWFs AND HPA MODELS
Fig. 15 presents the SER of all the MWFs for the Rapp mod-
ified model HPA (HPA2) with an IBO equal to 4dB and a
64-QAM modulation. As stated previously in this section,
FBMC/OQAM and OFDM have the same performance.
WOLA-OFDM, UFMC and f-OFDM have lower perfor-
mances than CP-OFDM as explained before.

Fig. 16 presents the SER of all the MWFs for the 3GPP
model HPA (HPA1) with an IBO equal to 4dB and a 16-QAM

FIGURE 14. f-OFDM performance for different values of frame length
(K = 1 and 10), HPA2, IBO = 5dB, M = 1024, CP = 72, Lf = 512.

FIGURE 15. SER performance of all WFs for HPA2, IBO = 4dB, 64QAM.

FIGURE 16. SER performance of all WFs for HPA1, IBO = 4dB, 16QAM.

modulation. We recall that this HPA model exhibits both
AM/AM and AM/PM distortion. As in the case of HPA2,
FBMC/OQAM and CP-OFDM show the same performance.
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However WOLA-OFDM, UFMC and f-OFDM have lower
performances than CP-OFDM.

V. CONCLUSION
Research, development and standardization activities for the
5G are in full action. As a fundamental component, the under-
lying post-OFDMwaveform is expected to be able to support
the coexistence of diverse services. In this paper, we pro-
vide details and explanation on the theoretical study of
NLD on 5G and Beyond waveform candidates. In particu-
lar, we develop analytical expressions of SER to evaluate
the effects of in-band NLD on CP-OFDM, WOLA-OFDM,
UFMC, f-OFDM and BF-OFDM. Theoretical results validate
the simulated ones and show that the AM/AM and AM/PM
NLD affect strongly the performance of the studied WFs
although their good properties in terms of reduced OOB
emission. It is shown that these MWFs almost perform as the
classical CP-OFDMwhen HPA is operated near its saturation
region (e.g. where the energy efficiency is high). Based on
these results, a higher attention must be paid for RF HPA
effects that should be taken into account in the design of the
beyond 5G MWFs for wireless communication systems.
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