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Abstract—In this study, different peak-to-average-power-
ratio (PAPR) reduction schemes proposed for OFDM are an-
alyzed for Filter-Bank Multicarrier/Offset Quadrature Ampli-
tude Modulation (FBMC/OQAM) systems, namely clipping, tone
reservation (TR), active constellation extension (ACE), joint
tone reservation and active constellation extension (TRACE)
and selected mapping (SLM). A modification of selected map-
ping (SLM) is introduced, where the overlapping structure
of FBMC/OQAM signals is exploited. Further, a novel set of
schemes for PAPR reduction that can be applied to any multi-
carrier modulation technique called two-stage PAPR reduction is
proposed. This set of schemes is found to offer similar PAPR
reduction performance of clipping, however with an improved
SER performance that varies depending on the complexity and
the type of the used first stage. It is observed, that the PAPR
reduction can benefit for FBMC by taking the specific structure
of the time-domain signal into account.

Index Terms—OFDM, FBMC, PAPR reduction.

I. INTRODUCTION

Filter-Bank Multicarrier/Offset Quadrature Amplitude Mod-
ulation (FBMC/OQAM) [1] has recently attracted a lot of
attention as a potential competitor to the widely adopted
cyclic-prefix Orthogonal Frequency-Division Multiplexing
(CP-OFDM) [2]. Despite of the superior frequency localization
that makes FBMC/OQAM a potential enabler in the context
of opportunistic networks, it still suffers from high peak-to-
average power ratio (PAPR) [3].

Generally, a high PAPR requires highly linear power ampli-
fiers (expensive) or a large input back-off (energy inefficient)
in order to protect the signal from severe degradation due to
the non-linearities. Hence, the idea of PAPR reduction schemes
was proposed in the literature in order to combat such problem
without the loss in power efficiency. An overview of the
different schemes for OFDM is given in [4], [5]. The same idea
was applied to FBMC/OQAM [6] using some of the proposed
schemes. In this paper, two new PAPR reduction schemes are
introduced. First, a set of two-stage PAPR reduction schemes
are introduced which is applicable to any multi-carrier mod-
ulation technique. The second scheme is a modification of a
scheme from the literature of OFDM, called modified selected
mapping (mSLM), which takes the special structure of the
FBMC/OQAM into consideration. This paper is organized as

follows, Section II starts by motivating the reason behind the
increased interest in FBMC/OQAM and then introduces the
single-input/single-output (SISO) FBMC/OQAM transceiver
structure based on the efficient implementation proposed in
the European Union funded project PHYDYAS [3]. It is then
concluded by the introduction of the PAPR metric used in
defining the problem and the evaluation of the different PAPR
reduction schemes’ performances. Section III introduces the
various schemes from the literature of OFDM that are used
as the basis for the proposed schemes. These schemes are
then used to introduce the algorithm for the newly proposed
two-stage PAPR reduction set of schemes. Additionally, the
SLM scheme from the literature of OFDM is discussed and
a modification that benefits from the structure of the FBMC/
OQAM time signal is introduced. Section IV presents simu-
lation results for the different schemes presented for FBMC/
OQAM in comparison to CP-OFDM. Finally, Section V gives
a wrap up of all the results presented.

II. SYSTEM MODEL

Filter-Bank Multicarrier (FBMC) is a generalization of the
MC modulation concept, where a well-designed prototype
filter shapes the modulated signal on each sub-carrier. This
prototype filter differs from the traditional rectangular pulse-
shape filter used in CP-OFDM with its sinc-shaped spectrum.
The filter suppresses the high out of band leakage observed
in the sub-carrier frequency response of OFDM. Fig. 1 gives
the FBMC/OQAM transceiver block diagram based on the
implementation proposed in PHYDYAS [3].

The fundamental parts of this block diagram are the OQAM
pre-processing and the synthesis filter bank (SFB) at the
transmitter side as well as the analysis filter bank (AFB)
and the OQAM post-processing at the receiver side. Using
the derivations from [7], the discrete-time baseband FBMC/
OQAM signal can be expressed as
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Fig. 1. FBMC/OQAM single-input single-output (SISO) transceiver structure based chain based on the PHYDIAS implementation [3] using synthesis filter

bank (SFB) and analysis filter bank (AFB).

where k is the high-data-rate (M/T) sample index at the
output of the SFB, m is the sub-carrier index for the M
sub-carriers FBMC/OQAM system, n is the time index at
the OQAM symbol rate (2/T), d,, is the real data se-
quence before phase mapping. The symbol 0,, ,, is defined
as O, = ™ controlling the phase of the real data
sequence at the input of the SFB and f,,, is defined as
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Bom = (=1)"" e i (pT), where L, is the prototype
filter length. As impulse response of the prototype filter p [£],
the one proposed in [8] is used. Finally, it should be mentioned
that unlike CP-OFDM, FBMC/OQAM has overlapping time
symbols as shown in Fig. 2. Finally, as previously mentioned
that a common drawback shared among all MC modulation
techniques is the large dynamic range of the transmitted signal
due to the statistical independence of the sub-carriers, which
make them highly sensitive to the non-linear characteristics of
the PA. This non-linearity would then induce in-band and out-
of-band spurious products, which, as a result, might degrade
the system’s performance. A simple metric that can be used to
describe the dynamic behaviour of the transmitted signal s (¢)
is the PAPR which is defined as
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where |s(t)| is the amplitude of the transmitted signal and
E{-} is the expected value. This PAPR can be expressed in
dB as

PAPR4p = 10log (7) - 3)
To tackle such problem, several PAPR reduction schemes were
developed for OFDM, where each has its own advantages
and disadvantages. The properties of these PAPR reduction
techniques are the focus of this paper and thus will be further
discussed in the following.

III. PAPR REDUCTION SCHEMES

In this paper, five different schemes from the literature
of OFDM will be compared: clipping [5], tone reservation
(TR) [9], active constellation extension (ACE) [10], joint tone
reservation and active constellation extension (TRACE) [10],
and selected mapping (SLM) [11]. The first four schemes are
going to be included in our presented set of schemes called
two-stage PAPR reduction. Finally, SLM will be modified
in order to benefit from the special structure of the FBMC/
OQAM’s time signal, which is called mSLM.

A. Clipping
Clipping is the simplest and most effective method to reduce
the peaks to a desired level, and thus reducing the PAPR of

the signal. The output clipped signal s¢[k] of a soft limiter
can be written as
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where |s [k]| is the magnitude of s [k], Amax is the clipping
level, and ¢ (s[k]) represents the phase of s[k]. Although
this scheme ensures peak reduction, the distortion caused by
amplitude clipping can be viewed as another source of noise
which is either in-band or out-of-band noise. In-band distortion
means that it generates self-interference by distorting the am-
plitude of the signal which degrades the system performance
as a result, while out-of-band noise means that it gives rise to
the regrowth of the high frequency components reducing the
spectral efficiency as a result.

B. Iterative Clipping Schemes

Fig. 3 gives the general block diagram for the different
iterative clipping based schemes. These schemes differ in the
method used for symbols modification, which are discussed in
the following. Note that at the PAPR measurement block the
signal follows path (a) if the PAPR is less than or equal to the
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Fig. 2. Overlapping FBMC time symbols: for this example, the number of sub-carriers is M = 4, the overlapping factor is K = 2, the prototype filter length

is Liength = K - M = 8 and number of QAM symbol vectors is ngympol = 2.
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Fig. 3. Iterative clipping block diagram: the signal follows path (a) if the
PAPR is less than or equal to the predefined threshold or if the maximum
number of iterations set for the scheme is reached. Otherwise it will follow
path (b).

predefined threshold or if the maximum number of iterations
set for the scheme is reached. Otherwise it will follow path
(b).

1) Tone Reservation: The Tone Reservation (TR) scheme
reduces the PAPR of the transmitted time domain OFDM
signal by reserving a small subset of sub-carriers, called
peak reduction tones (PRT), with no data in them. These
reserved sub-carriers are then optimized in order to reduce the
PAPR. This technique was developed for the digital subscriber
line (DSL) system, hence the naming of tones instead of

sub-carriers. In [9] an efficient optimization of the non-data
carrying sub-carriers is proposed based on the fairly efficient
projection-onto-convex-sets (POCS) algorithm. In this scheme
all the symbols in the data carrying sub-carriers are changed
back to their original values before clipping, while the symbols
of the PRT are kept unchanged. Despite the relative simplicity
of this technique it suffers from several drawbacks, the first
is the data rate loss in reserving a subset of sub-carriers with
no data in them. Additionally, the choice of the PRT position
sets significantly affect performance and it is known to be a
non-deterministic polynomial-time hard (NP-hard) problem as
it has to be optimized over all possible sets. Unlike in a DSL
system, where typically a number of tones with low SNR could
be used as PRT, wireless systems do not have such luxury and
so in reserving a random subset of sub-carriers would lead to
loss in bandwidth.

2) Active Constellation Extension: This scheme reduces the
PAPR by changing the constellation of the modulated signal.
It maps the outer constellation points into arbitrary positions
in order to reduce the PAPR while taking into consideration
not to decrease the minimum distance of the modulation
scheme in order not to affect the SER performance. In [10],
similar to the TR scheme, an efficient optimization of the
constellation points based on the projection-onto-convex-sets
(POCS) algorithm was proposed. In this scheme, all symbols
that penetrate areas in the constellation that would decrease
the minimum distance of this modulation scheme are changed
back to their original values, while the symbols of the outer



constellation points that are extended to regions that won’t
affect the minimum distance of the modulation scheme are left
unchanged. Fig. 4 gives an example of the allowed regions for
symbols extension in a 4-QAM constellation diagram.
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Fig. 4. Allowed regions for symbol extensions in a 4-QAM constellation
diagram for active constellation extension (ACE).

This scheme maintains the SER performance with no loss
in data rate as in TR. However, this comes at the expense of
increased transmit power. Additionally, such scheme distorts
the signal constellation and thus soft-decision detection can
not be applied directly. Finally, high transmitter complexity is
one of the major drawbacks.

3) Joint Tone Reservation and Active Constellation Exten-
sion: This scheme is simply a combination of TR and ACE,
where a small subset of PRT are reserved with no data in
them and are optimized for PAPR reduction. Additionally, the
outer constellation points of the data carrying sub-carriers are
mapped into arbitrary positions in order to reduce the PAPR
while taking into consideration not to decrease the minimum
distance of the modulation scheme in order not to affect the
SER performance. This idea was first introduced in [10], where
it was expected to offer a significant improvement in PAPR
reduction performance compared to applying either scheme
independently. Moreover, it was presented in [6] for PAPR
reduction of FBMC/OQAM signals. This scheme has a faster
convergence of PAPR reduction compared to the case of
applying either scheme, TR or ACE, independently. However,
this comes at the expense of suffering from the disadvantages
of both schemes.

C. Two-Stage PAPR Reduction

This is the proposed set of PAPR reduction schemes, where
the reduction is done on two separate stages. The first stage
is one of the iterative clipping based schemes (i.e., TR, ACE,
TRACE) and then clipping is applied at the second and final
stage. This means that it is only a version of the iterative

schemes, where after the predefined maximum number of
iterations is reached, a consecutive clipping is applied giving
the final output. Fig. 5 gives a simplified block diagram for
the two-stage PAPR reduction. These schemes are expected
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Fig. 5. Two-stage PAPR reduction scheme block diagram. In the first stage,
one of the iterative clipping based schemes (i.e., TR, ACE, TRACE) is applied
followed by a consecutive clipping at the second stage.

to achieve the PAPR reduction performance of clipping, while
at the same time achieving a better symbol error rate (SER)
performance. The attractive aspect of this set of schemes
would be its potential in finding a compromise between
SER performance degradation and the invested computational
complexity, while achieving the desired PAPR reduction per-
formance.

D. Modified Selected Mapping

The SLM scheme was first presented in [11], where the
transmitter generates several, say U, different candidate sym-
bol vectors X“ based on the same input symbol vector X
and choose the one which gives the minimum PAPR for
transmission. SLM has the advantage of being compatible
to work with any modulation scheme and with arbitrary
number of sub-carriers. Moreover, it completely avoids signal
distortion and has an increased reduction of PAPR with an
increasing number of candidates U. However, it must be noted
that as U increases, there is an increase in the data rate
loss due to additional overhead, i.e., the index information
4 transmitted to the receiver in order to be able to recover
the original input symbol vector. It also has to be noted that
such disadvantage is avoidable as a modified algorithm for
SLM was presented where there is no need for transmission
of side information [12]. Additionally, as U increases the
computational complexity increases. In this work the SLM
is modified in order to benefit from the special structure of
the FBMC/OQAM’s time signal, Fig. 2. The mSLM scheme
is similar to the scheme proposed in [13] for wavelet OFDM,
where it considers UX hypotheses instead of just U as in
the regular SLM. Offering a potential for improved PAPR
reduction performance as a result, however at the expense
of a rather great increase in computational complexity. The
algorithm of mSLM scheme involves the following steps.

1) Several different candidate QAM symbol vectors X" =
[X§, X3, ,X}Q_JT based on the same input QAM
symbol vector X = [XO,Xh...,XM,l]T are gener-
ated through component wise multiplication of X with
the phase sequences P* = [P}, Py', ... ,P}Qfl]T,u =
1,...,U.



2) The components P, m =0,..., M —1, of the phase se-
quence P* are unit magnitude complex numbers, where
Py =exp (jo,), pw € [0,2m). Generally Py € {£1}
or P € {£1,+j} are often used.

3) The U different candidate QAM symbol vectors X
are then modulated using the respective FBMC/OQAM
modulator, giving U different SLM signal vectors y*.

4) Until step (3) this is exactly as for the regular SLM.
However, now for FBMC/OQAM the overlap between
the symbols are to be taken into consideration by con-
sidering K overlapping QAM symbol vectors instead of
considering each individually. This means that we now
have UX hypotheses

n—1
WK = Y swlk+(n—n)M]
- K—1
+ 3 sw)k—vM] (5)
v=0
Where u 2 [u,] = [ug,us,...,ux_1], with the first

part of the equation denoting the signal that has been
generated until step n, and the second part of the
equation considers the next K FBMC symbols with all
U possible variations of each symbol.

5) Now a PAPR value is calculated for every 5 [k],
from which the optimum « that gives the minimum
PAPR is identified. Then finally (%) [£] is selected for
transmission at step n.

6) In the next step n + 1, all the hypotheses with ug = g
can be reused, and the U candidates of the next FBMC/
OQAM symbol n + K are considered.

IV. RESULTS

In this section, the results obtained from simulating the
various PAPR reduction schemes that were previously ex-
plained for both OFDM and FBMC/OQAM based systems are
presented. Additionally, an evaluation in terms of SER perfor-
mance is given for schemes that has an effect on it. To ensure
a fair comparison, both OFDM and FBMC/OQAM have the
same parameters, where the total number of sub-carriers used
are M = 64 with the DC sub-carrier forced to zero. An
oversampling of L = 4 is used, in order for the obtained
results to give a good prediction of the PAPR characteristics in
the analog domain [3]. Moreover, 4-QAM modulation is used.
For the FBMC/OQAM specific parameters, the filter used is
the PHYDYAS filter with an overlapping factor of K = 4
and a prototype filter length of L, = KM — 1. While, for
the OFDM specific parameters the cyclic prefix (CP) length
is chosen such that an overhead of 7.8% is achieved as in the
LTE normal mode operation. Note that the complementary
cumulative distribution function (CCDF) is used for the eval-
uation of the PAPR of all the reduction schemes. The clipping
ratio (CR) is set to 3 dB for all schemes, where it is defined as
CRg = 20log A%/g‘ , Ps is the average power of the time

signal s(t) before PAPR reduction and Amax is the maximum

allowed amplitude. Finally, the maximum number of iterations
for the iterative clipping schemes is fixed to 2 iterations, so
by doing this there are 2 modulation and 2 demodulation
procedures which are either OFDM or FBMC/OQAM. To
further ensure having a fixed complexity for all schemes, the
number of phase sequences U of the SLM scheme is set to
4; thus, having a total of 4 modulation procedures, where
both modulation and demodulation procedures have similar
complexities. Fig. 6 gives the CCDF of the PAPR distribution
for 10° blocks for the proposed two-stage (TR /TRACE /ACE
/+ Clipping) and selective mapping (SLM) PAPR reduction for
OFDM and FBMC. It can be seen that for the defined CR of
3 dB and 2 iterations for the iterative clipping based schemes, a
PAPR similar reduction of about 7 dB for both FBMC/OQAM
and OFDM is achieved at a probability of 10~*. Additionally,
it can be observed that the SLM achieves a PAPR reduction
performance of approximately 2.5 dB at the same probability
of 10~%. Fig. 7 gives the CCDF of the PAPR distribution for
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Fig. 6. Comparison of Two-stage (TR /TRACE /ACE /+ Clipping) and
selective mapping (SLM) based PAPR reduction for OFDM and FBMC: for
this figure, the number of sub-carriers is M = 64, oversampling factor of
L = 4, the overlapping factor is K = 4, the prototype filter length is
Ligngn = K - M — 1 = 255, a constellation size of 4, and a clipping
level of CRgqg = 3 dB

mSLM versus SLM for different number of phase sequences
U = 2,4,6. It can be observed, that the mSLM scheme
achieves a PAPR reduction of 1.8 dB/3 dB/3.5dB in contrast
to 1 dB/1.5dB/2dB for regular SLM at a probability of
1072, for different number of phase sequences U = 2,4, 6.
Note that mSLM only can be applied to FBMC due to the
overlapping time symbols. Fig. 8 gives the symbol error rate
(SER) performance before and after the application of the
various PAPR reduction schemes under investigation. It can be
observed in this figure that there is no deterioration in the SER
performance when using the SLM scheme, which is the same
for mSLM. Moreover, a deterioration in the SER performance
for all previously presented combinations of the two-stage
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Fig. 8. Symbol error rate (SER) performance of OFDM and FBMC before
and after the application of PAPR reduction schemes under investigation:
for this figure, the number of sub-carriers is M = 64, oversampling factor
of L = 4, the overlapping factor is K = 4, the prototype filter length is
Liengtn = K - M — 1 = 255 , a constellation size of 4, and a clipping level
of CRdB =3 dB

schemes in comparison with the case when no PAPR reduction
and when clipping are used is seen. It can be observed that
their is a loss of approximately 5dB at a probability of 10~°
in SER performance when comparing clipping with the case
when no PAPR reduction is used. The two-stage TR+Clipping
scheme shows a gain of about 1.5dB in SER performance
over clipping at the same probability.

This gain is further improved for ACE+Clipping amounting
to about 2.5dB. The final combination of TRACE+Clipping
offers the best gain of approximately 2.7 dB.

V. CONCLUSION

In this paper, a study of different PAPR reduction schemes
with focus on applicability to FBMC/OQAM systems was
conducted. First, a set of two-stage PAPR reduction schemes
was proposed that showed superior PAPR reduction perfor-
mance similar to that of clipping, however with an improved
SER performance. This schemes show a potential compromise
between the deterioration of the signal and the computational
complexity, while offering the desired PAPR reduction perfor-
mance. Further, a modification of the SLM scheme proposed
for OFDM is presented. It is shown, that exploiting the time
domain symbol structure from FBMC improves the PAPR
reduction compared to SLM and does not deteriorate the
signal. However, the PAPR reduction performance of mSLM
increases a U increases to the cost of increased computational
complexity, since U hypotheses have to be considered in-
stead of just U for regular SLM.
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