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ABSTRACT Multicarrier faster-than-Nyquist (MFTN) is a spectral efficient transmission scheme for future
communication systems. However, as one of the most important drawbacks of multicarrier transmission
systems, the peak-to-average power ratio (PAPR) of MFTN signals is still not clear yet. In this paper,
we investigate the PAPR of MFTN signals for nonlinear satellite communication systems. First of all,
the PAPR distribution of MFTN signals under various practical situations is evaluated, and we show that
the PAPR of MFTN signals is closely related to the number of subcarriers, the shaping pulse, and the
time–frequency packing factors. Moreover, different from conventional Nyquist multicarrier signals, certain
time–frequency packing in MFTNwill however, improve the PAPR performance. Then, the PAPR of MFTN
signals under the given spectral efficiency is considered. By jointly optimizing the time–frequency spacing
to minimize the PAPR, we show that the MFTN combined with low-order modulation could be more
energy efficient than the corresponding Nyquist high-order modulation signals. Finally, we investigate the
PAPR reduction forMFTN signals. Specifically, a selective mapping-based alternative-signal scheme, which
mainly intended for the conventional Nyquist multicarrier signals, is extended to theMFTN signaling system.
It is shown that the PAPR reduction performance of the considered scheme is robust to the time–frequency
packing, and even approaches the conventional orthogonal frequency-division multiplexing system. Our
numerical results validate that besides the high spectral efficiency, theMFTNmay be also an energy efficient
transmission scheme for next-generation satellite communication systems.

INDEX TERMS Multicarrier transmission, faster-than-Nyquist, time-frequency packing, peak-to-average
power ratio, selective mapping, satellite communications.

I. INTRODUCTION
In this bandwidth scarce and energy hungry world, the spec-
tral and energy efficiency have become important considera-
tions in designing practical communication systems [1], [2].
For the former target, it can be efficiently solved by the mul-
ticarrier faster-than-Nyquist (MFTN) signaling. The MFTN
mainly relies on time-frequency packing of conventional
Nyquist multicarrier transmission systems, such as orthog-
onal frequency division multiplexing (OFDM) or filter-bank
multicarrier (FBMC). By reducing the time interval between
adjacent symbols and packing the frequency spacing (or user
bandwidth) between adjacent subcarriers, the spectral effi-
ciency could be substantially improved with respect to the
conventional Nyquist case. It was shown in [3] and [4] that
the spectral efficiency of MFTN could be improved 100%

more than theNyquist signaling systems under the same time-
frequency resources at the same bit energy and error rate. Due
to this reason, the MFTN technique has drawn wide interests
in future satellite and terrestrial mobile (5G) as well as optical
communication systems [5]–[9].

The concept of single carrier FTN can be dated back to
1975s, which was firstly proposed by Mazo in [10]. In this
study, he pointed out that the binary sinc pulses could be sent
faster without loss in asymptotic error probability. This he
called FTN since the pulses appear faster than allowed by
Nyquist’s limit for orthogonal pulses. Since the sinc pulse is
not applicable for practical implementation, the FTN based
on root raised cosine (RRC) pulse has been investigated
in 2003 in [11], and it was shown that by exploiting the excess
bandwidth of RRC pulse, the Mazo limit, i.e., the minimum
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FIGURE 1. Satellite system model with K carriers amplified simultaneously by a single onboard HPA.

time packing factor abovewhich the Euclidean distance could
be kept as the Nyquist case, is better than the sinc pulse.
However, it was not until 2005 that the concept of FTN
has been extended to the frequency domain, i.e., multicarrier
FTN [12]. By reducing the frequency spacing between adja-
cent subcarriers, it was shown that the two dimensional Mazo
limit of MFTN could be further improved than the single
carrier case.

On the other hand, the energy efficiency is also of
paramount importance, especially in the resource-limited
satellite communication systems [13], [14]. To ensure
that the amplification is power efficient, the high power
amplifiers (HPAs) are often driven close to the satu-
ration point. However, it is known that the efficiency
of HPA is directly related to the peak-to-average power
ratio (PAPR) of the input signal, and these HPAs will lead
to nonlinear distortion. For example, high order modula-
tions, such as 16 or 32 amplitude and phase shift key-
ing (APSK) are often used to increase spectral efficiency in
the Digital Video Broadcasting-Satellite-Second Generation
(DVB-S2) system [15]. However, these modulation schemes
are sensitive to the nonlinear distortions introduced by the
onboard HPA. Moreover, the nonlinear effects of the HPA
become even more prominent when multiple carriers are
amplified using a single HPA [16]–[18]. Such a situation
arises when different carriers share the same onboard HPA
due to power/mass and flexibility requirements. A schematic
diagram of the multicarrier satellite system in this case is
shown in Fig. 1. Additionally, the use of multiple carriers in
satellite communication leads to high PAPR, which requires
an increase in the back-off used for power amplification,
thereby leading to a loss in power efficiency.

Unfortunately, current attentions about MFTN mainly
focus on the Euclidean distance (or Mazo limit), spectral
efficiency as well as practical detection schemes [19]–[23],
and the works concerning the PAPR of MFTN signals are
still not enough yet in the literatures. For example, the soft
input and soft output (SISO) frequency domain equaliza-
tion (FDE) has been proposed for the detection of MFTN
signals in [20]. By exploiting the principle of iterative Turbo

equalization, the ISI and ICI free BER performance could
be approximately approached with low complexity. In [21],
a maximum signal-to-interference ratio (SIR) time-frequency
packing scheme has been proposed for MFTN signaling sys-
tem, and it showed that the time-frequency packing could
obtain better spectral efficiency than conventional time pack-
ing or frequency packing scheme. Moreover, by optimizing
the lattice structure of MFTN signals, a hexagonal lattice-
based MFTN signaling system has been proposed in [22],
and it showed that the Mazo limit could be further improved
by the hexagonal MFTN. On the other hand, in [24]–[26],
the PAPR of single carrier FTN signals has been investi-
gated, and it was shown that the time packing will have an
impact on the ultimate PAPR distribution of FTN signals.
Recently, a partial transmit sequence (PTS) PAPR reduction
scheme which making use of the discrete Fourier transform
(DFT)-based implementation of the MFTN transmitter has
been proposed in [27], however, due to the adjacent subcar-
riers in MFTN are not orthogonal to each other anymore,
the overhead of side-information is extremely high and the
resulting PAPR reduction is also not so attractive. Further-
more, although it was predicted in [3] and [23] that theMFTN
may have higher PAPR than Nyquist signals, no comprehen-
sive investigation has ever been conducted to validate this
argument.

On the other hand, the PAPR problem has been widely
investigated in conventional Nyquist multicarrier transmis-
sion systems, and many PAPR reduction techniques have
been also proposed in the literatures [28] and [29]. Specifi-
cally, due to the shaping pulse utilized in FBMC is longer than
the symbol period, it was pointed out in [30] and [31] that the
PAPR reduction schemes which mainly intended for OFDM
signals could not be directly employed in FBMC transmission
systems (note that the FBMC can be viewed as a special case
of MFTN without time-frequency packing). Hence, many
modified PAPR reduction schemes by incorporating the over-
lapping between adjacent data blocks have been tailored for
FBMC signaling systems. However, since the time-frequency
packing degrades the orthogonality between adjacent carriers
and pulses, it is thus unclear whether the PAPR reduction
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schemes intended for FBMC signals could be utilized to
reduce the PAPR of MFTN signals or a complete redesign
of the PAPR reduction scheme for MFTN signals is required.

Regarding these issues, we investigate the PAPR of MFTN
signals in this paper. Firstly, we make a comprehensive
evaluation of the PAPR distribution in MFTN signaling
system under various practical situations. It is shown that
besides the number of subcarriers and excess bandwidth of
the shaping pulse, the time-frequency packing factors will
also make a contribution to the ultimate PAPR distribution.
Moreover, we demonstrate that the PAPR of MFTN signals
could be refined under proper time and/or frequency pack-
ing. Based on this observation, we then jointly optimize the
time-frequency spacing under the given spectral efficiency
so that the PAPR of MFTN signals could be minimized.
In this regard, we also compare the PAPR of low order mod-
ulated MFTN signals with its high order modulated counter-
parts under the same spectral efficiency, and reveal that the
MFTN signaling system with proper time-frequency spacing
could be more energy efficient than conventional Nyquist
signaling systems. Finally, a selective mapping (SLM)-based
alternative-signal (AS) scheme which mainly intended for
FBMC signals is extended to MFTN signaling system. Our
numerous simulation results validate that the PAPR reduction
performance of the adopted scheme is robust to the time-
frequency packing, and could even approach the OFDM sys-
tem under the similar conditions.

The reminder of this paper is organized as follows.
In Section II, the preliminaries in terms of the MFTN signal-
ing in satellite communication system and the PAPR prob-
lem are introduced briefly. The PAPR distribution of MFTN
signals under different situations is evaluated in Section III,
following which, the PAPR of MFTN signals is optimized in
Section IV. In SectionV, theAS algorithm is utilized to reduce
the PAPR of MFTN signals, and finally, the conclusion is
summarized in Section VI.

II. PRELIMINARIES
The MFTN and Nyquist symbols over time-frequency grid
are shown in Fig. 2. We consider a forward link of a trans-
parent satellite system where synchronous users employ
the same linear modulation format, shaping pulse g(t) and
symbol interval T , and access the channel according to a
frequency division multiplexing scheme and share the same
transponder HPA.We assume that the modulated uncorrected
and identical distributed information symbols {al,k} (being l
the time index and k the carrier/user index) belong to a given
zero-meanM-th order complex constellation, the transmitted
linear modulation signal is given by

s(t) =
√
Es
∑
l

∑
k

al,kg(t − lτT )ej2πkυFt (1)

where Es is the mean energy per symbol and is used
to normalize the average power of each user. T is the
Nyquist time interval and F is the minimum orthogonal
frequency spacing between adjacent channels, respectively.

FIGURE 2. MFTN and Nyquist symbols over time-frequency grid.

In DVB-S2 standard, the base pulse is an RRC pulse with
roll-off factor β (equal to 0.2, 0.3 or 0.35 depending on
the service requirements). In case of pulses employed in
DVB-S2, we have F = (1 + β)/T . Moreover, τ is the
time interval packing factor and υ is the frequency spacing
(or user bandwidth) packing factor, respectively. We remark
that in MFTN signaling system, one more degree of freedom
of system optimization is the bandwidth F of the shaping
pulse g(t). Hence, even the bandwidths may be kept fixed
for input and output multiplexing (IMUX and OMUX) filters
used in the nonlinear satellite channel, the frequency packing
can be equivalently implemented by increasing the pulse
bandwidth F [5]. We define T1 = τT and F1 = υF as the
packed time spacing and frequency spacing, respectively. For
conventional Nyquist signaling system, we have τ · υ = 1,
while for MFTN signaling system, τ · υ < 1. Without loss of
generality, T1 and F1 will be normalized to some reference
values T and F . We will also assume T = 1 as in [3] and [4]
throughout the following parts of this paper.

In general, the PAPR is a convenient parameter to measure
the sensitivity to non-linear amplification of the transmission
schemes having a non-constant envelope. It is shown in (1)
that the symbol rate of MFTN is 1/(τT ), and thus the length
of each MFTN symbol is equal to LT , L ∈ N+, where LT
is the length of the shaping pulse, the length of the MFTN
signal s(t) is thus LT + (M − 1)τT , and M is the number
of transmitted MFTN symbols. Similar as general FBMC
system [30], [31], we firstly divide the MFTN signals into
bL/τc +M − 1 intervals equally with the time duration τT .
Hence, the PAPR in each interval is defined as

PAPRp
1
=

max
pτT≤t<(p+1)τT

|s(t)|2

E[|s(t)|2]
, p=0, 1, . . . , bL/τc+M−2

(2)

where E[·] denotes the expectation operation.
Generally, the PAPR performance can be evaluated by the

complementary cumulative distribution function (CCDF) and
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which is defined as the probability that the PAPR exceeds a
given level PAPR0 > 0, i.e.,

CCDF = Pr(PAPR > PAPR0) (3)

III. PAPR DISTRIBUTION OF MFTN SIGNALS
Assume that the Nyquist discrete time symbol period is N
and the number of subcarriers is K . We will also assume T
is a multiple of the sampling interval Tc, and the sampling
rate that is used for discretizing all the signals is 1/Tc = KF .
By defining s[n] = s(nTc), the discrete time samples of the
MFTN signal (1) can be expressed as

s[n] =
√
Es

M−1∑
l=0

K−1∑
k=0

al,kg[n− lτN ]ej2πkυn/K (4)

In general, we are more interested in the PAPR of
continuous-time MFTN signals, even we may directly deal
with the discrete time samples. Hence, to better approximate
the PAPR of continuous-time MFTN signals, the MFTN
signal samples are obtained by J times oversampling.
Similar to conventional Nyquist multicarrier signals, the J
times oversampled time-domain samples vector al can be
obtained by (J − 1)K zeros-padding for the l-th data
block, i.e.,

al = [al,0, . . . , al,K−1, 0, . . . , 0︸ ︷︷ ︸
(J−1)K

]T (5)

where [·]T is the matrix/vector transpose operation.

FIGURE 3. Peak power of the MFTN signals. In this figure, the number of
subcarriers is K = 60, and the RRC pulse with roll-off factor β = 0.3 is
employed. Moreover, the time-frequency spacing considered here is
T1 = 0.9, F1 = 0.9.

As an example, Fig. 3 shows the peak power |s[n]|2 under
different time instants, where the number of subcarriers is
K = 60, RRC pulse with β = 0.3 and T1 = 0.9,F1 = 0.9
have been employed. Obviously, the maximum instantaneous
signal power may be far larger than its average power. Hence,
the PAPR problem must be carefully considered in MFTN
signaling system.

According to (4), the PAPR computed from the J -times
oversampled time domain MFTN signal samples can be thus
defined as

PAPRp =
max

pτJN≤n<(p+1)τJN
|s[n]|2

E[|s[n]|2]
(6)

FIGURE 4. PAPR distribution of MFTN signals under different
oversampling factors. In this figure, the number of subcarriers is K = 60,
and the RRC pulse with roll-off factor β = 0.3 is employed. Moreover,
the time-frequency spacing considered here is T1 = 1, F1 = 1.

Fig. 4 shows the PAPR distribution of MFTN signals
under different oversampling factors, where the number of
subcarriers is K = 60, QPSK modulation (unless otherwise
specified, QPSK will be the default modulation format in
this section) is employed and J = 1, 2, 4, 8 have been taken
into consideration. Moreover, the time-frequency spacing is
T1 = 1, F1 = 1, and the roll-off factor of RRC pulse is
β = 0.3. From this figure, we can see that the oversampling
factor has an impact on the ultimate PAPR distribution of
MFTN signals, and when J ≥ 4, it will be sufficient to
obtain accurate PAPR results. Based on this observation,
the oversampling factor J = 4 will be employed throughout
the following parts of this paper.

In [33] and [34], the analytical expressions to accurately
describe the PAPR distribution of OFDM signals have been
presented, and which are considered to be greatly simplified
the system design process. However, things will be changed
and similar works will be more complex in MFTN signaling
system. The reasons can be briefly organized as follows.
Firstly, different from OFDM signals mainly based on the
rectangular pulse where the date blocks in different sym-
bol intervals are mutually independent, the shaping pulse in
MFTN is longer than the symbol period. Hence, the data
blocks in adjacent time intervals are overlapped with each
other. Due to this reason, the closed-form of the bounds
regarding the PAPR distribution for FBMC signals is still not
available yet. Secondly, due to the time-frequency packing
introduced in MFTN signaling system, the subcarriers and
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adjacent shaping pulses will be not orthogonal to each other
anymore, and which further complicates the derivation of the
accurate PAPR distribution of MFTN signals (it should be
noted that in this regard, the PAPR of MFTN signals will
be jointly determined by the modulation format, the number
of subcarriers K , the time-frequency packing factors τ, υ as
well as the adopted shaping pulse g(t)). Hence, for the sake
of simplicity, we will mainly rely on the numerical analysis
in this paper.

FIGURE 5. PAPR distribution of MFTN signals under different number of
subcarriers K . In this figure, the time-frequency spacing are chosen to be
T1 = 0.8, F1 = 0.8. Moreover, the oversampling factor is J = 4 and
roll-off factor β = 0.3 have been employed.

Fig. 5 presents the PAPR distribution of MFTN
signals under different number of subcarriers, where
K = 60, 80, 100, 200 and T1 = 0.8,F1 = 0.8 have
been considered in the simulations. As we can see from this
figure that similar as general multicarrier signals, the PAPR
will be deteriorated with the increase of the number of
subcarriers K . Hence, more attentions should be paid to the
MFTN signals especially for the case of large number of
subcarriers.

Then, we turn to focus on evaluating the effect of time-
frequency packing on the PAPR distribution of MFTN sig-
nals. In the numerical experiments, the number of subcarriers
is N = 60, and the RRC pulse with β = 0.3 has been con-
sidered. Firstly, we present the PAPR distribution of MFTN
signals under different frequency spacing in Fig. 6, where we
fix the time spacing to T1 = 1 and the frequency spacing
F1 = 1, 0.8, 0.6, 0.5 have been utilized.1 Interesting, we can
see that with the reduction of the frequency packing factor
υ or the frequency spacing F1, the PAPR performance will
be however, improved. For example, the PAPR of MFTN
signals under F1 = 0.5 is approximately 0.5dB better than
F1 = 1. Furthermore, the PAPR distribution of MFTN

1We point out that owing to the potential high signal detection complexity
of the receiver, the time-frequency packing factor will be in general not too
small in MFTN signaling system.

FIGURE 6. PAPR distribution of MFTN signals under different frequency
spacing. In this figure, the number of subcarriers is K = 60, and the RRC
pulse with roll-off factor β = 0.3 is employed. Moreover, the time spacing
is fixed to T1 = 1.

FIGURE 7. PAPR distribution of MFTN signals under different time
spacing. In this figure, the number of subcarriers is K = 60, and the RRC
pulse with roll-off factor β = 0.3 is employed. Moreover, the frequency
spacing is fixed to F1 = 1.

signals under frequency spacing F1 = 1 and different time
spacing is shown in Fig. 7. As we can see from this figure that
similar as frequency packing, certain time packing will also
improve the PAPR distribution of MFTN signals. However,
when the time packing factor is small enough, e.g., T1 ≤ 0.5,
the PAPR distribution will be deteriorated than other cases.
The reason for this phenomenon is due to that according to
the central limit theory, the summation of the independent
symbols in K uncorrelated subcarriers will in general result
in the worst PAPR distribution (in this regard, the ultimate
signal will be quite approach the Gaussian distribution when
K is large enough). However, due to the time-frequency
packing and pulse shaping employed in MFTN signaling
system, the symbols in different data blocks will be not
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independent to each other anymore. Consequently, the PAPR
distribution could be refined in certain extent. We point out
that similar phenomenon can be also found in the PAPR
distribution of spectral efficient frequency divisionmultiplex-
ing (SEFDM) signals in [35], where only frequency packing
has been employed. Indeed, the time-frequency packing and
pulse shaping could be viewed as a kind of precoding scheme,
and the PAPR of MFTN signals can be thus improved under
certain situations.

FIGURE 8. PAPR distribution of MFTN signals under different roll-off
factors of the shaping pulse. In this figure, the number of subcarriers is
K = 60, and the RRC pulse with roll-off factor β = 0.3 is employed.
Moreover, the time-frequency spacing are chosen to be T1 = 1, F1 = 1.

Finally, we present the PAPR distribution ofMFTN signals
based on RRC pulse with different roll-off factors β in Fig. 8,
where T1 = 1,F1 = 1 and K = 60 have been employed.
It is known that the excess bandwidth of RRC pulse plays
an important role in determining the Mazo limit performance
of FTN signaling system, and in general, the Mazo limit
will be improved with the increase of the excess bandwidth
of the RRC pulse. From Fig. 8, we can find that the roll-
off factor also has an impact on the PAPR distribution of
MFTN signals. Moreover, the PAPR of MFTN signals under
β = 1 is 1.4dB higher than β = 0 under the same condi-
tions, which also demonstrates that with the increase of the
roll-off factor β or equivalently, the excess bandwidth,
the PAPR performance will be deteriorated as a result.

IV. PAPR OPTIMIZATION OF MFTN SIGNALS
In Section III, we have shown that the time-frequency pack-
ing factor or time-frequency spacing has an impact on the
PAPR distribution of MFTN signals. Naturally, two inter-
esting problems arise, i.e., for the given target spectral effi-
ciency η, what is the optimal time-frequency spacing so
that the PAPR could be minimized? and how is the PAPR
performance of MFTN combined with low order modulation
compared with the higher order modulation under the same
spectral efficiency? In this section, we will try to solve these
problems.

Base on above discussions, the optimization problem can
be formulated as follow2

min
T1,F1

max
pT1≤t<(p+1)T1

|s(t)|2

Subject to. η = log2|M|
/
(T1F1) (7)

We point out that due to the complex MFTN signal struc-
ture (pulse shaping and time-frequency packing), an elegant
theoretical derivation to solve (7) is an impractical task.
Hence, for the sake of simplicity, we will mainly resort to the
numerical analysis in this section. Moreover, in the numerical
experiments, four modulation schemes in DVB-S2 standard,
i.e., QPSK, 8PSK, 16APSK and 32APSK are considered, and
the length of the shaping pulse is 6T and the RRC pulse with
roll-off factor β = 0.3 has been utilized. Also, even the
time-frequency packing may introduce serious intersymbol
interference (ISI) and intercarrier interference (ICI), we will
assume that the target spectral efficiency could be obtained
by proper equalization schemes at the receiver.

FIGURE 9. PAPR of MFTN signaling system under the target spectral
efficiency η = 3 bits/s/Hz. In this figure, the oversampling factor is J = 4
and the RRC pulse with roll-off factor β = 0.3 is employed. Moreover,
the PAPR under CCDF = 10−3 is extracted.

Firstly, we give the PAPR performance of MFTN signal-
ing system with QPSK modulation under the target spectral
efficiency η = 3 bits/s/Hz in Fig. 9. To this end, the time-
frequency spacing is restricted to be T1 ·F1 = 2/3. As a ref-
erence, the PAPR performance with 8PSK modulation under
T1 = 1,F1 = 1 is also shown for comparison, and the PAPR
under CCDF = 10−3 is extracted. We remark that although
not shown here, the PAPR of Nyquist multicarrier signals,
i.e., T1 = 1,F1 = 1.3, is quite approach the MFTN signals
at T1 = 1,F1 = 1 for the four modulation schemes (nomore
than 0.2dB). From this figure, we can find that similar as
Fig. 7, when T1 ≥ 0.6, the PAPR of MFTN signals will be

2For the sake of simplicity, we only consider the uncoded case. However,
similar conclusion also holds true for the coded case, since the interleaver
concatenated to the encoder will also obtain the independent information
data.
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reduced with the reduction of time spacing T1. While on the
other hand, the PAPR will be increased if the time spacing
T1 is further reduced (note that the frequency spacing will
be increased accordingly). Hence, there is an optimal time-
frequency spacing which could result in the lowest PAPR
performance. Moreover, it is seen that the PAPR performance
of the optimized MFTN with QPSK modulation could be
improved as much as 0.8dB than the conventional Nyquist
signals under 8PSK modulation.

FIGURE 10. PAPR of MFTN signaling system under the target spectral
efficiency η = 4 bits/s/Hz. In this figure, the oversampling factor is J = 4
and the RRC pulse with roll-off factor β = 0.3 is employed. Moreover,
the PAPR under CCDF = 10−3 is extracted.

To further validate the practical benefit of MFTN signaling
system, the PAPR performance of MFTN signals under the
target spectral efficiency η = 4 bits/s/Hz is plotted in Fig. 10.
Similarly, the PAPR based on 16APSK modulation under
T1 = 1,F1 = 1 has been presented as a reference. It is
seen that there is also an optimal time-frequency spacing
which could minimize the PAPR of MFTN signals under the
given spectral efficiency, and the PAPR of MFTN signals
with QPSK modulation under T1 = 0.6 is approximately
0.9dB better than the 16APSK modulation for both the cases
of K = 60 and K = 100. Hence, in practical applications,
T1 ∈ [0.6, 1] may be a good choice to obtain improved
energy efficiency.

Finally, the PAPR performance of MFTN signaling system
under target spectral efficiency η = 5 bits/s/Hz is presented
in Fig. 11. In this regard, the PAPR based on 32APSK
modulation under T1 = 1,F1 = 1 has been presented
as a reference. Specifically, three other modulation schemes,
i.e., QPSK, 8PSK, 16APSK, have been also considered. The
number of subcarriers is fixed to K = 100. From this figure,
we can find that theMFTN combined with QPSKmodulation
and proper time-frequency packing could obtain 0.9dB PAPR
improvement than the 32APSK modulation, and more than
0.3dB improvement than the 8PSK and 16APSKmodulations
under the same spectral efficiency.

FIGURE 11. PAPR of MFTN signaling system under the target spectral
efficiency η = 5 bits/s/Hz. In this figure, the number of subcarriers is
K = 100. The oversampling factor is J = 4 and the RRC pulse with roll-off
factor β = 0.3 is employed. Moreover, the PAPR under CCDF = 10−3 is
extracted.

Hence, all in all, from the simulation results presented
above, we may conclude that the low order modulation
coupled with MFTN and optimized time-frequency spacing
could be more energy efficient than conventional Nyquist
high order modulation systems under the same spectral
efficiency.

V. PAPR REDUCTION OF MFTN SIGNALS
From above analysis and numerical results, we can find
that even the time-frequency spacing optimization could
obtain refined PAPR performance, there is still a high PAPR
exists amongMFTN signals. Hence, in practical applications,
an efficient PAPR reduction scheme may be also expected.

As we have mentioned before, some novel PAPR reduction
schemes bymaking use of the specificMFTN signal structure
could be designed. However, it is known that the PAPR
problem has been widely investigated in conventional OFDM
and FBMC signaling systems, and many PAPR reduction
schemes have been also proposed in the literatures. Hence,
in this section, we will mainly focus on exploiting the existing
PAPR reduction scheme proposed for conventional Nyquist
multicarrier signals, and evaluating its practical performance
utilized in MFTN signaling system.

Before proceeding, we would like to give a brief dis-
cussion on the available PAPR reduction schemes. Accord-
ing to [29], the PAPR reduction schemes for multicarrier
signals could be mainly classified into two categories. The
first one is the pre-distortion scheme such as clipping and
filtering [36] and companding transform [37]. The second one
is the distortionless scheme such as precoding [38], selective
mapping (SLM) [39], partial transmit sequence (PTS) [40]
and so on. Due to the serious ISI and ICI induced by time-
frequency packing in MFTN signaling system, the predistor-
tion schemes will be ruled out and we will therefore focus
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on the distortionless PAPR reduction schemes. On the other
hand, owing to the similarities between MFTN and FBMC
signals (such as the shaping pulse), a natural choice is to
employ the PAPR reduction scheme intended for FBMC sig-
nals to MFTN signaling system. Based on these observations,
the sequential alternative-signal (AS) method based on SLM
proposed in [41] will be extended to reduce the PAPR of
MFTN signals in this section.3

A. PAPR REDUCTION OF MFTN SIGNALS WITH AS
According to Fig. 1, the transmitted MFTN signal s(t) can
be obtained in several steps. Firstly, the MFTN symbols on
the l-th data block passed through the prototype filter can be
expressed as

x lk (t) = al,kg(t − lτT ) (8)

Then, x lk (t), k = 0, 1, . . . ,K − 1 are modulated with K
subcarriers to obtain

slk (t) = x lk (t)e
j2πkυFt , k = 0, 1, . . . ,K − 1 (9)

Next, slk (t) on all of theK subcarriers are added up together
to obtain the l-th MFTN symbol sl(t) as

sl(t) =
K−1∑
k=0

slk (t), lτT ≤ t < (l + L − 1)τT (10)

Finally, the desired MFTN signal s(t) is obtained by sum-
ming over the M MFTN symbols, i.e.,

s(t) =
M−1∑
l=0

sl(t), 0 ≤ t < (bL/τc +M − 1)τT (11)

FIGURE 12. MFTN transmitter.

The above procedures are also depicted in Fig. 12. Accord-
ing to the principle of SLM, the AS reduces the PAPR by
optimally choosing one phase rotation vector from a given
set for each MFTN symbol. Over different MFTN symbols,
the phase rotation vectors might be different. Denotes the set
of candidate phase rotation vectors as

B = {b0,b1, . . . ,bU−1} (12)

3We choose the SLM-based AS scheme because of the SLM scheme has
been also widely employed to reduce the PAPR of conventional OFDM
signals. Moreover, the AS proposed in [41] exploits the overlapping of
FBMC symbols between adjacent data blocks, and the complexity of this
scheme is also acceptable for practical communication systems.

where U is the size of B, and bu, 0 ≤ u < U − 1, is the
u-th phase rotation vector, which is defined as

bu = [bu0, b
u
1, . . . , b

u
K−1]

T (13)

with buk = ej2π i/W , i = 0, 1, . . . ,W − 1. For the sake of sim-
plicity, we adopt W = 2, and bl,u = [bl,u0 , b

l,u
1 , . . . , b

l,u
K−1]

T

as the phase rotation vector used by the l-th MFTN sym-
bol sl(t).Without loss of generality,B is assumed to be known
at both the transmitter and receiver.

Due to the overlapped signal structure, the main idea
of the AS algorithm adopted here is based on the
sequential optimization procedure. In the l-th data block,
by taking into account the previous MFTN symbols,
i.e., s0(t), s1(t), . . . , sl−1(t), we reduce the peak power
of sl(t). More details are formulated as follows.

For the zero-th symbol, we multiply s0(t) by different
phase rotation vectors and choose the one with the minimum
peak power, which is denoted as ŝ0(t). Then, ŝ0(t) is sent to the
first symbol to solve the following optimization problem, i.e.,

min
b1,u

max
2τT≤t<(2+0)τT

∣∣∣∣∣ŝ0(t)+
K−1∑
k=0

s1k (t)b
1,u
k

∣∣∣∣∣
2

Subject to. b1,u ∈ B (14)

where 0 is a parameter that may affect the PAPR reduction
performance, and according to [41], L/2+1 ≤ 0 ≤ L will be
adopted. It should be also noted that we adopt the peak power
as the design metric in this section. Moreover, given the finite
dimensionality of B, exhaustive search will be adopted here
to identify the optimal bl,u. Similar to conventional SLM, for
each MFTN symbol sm(t), the complexity of searching the
optimal phase rotation vector bl,u is on the order of O(U ),
and the overall complexity of searching theM optimal phase
rotation vectors is on the order of O(UM ). Furthermore,
since log2(U ) bits are needed for each MFTN signal sm(t),
m = 0, 1, . . . ,M − 1, the overhead of side information for
all the M symbols is thus M log2(U ) bits.

Following (14), the optimal phase rotation vector is
denoted as b1,u

∗

, and the newly generated symbol is thus

ŝ1(t) =
K−1∑
k=0

s1k (t)b
1,u∗
k (15)

Then, ŝ1(t) and ŝ0(t) are both sent to the second block to
calculate the new symbol ŝ2(t). We repeat the above proce-
dure until the (M − 1)-th block.

The general procedure of AS algorithm for the l-th MFTN
symbol, l = 1, 2, . . . ,M − 1, can be expressed as follows

min
bl,u

max
(l+1)τT≤t<(l+0)τT

∣∣∣∣∣
l−1∑
i=0

ŝi(t)+
K−1∑
k=0

slk (t)b
l,u
k

∣∣∣∣∣
2

Subject to. bl,u ∈ B (16)
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B. SIMULATION RESULTS
In this subsection, we perform the numerical simulations to
evaluate the PAPR reduction performance based on the AS
algorithm described above. In the simulations, the number
of subcarriers/users is fixed to K = 60, and the RRC pulse
with length 6T and roll-off factor β = 0.3 as well as QPSK
modulation has been employed. The oversampling factor is
chosen to be J = 4, 0 = 5, and 104 simulations are
performed to average the results.

FIGURE 13. PAPR reduction performance of OFDM and MFTN signals
under different number of phase rotation vectors U . In this figure,
the time-frequency spacing for MFTN signaling system is fixed to
T1 = 0.8, F1 = 0.8.

Fig. 13 presents the PAPR reduction performance of
MFTN signals by exploiting the AS algorithm, where the
number of candidate phase rotation vectorsU = 4, 8, 16 have
been employed, and the time-frequency spacing is chosen to
be T1 = 0.8,F1 = 0.8. Moreover, the PAPR distribution of
OFDM signals as well as the PAPR reduction performance
based on SLM is also shown for comparison. From this
figure, we can find that the PAPR distribution of original
MFTN signals is 0.5dB better than the OFDM signals. When
U = 4, the OFDM and MFTN signals could achieve similar
PAPR performance, and with the increase of U , better PAPR
reduction performance could be obtained for both OFDM and
MFTN signals. Moreover, even the PAPR performance of AS
algorithm for MFTN signals is worse than SLM for OFDM
under U = 8 and U = 16, the gap between them is no more
than 0.7dB.4

4It should be noted that due to the overlapped signal structure, the AS
algorithm utilized here adopts the suboptimal solution, while for SLM,
we used the optimal phase rotation vector for per OFDM symbol. Hence,
there is a slight degradation of the PAPR reduction performance for MFTN
signaling system with respect to the case of OFDM (i.e., the PAPR reduction
achieved by SLM for OFDM can be viewed as a low bound for AS algorithm
to MFTN signaling system). Moreover, we remark that the complexity to
obtain the optimal phase rotation vectors by jointly optimizing all the M
MFTN symbols is on the order of O(UM ), which makes the exhaustive
search method impractical. Hence, the computational complexity of the
adopted scheme could be greatly reduced than the optimal scheme.

FIGURE 14. PAPR reduction performance of MFTN signals under different
frequency spacing. In this figure, T1 = 1, U = 8, K = 100 have been
employed.

FIGURE 15. PAPR reduction performance of MFTN signals under different
time spacing. In this figure, F1 = 1, U = 8, K = 100 have been employed.

In order to further validate the potential impacts of
time-frequency packing with respect to the PAPR reduction
performance for MFTN signals, Fig. 14 gives the PAPR
reduction performance of MFTN signals under frequency
spacing F1 = 1.3, 1, 0.8, 0.6, where the time spacing
T1 = 1 and U = 8 have been employed. As a bench-
mark, the PAPR distribution of original MFTN signals under
T1 = 1,F1 = 1 has been also shown in this figure. It is
interesting to see that the PAPR reduction performance of
MFTN signals is robust to the frequency packing under the
given parameter sets.5 Similar phenomenon can be also found
in Fig. 15, where the frequency spacing is fixed to F1 = 1
and the PAPR reduction performance under time spacing
T1 = 1, 0.8, 0.6 have been evaluated.

5Indeed, the AS or SLM could be also treated as a kind of precoding
scheme. In this regard, the effect of time-frequency packing will be alleviated
compared with the AS/SLM on the ultimate PAPR reduction performance.
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Hence, from the simulation results presented above,
we may conclude that the PAPR of MFTN signals could be
substantially reduced by exploiting the AS algorithm, and the
time-frequency packing also only has a slight impact on the
ultimate PAPR reduction performance.

VI. CONCLUSION
In this paper, we investigated the PAPR of spectral efficient
MFTN signals, where a comprehensive evaluation of the
PAPR performance has still not been conducted yet. In this
regard, the PAPR distribution of MFTN signals under var-
ious practical situations has been analyzed firstly, and we
showed that certain time-frequency packing could refine the
PAPR of MFTN signals. Moreover, we optimized the time-
frequency spacing values of MFTN signaling system under
the given spectral efficiency so that the ultimate PAPR could
be minimized. Our numerical results demonstrated that the
MFTN signaling system could obtain lower PAPR than con-
ventional Nyquist transmission systems. Finally, a state-of-
the-art PAPR reduction scheme which mainly intended for
Nyquist multicarrier signals has been extended to MFTN
signaling system. It was shown that there is only a slight
effect of the time-frequency packing on the ultimate PAPR
reduction performance. Hence, the MFTN technique may
be a better choice than conventional Nyquist multicarrier
transmission schemes from the point of view of spectral and
energy efficiency for future satellite and terrestrial mobile
communication systems.
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