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Abstract: In this paper, a novel approach which merges two recognized signal processing techniques with repeat-
ing clipping filtering (RCF) and conventional partial transmit sequence (PTS) techniques has been proposed and
analyzed. The key objective is to damp and set the ratio between peak and average powers of the filter bank multi-
carrier (FBMC) recently used in the 5G mobile systems. The hybrid proposed peak-to-average power ratio (PAPR)
scheme is referred to as RCF-PTS technique. Simulation results show that our proposed PAPR reduction technique
achieves better power reduction factor compared the clipping and filter (CF) scheme (around 4 dB) and to the PTS

technique (around 3 dB).
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1 Introduction

Filter bank multicarrier (FBMC) has been introduced
as a promising alternative for orthogonal frequency-
division multiplexing (OFDM) in 5G systems. How-
ever, being a multicarrier based technique, FBMC is
inherently susceptible to high peak-to-average power
ratio (PAPR) that must be mitigated. Moreover, the
benefits of FBMC over OFDM in terms of spectral
efficiency and the immunity from synchronization is-
sues, has been obtained at the cost of higher PAPR,
that the PAPR in FBMC is higher than that of OFDM
systems with the same number of subcarriers [1, 2, 3].

The penetration of multicarrier modulation tech-
niques in a diversity of telecommunication standards,
with the inherent PAPR problem with the well-known
consequences on system performance, led to lots of
proposed solutions for that problem. The proposed al-
gorithms in literature for mitigating PAPR in OFDM
systems, are much less efficient in FBMC, i.e., the
PAPR reduction capability is reduced [4].

Partial transmit sequence (PTS) had proved a
great effectiveness in reducing PAPR in OFDM sys-
tems, and thus it is normal to be proposed either
uniquely or joined with other techniques to mitigate
PAPR of FBMC systems. A PTS-built methodologies
are suggested in [5, 6, 7] inspired by of the overlap-
ping feature of the prototype filter for FBMC sym-
bols. A hybrid PTS and tone reservation (TR) PAPR
reduction scheme is proposed in [8] for FBMC/offset
quadrature amplitude modulation (OQAM) system,

the reduction in PAPR is achieved with hybrid scheme
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instead of using each of them solely, numerical results
show that higher PAPR reduction is achieved with hy-
brid schemes.

The use of clipping was the first thing to think
about in order to reduce the PAPR in multicarrier
systems, though it degrades the link performance, in
terms of bit error rate (BER) and increased out-of-
band radiation. Usually clipping is used along with
some manipulations to mitigate its effects. The use
of iterative clipping tries to mitigate the above men-
tioned effects at the cost of increased propagation de-
lay, while filtering is introduced to cancel out the re-
sulting out-of-band radiation [9, 10, 11].

The use of iterative processing for PAPR reduc-
tion has been proposed extensively in literature. An
iterative processing is combined with spreading codes
is introduced in [12] to reduce PAPR of an OFDM
signal while minimizing the BER degradation in ad-
dition to reduced out-of-band interference. It is found
that the use of spreading codes reduce the number of
iterations to obtain threshold PAPR value, while in-
creasing the number of iterations increases the PAPR
reduction capability.

A segment based optimization PTS technique is
combined with clipping in [13]. The PTS phase fac-
tors are assigned for all data blocks. All data blocks
are divided into segments, and one data block is used
to optimize each segment for PAPR reduction. Then
the clipping is used for further PAPR reduction. The
effect of clipping is mitigated by compressed sensing

104 at the receiver.

PAPR reduction techniques in muticarrier sys-
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tems proposed in literature, can be categorized into
two main categories, these are signal scrambling tech-
niques or called (linear methods) and signal distortion
techniques or called (nonlinear methods)[14]. Sig-
nal scrambling techniques are all variations on how
to scramble the codes to decrease the PAPR and Sig-
nal distortion techniques minimize high peak dramat-
ically by distorting signal before amplification. Usu-
ally, linear methods lead to an increase in computa-
tional complexity of communication system. On the
other hand, non-linear methods increase the overall
system bit error rate (BER). In fact, a good PAPR re-
duction technique is the one that compromises com-
plexity and BER obtained at receiving end [15].

In this paper, a novel approach combining nonlin-
ear (signal distortion) and linear (signal scrambling)
methods, has been proposed, and referred to as clip-
ping and filtering with partial transmit sequence de-
noted by RCF-PTS. The motivation behind this as-
sumption is to reduce the peak-to-average power ratio
(PAPR) and to keep an acceptable BER of the FBMC
system. The proposed technique has achieved a sig-
nificant reduction in PAPR as compared to the original
FBMC system.

The major concept of the proposed PAPR method
RCF-PTS is to use three leading signal processing
steps to reduce the PAPR value. First, the merit of
nonlinear iterative clipping method is used to cut the
high power value of these minority symbols. second ,
a filter module is added after each clipping process to
reject the out-of band signals. Finally, a conventional
PTS module is applied to the clipped and filtered sym-
bols to more optimize the PAPR reduction.

This paper consists of five sections organized
as follows: In Section II, a brief description of
FBMC/OQAM signal and system model and PAPR
concept in FBMC system is explained. The new hy-
brid from clipping and filtering and PTS algorithm
is introduced in section III. Simulation results of our
proposed PAPR technique and performance evalua-
tion and analysis of FBMC system with and with-
out the proposed RCF-PTS technique are presented in
section IV. Finally, the paper is concluded in section
V.

2 FBMC/OQAM
PAPR Problem

SYSTEM and

2.1 2.1 FBMC/OQAM System Principle

FBMC system is adding generalized pulse shaping fil-
ters which produce a well localized sub-channel in
both time and frequency domain. Filter banks can be

defined as an array of N filters that processes N input
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signals to produce N outputs. If the inputs of these
N filters are joined together, the system in an analo-
gous mode can be considered as an analyzer to the in-
put signal based on each filter characteristics. Hence,
this type of filter bank is called analysis filter bank
(AFB). While on the other hand, by adding the out-
puts of the filter array, a new signal is synthesized and
hence this type of filter bank is called synthesis filter
bank (SFB). The synthesis-analysis configuration is
called trans multiplexer and is applied in the multicar-
rier communication systems. The basic principles of
FBMC/OQAM modulator block diagram for are ex-
plained in Figure 1.The block diagram shows that syn-
thesis filter bank (SFB) which includes the poly phase
network (PPN) after the inverse fast fourier transform
(IFFT) and the analysis filter bank (AFB) which in-
cludes the poly phase network (PPN) before the fast
fourier transform (FFT) [1, 2, 3].

The data is QAM modulated into A,,, A,, =
[@m.1, Gm 2-.-Qm, N—1, @m,N], the QAM symbols, then
through serial to parallel, the real and imaginary part
of each symbol are transmitted on a subcarrier, respec-
tively. After the phase modulation and prototype fil-
ter, the transmission FBMC/OQAM data blocks can
be obtained by equation (1) The FBMC/OQAM data
block signal in time domain can be expressed as [8].

N

= Z{%(am,n)h@ —mT)

n=1

Sm/(t)

T, . .
+ 7S (amn)h(t = mT — 5)}6.7@771,71 )]

1

Where a,,, , denotes the m!" QAM symbol on the
n'h subcarrier, the real and imaginary parts of a, .,
are denoted by R(.) and (.) respectively. The sym-
bol period is denoted by 7', and h(t) is the response of
the prototype filter with 57 length, 3 is the overlap-
ping factor. ®,,, is an additional phase term with
Q. = n(2nt/T + 7/2) , and sp,(t) is a single
FBMC/OQAM signal data block formula.

The FBMC/OQAM [8] successive symbol over-
lapping is shown in Figure 2:

— BT —
Symb. 1T: (O R(ain)h(t —T))
T/2 | Symb. 1Q: (- S(arn)h(t—T - %)) |
| Symb. 21 \
| Symb. 2Q \

Figure 2: The FBMC/OQAM symbol overlapping.

The transmitter consists of /N subcarriers, the M
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Figure 1: Modulator block diagram of FBMC system model with PPN.

consecutive data block is written as equation (2)

M
S(t) = Sm(t)

m=1

,O_tS(MJrﬁ—%)T 2

As we mentioned before, PPN is in the SFB that
has IV subcarriers with frequency spacing Af , a sig-
nal bandwidth as result of Bw = N - Af. According
to the sampling theorem, the sampling interval equals
Ts = 1/Bw = T'/N. The length of the symbol period
is T', so the corresponding number of signal samples
within each symbol period is T'/Ts = N.

The modulation and demodulation of signal
though filter banks, which are the frequency shift of
the prototype filter are realized in FBMC system. The
Nyquist filter (such as classical raised cosine filter) is
chosen in FBMC system to reduce the out-of-band ra-
diation. Actually, modulation and demodulation are
coupled in the network. Consider the normalization
of data, we often use half-Nyquist filter (such as the
square root raised cosine filter). The frequency co-
efficients of prototype filter when overlapping factor
(8 = 4 are shown in Table (1) [6].

Table 1: the frequency coefficients of prototype

Hy | Hy | Hs H,
1| 097196 | ¥2 | 0.235147

The frequency response of the prototype filter can
be obtained using equation (5).

! sin(r(f — 115)MB)
H,
k:_%_l) *MBsin(n(f — 1£5))

H(f) = 3)

2.2 PAPR in FBMC/OQAM system.

PAPR in FBMC/OQAM system can be defined by di-
viding S(t) into M + 3 intervals, each interval is equal
to T (the last one is T/2). The PAPR of each interval

can be written as in equation (7) [8, 9, 10]:
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maz(|s(t)]?)

PAPR(dB) = lowa

T <t < (i+1)T

“)

where i = 0,1,...,M + 8 — 1, and EJ|s(t)|*]

denotes the s(t) expectation. The PAPR is one of the

quantities that describes the dynamic properties of the
transmitted signal s(n). The PAPR is defined as:

maz(|s(n)[?)

PAPR(dB) = 10logio(——

) (5

where |s(n)| is the amplitude and P; is the av-
erage power of the transmitted signal. The comple-
mentary cumulative distribution function (CCDF) has
been used in our simulation to evaluate the PAPR of
FBMC symbols. In general, a complementary for-
mula of CCDF given by [7]:

PPAPR > z=1-P{PAPR <z} = 1-(1—e#)V
(0)
where z represents a specific threshold power to
evaluate the PAPR in FBMC.

3 Proposed Model

3.1 Clipping And Filtering Technique (CF)

In FBMC/OQAM, signal contains high peaks (ex-
ceeding a certain threshold) will be applied to clipping
and filtering (CAF) processes as illustrated in Figure
3. In the clipping part, when amplitude exceeds a cer-
tain threshold, the amplitude is hard-clipped while the
phase is saved [15, 11].

Over
Sampling

Figure 3: Repeating clipping and filtering technique.
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In Figure 4, vector A; = [Ao,...,An—;] ob-
tained after over sampling stage is first transformed
using an oversize IFFT. For an oversampling factor,
denoted by IF, A; is extended by adding N(IF —
I) zeros in the middle of the vector. This re-
sults in a trigonometric interpolation of the signal
time domain signal [I]. The interpolated signal
is then clipped and hard-limiting is applied to the
amplitude of the complex values of the IFFT out-
put. However, any other form of non-linearity could
be used. The ratio of the clipping level value to
the root mean square value of the unclipped sig-
nal is defined as the clipping ratio (CR). The filter-
ing is used after the clipping to reduce out-of band
power. The filter consists of two FFT operations.
The forward FFT converts the clipped signal back
into the discrete frequency domain resulting in a vec-
tor C7. The in-band discrete frequency components
of [CO,i, ceey C%—l,i’CNn—%-I-l,i’ ceey CNIl—Li]’ are
passed unchanged to the inputs of the second IFFT
while [C' Noggee Cn,, %Z] the out-of-band com-
ponents are nulled. In systems where some band-edge
subcarriers are unused, the components corresponding
to these are also nulled. The resulting filter is a time-
dependent filter, which passes in-band and refuse out-
of-band discrete-frequency components. This means
that it causes no distortion to the in-band FBMC sig-
nal. Since the filter works on a symbol-by-symbol ba-
sis, it causes no inter-symbol interference. The main
advantage to using filtering after clipping that the fil-
tering causes some peak to re-growth. The clipping
process sets a clipping threshold, when the ampli-
tude of the signals exceeds the threshold, then cut the
high peak power. According to the systematic acquisi-
tion, the following relation has been used to estimate
the clipping ratio. PAPRy = 10log(CR), where,
PAPRy is concern the threshold value, and CR is the
clipping ratio. PAPR, is selected to be inverse ra-
tio to BER depend on or Due to the relation between
PAPRy and the system BER. In this case, the proper
threshold value should be selected carefully [15].

3.2 Conventional PTS reduction technique

The block diagram of conventional PTS is shown in
Figure 5. The basic principles of practical partial
transmit sequence (PTS) is as follows. First, we use
vector data X to define the symbols. Second, divided
this vector into M groups, denoted by {X,,, m =
1,2... M}. Then the M group summed up as follows
[15]:

=

X0 =3 bnXom (7)

m=1
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where, {b,,, m = 1,2... M} is the weighted co-
efficient, so that b,, = ¢/®m ®,, € [0,2x] which
are considered auxiliary information. Then we adopt
IDFT (inverse discrete Fourier transform) to X’ (b), so
we obtain z'(b) = IDFT(X'(b)). Referred to the
IDFT instruction, we use of M separate IDFT given
as follows [15]:

M M
2'(b) =Y b IDFT{Xy} = > bpXm (8)

m=1 m=1

2’(b) Choose appropriate weighted-coefficients
{bm,m = 1,2...M} corresponding to minimum
PAPR of sequence described as follows [15]:

M
wbm} = argmin (max| bm Xoml)?
{b1,b2,. .. .bm} mz::l

©)

where argument (.) represents the sentence con-
dition which makes the function to achieve the min-
imum value. Thus, we use (M — 1) IDFT to
search the optimized weight coefficients {b,, }, and to
achieve the purpose of reducing the PAPR value in
FBMC/OQAM system.

{by,bo, ...

3.3 Proposed PAPR reduction implementa-
tion method

In this section, we propose a new hybrid algorithm
based on CF (clipping and filtering) and PTS schemes
for PAPR reduction of FBMC/OQAM signal. The ob-
tained QAM symbols are passed through a bank of
transmission filters and FBMC modulated using mod-
ulators with N sub carrier and frequencies are 1/7
spaced apart, forming the FBMC/OQAM. Then the
FBMC/OQAM symbols are applied sequentially to
RCF processing, after getting the optimal signals, then
passed to the PTS processing to get transmitted signal
with minimum PAPR. Figure 6 shows the implemen-

tation of hybrid scheme.
Mapp- | | pjjger RCE S
OQ%AI\{ % h(t) IFET Scheme Scheme [~ °()

Figure 5: The implementation of hybrid scheme.

z(n)>

Conv.
Encoder

In the proposed FBMC/OQAM system, we have
combined the use of convolutional code and RCF (re-
peating clipping and filtering) as shown in Figure 7.
The main idea of the proposed PAPR method (RCF-

127 PTS) is to use four main signal processing steps to re-

duce the PAPR value. First is to use the convolutional
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Figure 4: Block diagram of conventional PTS with convolutional code.

code and OQPSK with the FBMC/OQAM transmit-
ter. Second, the feature of nonlinear clipping method
is used to cut the high-power value of these minority
symbols. Third, a filter module is added after clipping
process to reject the out-of-band signals. Finally, a
conventional PTS module is applied after the clipped
and filtered symbols.

4 Performance Evaluation

The FBMC system is simulated with 64-subcarriers,
4QAM modulation, and oversampling factor of 2, at
different clipping ratios (CR= 2, 3, 4) with number
of iterations upto 5, with PTS (V = 4). The com-
plementary cumulative distribution function (CCDF)
of PAPR is used as a measure of PAPR reduction as
shown in Figure 7.

10°

A

F IR oy T3
[ S Y E
;s\ E “\ “'- E
< 1072f N ‘ “ 5
% || —— Original A\ ‘ i
P [ R CR=4, 1 iter b b
8 10 32 ---=. CR=4, 2 iter ' i E
S | =+=+: CR=4, 3 iter VoY E |
—4 | |=== CR=4,4iter Vol |
10 | |—=—PTS [ ¥
| | - e- CR=4 + PTS i

1075 | | | | \nll | | | | ) | .13 | | |

012345678910111213141516

PAPR,(dB)

Figure 7: Effect of CF iterations at fixed CR on
CCDF(PAPR).

The effect of number of iterations on PAPR re-

crease, the PAPR reduction increases as shown by the
shift of the corresponding curves to the left as the iter-
ation number increase. The effect of PTS alone is also
depicted in Figure 7, where PAPR after (PTS) is re-
duced by 6 dB when compared with original PAPR.
It can be noted that despite of obtaining the same
threshold PAPR at 10~ in both cases of CF with 4
iterations and PTS, the curve corresponding to CR= 4
only is on the left of curve corresponding to the PTS
only. When combining both CF with 4 iteration at
CR= 4 and PTS (RCF-PTS), further PAPR reduction
is obtained as shown by the left most curve in Fig-
ure 7. From this figure, it is obvious that the lowest
PAPR is obtained by applying proposed PAPR reduc-
tion technique when compared with the other three
cases, namely without reduction technique and using
either of PTS or CF techniques.

The performance of proposed method (RCF-PTS)
can reach up to 11 dB reduction value by the joint
use of RCF and PTS after the Fourth iteration for CF
scheme. It can be observed that the hybrid with clip-
ping with additional filtering provides the best perfor-
mance, at the cost of higher complexity implementa-
tion in addition to BER degradation.

The effect of iteration and clipping ratio on CCDF
(PAPR) is depicted in Figure 8, by applying the pro-
posed method (RCF-PTS) with (CR= 2, 3, 4) at dif-
ferent iterations.

Either increasing the values of CR or the number
of iteration the PAPR reduction increases.Threshold
PAPR at 10> shows negligible enhancement at third
iteration at CR= 2, 3 , 4 with PAPR reduction around
9.5 dB . While using fourth iteration at different CR
shows reduction of about 11 dB.

BER performance over additive white Gaussian
channel with clipping ratios CR= 2, 3, 4 is illustrated
in Figure 9.

It is clear as mentioned earlier that increasing CR
value causes greater PAPR reduction, though this per-

duction in FBMC is depicted in Figure 7 for CF with 128 formance enhancement is obtained at the cost of BER

CR= 4. It is clear that as the number of iteration in-
E-ISSN: 2224-2864

degradation as show in Figure 9. Where a BER of
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Figure 6: Proposed PAPR technique (RCF-PTS) block diagram for FBMC/OQAM system.
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Figure 8: Effect of iteration and clipping ratio on
CCDF(PAPR).

1073 is obtained at SNR = 9 dB in the original case,
and 10.7 dB at CR = 2, while CR=3 requires 12.8 dB
to obtain the same value of BER, and 15 dB is needed
at CR = 4. This implies that increasing CR causes
about 2 dB degradation per step.

The performance results of PAPR for conven-
tional PTS scheme, different iteration of clipping filter
scheme and our proposed technique are summarized
in Table 2.

Summarization of simulation results of our pro-
posed (RCEF-PTS) technique for different clipping ra-
tio and different number of stages for clipping and fil-
ter has been presented in Table 2. The symbols pre-
sented in this table are defined as follows. The mean
peak average power of original of FBMC/OQAM sys-
tem is denoted by ppapr, = 13dB. The variance
of peak average power of original of FBMC/OQAM
system is denoted by 0123 apr, = 0.5. The differ-
ence in peak average power ratio between original
FBMC/OQAM and proposed technique is denoted by

Dpapr. The reduction in peak average power ra-
E-ISSN: 2224-2864
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Figure 9: Effect of clipping ratio on BER perfor-
mance.

tio of absolute values of upapr of FBMC/OQPSK
system after and before the reduction technique sub-
tracted from one and multiplied by 100 is denoted by
(power reduction factor) PRF%.

A performance comparison shows that increasing
CR causes larger PAPR reduction for the same num-
ber of iterations as in the cases of CR= 2, 3, 4 with
5 iterations that results in Dpapgr of 9.2 dB, 11 dB,
and 11.6 dB respectively also PRF% records 70% ,
83%, 89% respectively. Maintaining a constant CR
value and increasing the number of iteration causes
PAPR reduction enhancements as in the case of CR=
3, where increasing the number of iterations from 1
to 5 causes Dp4ppg reduction from 7.58 dB to 10.99
dB and with PRF'% ranging from 58% to 83%. How-
ever, setting CR= 3 with four iterations results in simi-
lar performance to that when setting CR= 4 with three
iterations. This enables a compromisation between
BER degradation caused by increasing CR, and com-
plexity caused by increasing number of iterations.

Increasing the number of iterations more than

four, results in negligible PAPR reduction enhance-
Volume 18, 2019
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Table 2: Comparison between PAPR results with
RFC-PTS using different CR values at different itera-
tions.

Proposed Method
0papr | #rarr(dB) | Dpapr(dB) | PRF%
1 0.1112 5.8234 7.2681 55
2 0.3148 5.4934 7.68 58
2 3 0.6395 4.9968 8.09 62
4 0.7837 4.4407 8.651 66
5 0.7581 3.8886 9.202 70
1 0.1749 5.5040 7.58 58
2 0.6416 44734 8.62 66
3 3 0.5355 3.5874 9.50 73
4 0.6562 2.4744 10.62 81
5 0.2484 2.1921 10.99 83
1 0.2362 5.2530 7.84 60
2 0.5035 3.8415 9.25 71
4 3 0.3654 2.5689 10.52 80
4 0.1404 2.2103 1091 83
5 0.5160 1.4820 11.61 89

ment as compared to the resulting complexity as de-
picted in Figure 10.

90 | .
80 | e
X
a0 Pt
60 b -=7]---cr=2]]
r“’ —__—‘—‘— CR:3
———— - CR=4
| | |
1 2 3 4 5

Number of Iterations

Figure 10: Effect of number of iterations on PRF
performance.

Comparing the proposed technique with these
presented in literature, requires the same performance
measures for the later. Table 3 lists the two net perfor-
mance measures of each techniques, namely, Dpapr
and PRF % in addition to the cost of PAPR reduction
in each technique.

It can be noted that using the proposed RCF-PTS
with CR greater than or equal to 3 with 3 or more iter-
ations exceeds the performance of the presented tech-
niques in the table in terms of PRF%. The proposed
technique only exceeded by [18] in terms of Dpapr
at the cost of 3 iterations in addition to 3 TI and com-
panding.
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Table 3: Comparing PAPR reduction techniques’ per-
formance.

Technique

Ref

Dparr

PRF %

Cost of Reduction

Signal
Damping

[16]

8.7

49

Increase in BER +
Companding +
Pulse Shaping

[17]

4.7

66.1

4 iterations + 8 TR
out of 64
subcarriers

Iterative [18]

12.7

77

3 iterations + 3 TI
+ Companding

[19]

37

4 iterations SLM

(20]

4.5

64.5

2 iterations + ACE
that causes spectral
regrowth

(21]

74.88

8 iterations +
increase in BER

[22]

6.1

75.5

16 iterations +
SLM + TR

(23]

62.5

5 iterations + 5%
of subcarriers for
TR + ACE that

causes spectral
regrowth
4 overlapping
symbols + 8 TR
out of 64
subcarriers
4 overlapping
symbols + PTS
with 4, 8
sub-blocks out of
64 subcarriers
phase factor 1, -1
that increase
complexity +
clipping with
sparsity levels 15,
30, and 90 that
increase BER

PTS [24] 4 60.2

SBO [13] 4 36.3

While using the proposed RCF-PTS with CR= 2
out performance the presented techniques in the tables
by one of the two measures at least, except [18], [21],
and [22] at the cost of larger number of iterations and
computation complexities of these techniques.

5 Conclusion

A novel PAPR reduction technique of FBMC signal
is proposed in this paper. It is denoted by (RCF-PTS)
and it is based on combining repeated clipping & fil-
tering, and PTS. By using different clipping iteration
with suitable clipping ratio, and choosing a suitable
number of phases in PTS.

Simulation results showed that the hybrid pro-

posed scheme resulted in system performance en-
Volume 18, 2019
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chantment in terms of power reduction factor. Increas-
ing the number of iterations more than four, results in
negligible PAPR reduction enhancement as compared
to the resulting complexity. While increasing CR
causes larger PAPR reduction for the same number of
iterations, at the cost of BER degradation. The pre-
sented PAPR technique provided an excellent power
reduction with an acceptable additional processing de-
lay for clipping and filtering technique. The presented
PAPR method in this paper is strongly enhanced the
FBMC/OQAM system performance with acceptable
complexity as well as processing time delay.

It is noted that using the proposed RCF-PTS with
CR greater than or equal to 3 with 3 or more iterations
exceeds the performance of the previously presented
techniques in terms of PRF%, with much reduced
PAPR reduction costs.
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