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Abstract

The tone reservation (TR) scheme is an attractive method to reduce peak-to-average power
ratio (PAPR) in the filter bank multicarrier with offset quadrature amplitude modulation
(FBMC-OQAM) systems. However, the high PAPR of FBMC signal will severely degrades
system performance. To address this issue, a cyclic shift based TR (CS-TR) scheme with
embedding side information (SI) is proposed to reduce the PAPR of FBMC signals. At the
transmitter, four candidate signals are first generated based on cyclic shift of the output of
inverse discrete Fourier transform (IDFT), and the Sl of the selected signal with minimum
peak power among the four candidate signals is embedded in sparse symbols with quadrature
phase-shift keying constellation. Then, the TR weighted by optimal scaling factor is employed
to further reduce PAPR of the selected signal. At the receiver, a reliable Sl detector is
presented by determining the phase rotation of SI embedding symbols, and the transmitted
data blocks can be correctly demodulated according to the detected Sl. Simulation results
show that the proposed scheme significantly outperforms the existing TR schemes in both
PAPR reduction and bit error rate (BER) performances. In addition, the proposed scheme with
detected Sl can achieve the same BER performance compared to the one with perfect Sl.
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1. Introduction

Filter bank multicarrier with offset quadrature amplitude modulation (FBMC-OQAM)

signals are based on multicarrier modulation and the adjacent input data blocks are overlap
with each other, which result in high peak-to-average power ratio (PAPR) [1-3]. However,
high PAPR decreases the efficiency of power amplifier (PA) and leads to non-linear signal
distortion at the output of PA [4], which increases bit error rate (BER) and severely degrades
the performance of FBMC systems.

Currently, various proposals have been studied to reduce the PAPR of FBMC signals. The
available methods presented in the existing works for PAPR reduction of FBMC signals can
be broadly classified into two categories One is using conventional FBMC structure with the
consideration of overlapping feature of adjacent data blocks. The other is employing new low
PAPR FBMC (LP-FBMC) structure based on discrete Fourier transform (DFT) spreading
under special identically time-shifted multicarrier (ITSM) condition. Especially, based on the
former kind of methods, selected mapping (SLM) [5-10] and partial transmit sequences (PTS)
[11-19] schemes were proposed with requiring side information (SI) transmission. Although
they can achieve good PAPR performance, the complexity is usually high and the correct
transmission of Sl is critical for data demodulation at the receiver. To avoid Sl transmission,
some PAPR reduction methods such as active constellation extension (ACE), clipping and
tone reservation (TR) were discussed. The authors in [20-23] presented an ACE-based method
to improve PAPR performance at the cost of increasing the transmitting power. For the
clipping method in [24], the BER performance degrades because of signal distortion with hard
clipping. The TR scheme in [25-28] is an attractive technique without signal distortion and Sl
transmission, which reserved some subcarriers as peak reduction tones (PRTs) and generated
peak reduction signal to mitigate PAPR. Conventional clipping based TR (CC-TR) [25],
sliding window tone reservation (SW-TR) [26] and multi-block TR (MB-TR) [27] schemes
were presented to reduce PAPR with large number of iterations required. In order to improve
convergence speed, the overlapping scaling TR (OS-TR) [28] was designed by weighting an
optimal scaling factor to approximate the peak-cancelling signal, which effectively reduced
PAPR with small number of iterations. Nevertheless, the PAPR is still high and the BER
performance degrades for FBMC systems. Another hybrid schemes were presented in [29] and
[30] by taking advantage of PTS and TR, but the main drawbacks are the SI burden and high
complexity.

As for the second kind of methods, a LP-FBMC method was discussed in [31] to generate
four candidate signals and transmitted the one with the minimum PAPR signal. In [32], a
PAPR reduction scheme was extended to Alamouti-coded LP-FBMC systems. However, the
LP-FBMC method needs to transmit two bits Sl to indicate the selected signal. To avoid Sl
burden, an improved PAPR reduction scheme was presented in [33] by embedding SI in
LP-FBMC (SI LP-FBMC) signals. Unfortunately, if the number of SI embedded symbols with
guadrature phase-shift keying (QPSK) constellation is small, the SI detection performance is
poor by taking the fourth power operation. From the above discussion, we observe that it is
different between the LP-FBMC structure and the conventional FBMC structure. Moreover,
the PAPR of LP-FBMC signal is still high because only four candidate signals are used.

In order to achieve good PAPR reduction and improve BER performance, we devised a
cyclic shift based TR scheme, denoted by CS-TR, with SI embedded for FBMC signals. In our
proposed scheme, candidate signals selection and weighted TR are joint optimization by
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making full use of the overlapped structure of FBMC signals. The main contributions of this
paper are summarized in three folds as follows.

(1) Inspired by the candidate signals selection of LP-FBMC scheme [31], we design four
candidate signals based on cyclic delay of the output of inverse discrete Fourier transform
(IDFT), and embed SI into small number of Sl subcarriers with QPSK modulation. The
selected signal with minimum power is then handled by weighted TR method to further reduce
PAPR with fast convergence speed at the transmitter.

(2) We propose a simple and reliable Sl detector at the receiver. The Sl is determined by
measuring the phase rotation of sparse SI embedding symbols. Then, the transmitted data
blocks are correctly recovered with detected Sl.

(3) We evaluate the proposed CS-TR scheme by simulations. We confirm that the
presented method can offer satisfied PAPR reduction and BER performance for FBMC
signals.

The rest of this paper is organized as follows. FBMC/OQAM signal model is shortly
introduced in Section 2. In Section 3, cyclic-shift based candidate signals are generated and a
novel CS-TR PAPR reduction scheme with embedding Sl is proposed at the transmitter, and
then the effective Sl detector is presented at the receiver. Section 4 analyzes computational
complexity and Section 5 shows the simulation results and performance comparisons. Finally,
the whole paper is concluded in Section 6.

2. FBMC/OQAM Signal Model

In a typical FBMC/OQAM system, the complex symbols are modulated based on OQAM, and

the M complex data blocks with N subcarriers at the transmitter can be written as
C=[Cp+CpCyyil @

where C, is the mth complex data block which is definedas C, =[C,,,,---,C +Conal” with

Cpn=2,,+ib,, for 0sSm<M-1,0<n<N-1. The real part a,, and the imaginary part b, ,

m,n?

of C,,, pass through a bank of prototype filter p(t). The length of p(t) is KT where K is

oversampling factor and T denotes symbol duration. To reduce the complexity of FBMC
modulator, IDFT and polyphase network (PPN) techniques are employed for FBMC transmitter
[31-34]. Fig. 1 shows a typical IDFT-PPN structure of FBMC/OQAM transmitter.
(@00 i I : PPN
Data Blocks PPN : E
3 H IDFT )—;—){p(d‘—mT} ]—P| T/2 I_A
Fig. 1. A typical IDFT-PPN structure of FBMC-OQAM transmitter

As shown in Fig. 1, the baseband signal of the mth data block for mT <t <(m+K+1/2)T in
time domain is
N-1
Sm (t) = (_1)m Z{jnam,n p(t _ mT)ejnZ”l/T +j n+lbm,n p(t -mT =T lz)eszfn(l—le)/T}
N-1 " (2)
:Z{am,n gm,n(t)+jbm,n gm,n (t _T / 2)}
n=0

where Omn (t):(—l)m jn p(t _ mT)ejnzm/T .
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For all M data blocks, the FBMC signal for 0<t<(M + K —1/2)T in time domain is
M-1N-1

SORDICHOES Ip M CHR-RNO SN-RN(E E) ®3)

m=0 n=0
Since the FBMC signals are overlapped with adjacent data blocks caused by the prototype
filter p(t) , the PAPR for s(t) on the interval [vT, (v+1)T] for v e[0,M + K+1] is defined as
T rtn(axl)T I S(t) |2 (4)
PAPR[s, (1)] =" —
Ell's(t) I']
where E[|s(t) '] represents the average power of transmitted FBMC signals.

At the receiver, when the received signal is r(t), the estimations of a,, and b, for the

mth block over the kth subcarrier, denoted by &, and Bm,k respectively, are calculated as
follows

d, =R[[ rt)g, (], 5)

B =RI-D[ O, (€T /2] (6)
where R[] is the real operation. Consequently, the estimation of the mth input data symbol,
denoted by C,_, , can be obtained as

m,k ?

Cm,k = ém,k + ij,k (7)

3. Proposed PAPR Reduction Scheme for FBMC Signals

In this section, a CS-TR scheme with embedding Sl is discussed to reduce PAPR of FBMC
signals. The PAPR reduction of the proposed scheme is accomplished by three steps. Firstly,
four candidate signals are generated based on the cyclic shift of the output of IDFT. After
using sequential optimization procedure to deal with each data block, the one with minimum
peak power is selected from the four candidate signals. Then, the Sl of the selected signal is
embedded into some sparse symbols with QPSK modulation. Secondly, TR weighted by
optimal scaling factor method is employed on the selected signal to further reduce the PAPR.
Finally, the reliable SI detector is presented by measuring the phase rotation of the Sl
embedding symbols at the receiver.

3.1 Cyclic Shift-based FBMC Signals

The structure of cyclic shift based FBMC-OQAM signals is shown in Fig. 2. The real part a,, ,
and the imaginary part b of the mth input symbol C are processed by IDFT and the
outputs are denoted as y®(t) and y®(t) . After performing a cyclic shift T/2 of the IDFT

m m

outputs, we obtain the following two signals y@ (t)=y®(t-T/2) and y* ()= yP(t-T/2).

m
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Fig 2. Architecture of cyclic shift-based FBMC-OQAM signals
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The four signals y®(t), y@ (), y®(t) and y®(t) pass through prototype filter p(t) with
PPN, and the four candidate signals s (t) for c =1, 2,3, 4 can be expressed as

.27r

s9 )=y O+ O=(-1)" Z[J a,, p(t—mT)e" ™ 4, p(t—mT T /2)e’ "] (8)

S ()= O+ O=(-)" S [, pt—mT)e" T 4, p(t—mT T /2)e’ 7" T’] )
&

s9 0)=y? )+ ©=(-1)" Z[J a,,pt-mT)e" T et p-mT-T/2)e’T ] (10)

s )=y O+ (O=(-)" Z[J a,,pt-mT)e" T et paomT -T2V (1)

Based on ¢"T "™ =(—1)”eJanT , the terms of IDFT outputs with time shift T/2 lead to

phase rotation e'*" = (-1)" in FBMC modulation stage. Therefore, the four candidate signals
of (8)-(11) can be rewritten as

S 0= 3 {8 G (0410, 0, 0T 123 (12
S =2 40 1O (011D 8y (=T 12)} (13)

SO (1)= Y {(~1)"p 1 G (OB 1 G (=T /2)} (14)

n=0

N-1
S(m4) (t):Z{(_]_)n a'm,n gm,n (t)+J (_1)n bm,n gm,n (t =T/ 2)} (15)
n=0
For ease of presentation, we rewrite {s!(t),c =1,2,3,4} in equations (12)-(15) as follows:

N-1
z{am,n gm,n (t)+jbm,n gm,n (t =T/ 2)}1 c=1
n=0

> {81000 O+(D"b, 0, (t-T /}c =2
s ®=1ms (16)
Z{(_l)n a'm,n gm,n (t)+jbm,n gm,n (t =T/ 2)}1 c=3

n=0

N-1
Z;{(—l)” 80O O+ (=D)"b, 10, (t-T/2)}c=4

Considering the overlapped feature of FBMC signal, we adopt a sequential optimization
procedure to deal with each data block to reduce PAPR. Let 5 _(t) denote the concatenated
waveform up to the mth block, we have 5 (t) =5, _,(t)+s(t) with 5,(t)=0 where ¢, is the
selected S| index of the mth data block among the four candidate signals {s'”(t),c =1,2,3,4}.
Therefore, c, can be determined by

(©) 2
rg min{d max t m=
= 26{91234}{0<t<(Ka+1/2)T sn” (O, 0 (17)
=
arg min max )+, m=0
06{91234}{mT<t<(m+K+1/2)T |Sna )+ (O}

Obviously, s (t) is the selected signal of the mth block in terms of minimum peak power
of {5, ,(t)+s(t),c=1,2,3,4} for mT <t<(m+K+1/2)T . The transmitted signal for all M data
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blocks in time domain is
s(t) = MZI s (t),0<t< (M +K-1/2)T (18)

m=0,c,{1,2,3,4}

Assuming that the wireless channel is ideal and the effect of additive white Gaussian noise
(AWGN) is neglected, the received signal s(t) can be demodulated by using (5) and (6). For

FBMC/OQAM system, the prototype filter p(t) satisfies the perfect reconstruction condition
with J'j 9. ()9, ,()dt=1 [3]. Therefore, the estimations &, and Bk_n of the mth block over the
kth subcarrier are given as

8, =] st)g;, (O}

[T 00+ 01, 00 (19)

1=0,1#m

RENY c,=12
(_1)nam,k' Cm = 3’4

B =9{(— )] (g5, (-T /2)dty

D[ TT Y SO0+ 0l (¢ -T 12) (20)

1=0,1=m
_ By, i c,=13
_{(-1)“bm,k, c, =24
Substituting (19) and (20) into (7), the estimated demodulated symbol ém'k of the mth
block on the kth subcarrier is given as

a,, + Jb c, =1

m,k? m

~ - a, +i-Y"o,,, c,=2

ka:émk+jbmk: m J( ) m (21)
’ I ' (_1)n a'm,k + me,k’ Cm = 3

(-D"a,, +iD"b

Thus, the input data symbols C_, will be successfully recovered from the estimated

c,=4

m,k?

demodulated symbols C_, , when the Sl index ¢ of selected signal is correctly determined.

mKk ?

The recovered data symbols D, , is calculated as

ém‘k + jbm,k Cm :l
é. + i —1 I‘l6 y C :2

Dmyk — m,k J( ) Am,k m (22)
(_1)I‘I ém,k + jbm,k' C, =3

(-D"a,, +ij-n"a,,. c,=4

m

3.2 Proposed CS-TR PAPR Reduction Scheme with SI Embedded

When one symbol C, =(1+j)/~/2 of the mth block is delicately used on the nth odd
subcarrier (index of n is odd), the demodulated symbol ém'n in (22) is given as
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eji[/4’ Cm =1

A e, ¢, =2

Cm'n = j3rzl4 ! (23)
e, ¢, =3

e*jSﬂ'/4, Cm =4
As shown in (23), for different SI ¢, , the demodulated symbol CAMn on odd subcarrier has

different phase rotations, which means that we can embed the Sl into N, sparse symbols on

odd subcarriers with QPSK constellation. Consequently, the Sl detection problem can be
solved by searching the phase rotation of sparse symbols at the receiver.

Based on the above discussion, a new CS-TR scheme is proposed to reduce PAPR for
FBMC signal and the block diagram of the proposed scheme at the transmitter is depicted in
Fig. 3. For FBMC/OQAM systems, the total N subcarriers are grouped into N, PRTSs for peak

reduction, N, sparse odd subcarriers for embedding SI and N, data subcarriers for data
transmission where N =N, +N,+N. The indices of N, PRTs, N, Sl subcarriers and N,
data subcarriers are denoted by the sets J.,J, and J,, respectively. Note that the number of
subcarriers N, is usually small. The mth input data block C =[C,,,---,C,,..Cpn]
consisting of N. peak reduction symbols {F,  ,neJ.} with {F  =0nel.}, N, Sl
embedded symbols {C; ,neJ.} with {C’ =0,ngJ,} and N, data symbols {C7 ,neJ,}

with {C> =0,n¢ J }, can be represented as

D
Con NeJp
—D P _ P
Cm,n _Cm,n +Cm,n+Fm,n - Cm,n' ne ‘]P (24)
Fon Nedg
[Cpos+sCya
1)
S (F)
Np Data n
Symbols 1
Data s2(0) | selected
Ne QPSK Block »|  signal
4X "
Symbols for SI |— PPNs gl")(.,) with ‘;() >
Embedding S > Minimum A
PAPR

()
s,

Y

»

'
Clipping J—D Demodulation » TR

Iterative PAPR Reduction

Optimal Scaling Factor

Modulation

Fig 3. Block diagram of the transmitter of the proposed CS-TR PAPR reduction scheme

As shown in Fig. 3, for the mth input data block, when the N, sparse symbols
{CF =(1+j)/~/2,n € J,} for embedding Sl are inserted into the N, data symbols{C® ,neJ.}
with {F,, ,=0,n € J.}, the four candidate signals {s!(t),c =1,2,3,4} are generated according to

(8)-(11). Suppose that s (t) is the selected signal of the mth block with minimum peak power
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among the four candidate signals and c,, is the Sl index of selected signal in terms of (17), the
M-1

desired FBMC signal s(t)=>_ st (t) is obtained by summing all M data blocks.
m=0

In order to further reduce PAPR of s(t), an iterative TR method is employed by weighting
scaling factors to s(t). The clipping ratio (CR) for TR is set to 4 and the peak clipped signal
§0(t) at the ith iteration is

50 (t) = {S(i)(t()i)’ | S(f) M)A

Ae” SOt > A

where s (t) is the peak reduced signal at the ith iteration, & is the phase of s®(t) and A is

the clipping threshold with A*=AP® where P is the average power of s (t). The clipped
noise in time domain can be expressed as

fFO@)=8D1t)-sV(t), 0<t<(M+K-1/2)T (26)

Using (5) and (6), we can obtain the modulated symbol {F,0<m<M -1} of clipped

m,n?

(25)

noise f®(t). Except forall N, PRTSs, set {F"} to zero and the modulated symbol of clipped
noise at the ith iteration is given by
RO = { Finn & s @7)
' 0, nel;
Then, we modulate {F”,0<m <M -1} using (3) to obtain peak-cancelling signal f(t)
with 0<t<(M +K -1/2)T . Considering the overlapped feature of f@(t), let T (t) be the
overlapped time domain signal of @ (t) ranging from mT to (m+K+1/2)T. To make f@(t) as

much as possible to approximate f @ (t) for PAPRA reduction, we have
(M+K-1/2)T M-1

min {3 XA TR O- 1000 (28)

(NI u)fl t=0 m=0
where {p’,m=0,1,---M -1} are scaling factors at the ith iteration. The optimal p{ in (28) is
calculated by least squares method [28], which is

2RO @)

teSy
2 I @F
rg:) - teS, - (29)
2RO O a0 10 )]
tes,, k=0
P mF

teS,
where S, ={t/[f () >0, mT <t<(m+K+1/2)T},
Thus, the peak-cancelling signal at the ith iteration is reconstructed as

0= p0 9 ) (30)

where @ (t) is time domain signal of £ with mT <t < (m+K+1/2)T . Therefore, the peak
reduced signal in time domain at the (i+1)th iteration is

,m=0

JA1<m<M -1
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sV ()=s (t)+zO(t) (31)
The details of the proposed PAPR reduction scheme are illustrated in algorithm 1.
Algorithm 1 : The proposed CS-TR algorithm to reduce PAPR of FBMC signals
L:Initialize Ng PRTs, Np SI embedding subcarriers. Let s (t)=s!” (t)=0 and the index

of input block m=0.
:for m<M -1 do

: generate candidate signals s!”(t), ¢ =1,2,3,4 according to (8)-(11);

: determine the Sl index ¢, of selected signal sﬁfm)(t) of the mth block by (17);

- update the output signal s(t)=s, _, (t)+ s (t) ;
: end for
: Set a clipping ratio 4 and the maximum number of iteration 1. Let s®(t)=s(t) and

PO =E[|s® (t)|] for iteration number i=1.
8:for i< and max(x®(t)]) > A with A=AP® do
9: obtain the peak clipped signal §9(t) using (25);
10: generate the clipped noise f @ (t) = §©(t) — s (t) using (26);
11: demodulate f®(t) and obtain F.% using (5) and (6);

~No o B~ WD

12: modulate F=F." with {ﬁrgf;:o,n ¢ JR} to generate f(t) using (3);
13: calculate p{ using (29);

14: reconstruct and update the peak reduced signal s (t) using (30) and (31).
15: end for

3.3 Proposed SI Detector

At the receiver, the PPN and DFT are performed and the received symbols on the PRTs are
discarded. Note that the embedding SI symbols {C;n:(1+j)/ﬁ, neJ.} are known at the

receiver. Let {v°

m,n?

demodulated symbols on Sl subcarriers with perfectly equalization of the wireless channel
[35][36], the received symbol \?mfn on Sl subcarriers can be expressed as

Yirn=Cr W, (32)
where W, . is the corresponding AWGN term of the output of demodulation with zero mean

neJ.,} and {c° neJ,} denote the received symbols and the

m,n?

and variance o2 /2 in real and imaginary components.
When the AWGN term W, is neglected, we can rewrite (32) as
j/r/4, cC = 1

—jzl4 =2

e m
o ) , C
ACELE " (33)
Cm

ej371/4 3
efj3zr/47 Cm =4
It can be seen that the received symbols {Y”,,ne J,} on SI subcarriers have different

phase rotation ¢, for different SI index c, . The relationship between ¢, and c, of the

selected signal s (t) of the mth block is listed in Table 1.
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Table 1. The relationship between phase rotation and Sl index of the selected signal

Slindex c, Phase rotation 6, Selected signal s (t)
1 /4 sP(t)
2 -4 s (1)
3 3n/4 s (t)
4 -3n/4 st (t)

According to (33), a reliable Sl detector is presented by measuring the phase rotation of the
embedding SI symbols. The block diagram of the proposed Sl detector at the receiver is shown
in Fig. 4. The proposed S| detector can obtain good performance and the probability of correct
Sl detection Pr{¢,=c,} is closed to 1. The details of the probability of correct SI detection can

be found in the Appendix.

Data Symbols

Data Decoding

f A

—» Sl Detection

Y

Received Signal

PPN DET S| Embedding

Symbols

A

Channel
Estimation

>

Fig 4. Block diagram of the proposed Sl detector at the receiver

For an unknown Sl index c, at the receiver, the phase estimation ¢, , denoted by 4, of the
mth transmitted signal, can be calculate by
o Ne .
0,=2> Yy, (34)
k=0
When AWGN noise is considered, the Sl index c,, can be estimated according to Table 1
as follows
1,0<0,<7/2
2, -n12<8,<0
6= eSO (35)
3 7l2<0, <«
4, —7r<ém <-rl2
After ¢ being determined, the transmitted data symbols of the mth block can be correctly
demodulated according to (22).

3.4 Effects of S| Error Rate on the BER

Let a=Pr{¢, =c,} be the error rate of Sl detection for the proposed CS-TR method. The BER
P, of the proposed scheme is given as
P,=aP*™) 4 (1 q)RE=) (36)
where P is the conditional BER with incorrect SI detection and R is the conditional
BER with correct Sl detection of the proposed scheme.
In the Appendix, it can be seen that a=1-Pr{¢_=c,}~e /> . This means that, for a given
SNR, « exponentially decreases with the number of Sl subcarriers N, increasing.
Consequently, when N, /25 is much larger than 1, « approximately converges to zero and
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P, in (36) approaches to R~ Obviously, for N, /20> >>1, the proposed scheme with
detected Sl can obtain almost the same BER performance compared to the one with ideal SI.

4. Computational Complexity Analysis

Computational complexity is evaluated in terms of the number of real multiplications (RMs)
required for all M data blocks in one frame. For fair comparison, we assume that all schemes
use the same IDFT-PPN structure for FBMC modulation and demodulation. The number of
RMs of one N-point IDFT/DFT is 4x(N/2)log.N where the factor 4 denotes the number of
RMs per one complex multiplication. The number of RMs of one PPN is 2xKN, because the
PPN input is complex-valued samples with the length of KN where the sample of prototype
filter p(t) is real-valued.

4.1 Complexity of PAPR Reduction

In the proposed CS-TR scheme at the transmitter in Fig. 3, two IDFTs and four PPNs are used
for one data block to generate four candidate signals. Accordingly, the number of RMs for one
block is (2x2NlogaN+4x2KN). For time shift T/2 of the IDFT output, it does not require extra
RM. Therefore, M(4NlogaN+8KN) RMs are required for M data blocks. For TR procedure, we
use two DFTs and two PPNs to demodulate the clipped signal, and two IDFTs and two PPNs
to generate the TR signal for one block. Hence, the number of RMs is 4M(2NlogzN+2KN) in
one frame. For the optimal factor p in (29), the number of RMs required is about 2K for one

m

block where K is the number of samples in S . Given the number of iteration I, the number of

RMs required is 4MI(2NlogN+2KN)+2MKI in one frame.

Hence, the proposed scheme requires M(4NlogaN+8KN)+4MI(2NlogaN+2KN)+2MKI RMs
in one frame at the transmitter. Complexity comparison of PAPR reduction for original FBMC
signals, CC-TR [25], OS-TR [28], SI embedded LP-FBMC [33] and the proposed CS-TR are
shown in Table 2.

Table 2. Complexity comparison of different PAPR schemes at the transmitter
Number of RMs for M data
blocks

Scheme Major calculations of one data block

Original signal | 2xIDFTs and 2xPPNs M(4NlogzN+4KN)

candidate signals: 2xIDFTs and 4xPPNs;
CS-TR one iteration for TR: 2xDFTs, 2xIDFTs and
4xPPNs

original signal: 2xIDFTs and 2xPPNs;
OS-TR one iteration for TR: 2xDFTs, 2xIDFTs and
4xPPNs

original signal: 2xIDFTs and 2xPPN;
CC-TR one iteration for TR: 2xDFTs, 2xIDFTs and
4xPPNs

candidate signals: 1xDFT, 1xIDFT and
8xPPN;

Sl embedding: 3xphase rotations of length-4N
vector

M(4Nlog,N+8KN)+
4MI(2NlogzN+2KN)+2MKI

M(4NlogaN+4KN)+
AMI(2NI0goN+2KN)+2MKI

M(4NlogaN+4KN)+
AMI(2NI0ogzN+2KN)

SI LP-FBMC M(LONIogzN+64KN+44N)

From Table 2, it can be seen that the required RMs of CS-TR, OS-TR and CC-TR methods
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vary with iterative numbers | at the transmitter. For the same I, the complexity of the proposed
scheme is slightly higher than that of OS-TR. This is because the proposed method needs extra
two PPNs to generate four candidate signals.

4.2 Complexity of S| Detection

At the receiver, the received signal in time domain is demodulated by two PPNs and two DFTs
for one block. If we omit the complexity of channel equalization procedure, for all M blocks in
one frame, the number of RMs required is M(4Nlog:N+4KN) for basic FBMC demodulation.

For the proposed Sl detector, it does not require additional RM in (34) because only the
phase rotation of the summation of all Np Sl subcarriers is detected. For SI embedded
LP-FBMC [33], the SI of each block is detected by calculating the fourth power operation of
N, (N, >>N,) Sl subcarrier and it needs 8MN, RMs for all M blocks. The details of

complexity between our proposed CS-TR and LP-FBMC with S| detection at the receiver are
shown in Table 3.

Table 3. Complexity comparison of different schemes with Sl detection at the receiver

Scheme Major calculations of one data block | Number of RMs for M data blocks
CS-TR 2xPPNs and 2xDFTs M(4NlogzN+4KN)
S| LP-EBMC 2><PPNs, 2xDFTs and N, xfourth power M(4NlogoN+4KN)+8M N,
operations

Fig. 5 shows the total complexity of OS-TR, SI embedded LP-FBMC and proposed CS-TR
methods with number of total subcarriers N for blocks M=16 and overlapping factor K=4. In
the simulation, the number of iteration is 1=2 for both OS-TR and CS-TR, and Sl subcarriers
N, for LP-FBMC is 20% of total number of subcarriers N. It can be seen that, for the same 1,

the proposed method requires slightly higher complexity than OS-TR because of Sl detection
processing, while the complexity of CS-TR is lower than that of LP-FBMC because the SI
detection of LP-FBMC is required to calculate the fourth power operation of all N, SI

subcarriers. In fact, the exact complexity of the proposed method mainly depends on the
number of iteration I. It can be found in Section 5 based on simulation results that the proposed
method requires small | to achieve better PAPR performance compared to OS-TR.

«108
6

=8~ C5-TR with S| detection
== 05-TR without SI detection
| == SI LP-FEMC with Sl detection

Complexity {(Number of RMs}
La]

" | | | }
0 64 128 56 512 1024
Mumber of total Subcarriers N

Fig 5. Complexity comparison of different schemes (Data blocks M=16, overlapping factor K=4,
number of iteration 1=2 for CS-TR and OS-TR and Sl subcarriers N,=0.2N for LP-FBMC)
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5. Simulation Results and Analysis

Simulations are conducted to verify the effectiveness of the proposed CS-TR method in
FBMC systems. The FBMC system has N=128 total subcarriers and the subcarrier spacing is
set to 15 kHz. For the purpose of Sl detection, the number of SI subcarriers is Np=4 with QPSK
constellation. The frequency selective Rayleigh fading channel, called Pedestrian-A channel
[33][37], is employed for BER performance evaluation. There are M=16 data blocks randomly
generated in a frame with 16QAM and the PAPR observation interval is set to be T. We adopt
PHYDYAS filter [34] as the prototype filter p(t) and the length of p(t) is KT with

overlapping factor K =4. For comparison, CC-TR [25], OS-TR [28] and SI LP-FBMC [33]
are considered under a common IDFT-PPN structure.

Both PAPR reduction and BER performances are assessed by simulations. We use
complementary cumulative density function (CCDF) of PAPR to evaluate the PAPR reduction
performance. The CCDF of PAPR denoted by Pr{PAPR > PAPR } is defined as the probability

that the PAPR of FBMC signal exceeds a given threshold PAPR,. To evaluating the BER

performance with considering the impact of non-linear distortion of PA, we adopt a solid-state
power amplifier (SSPA) in [38] with input back-off (IBO) at the transmitter. In the simulation,
the number of PRTs Nr is random selection and the CR for TR is 1=6 dB.

Fig. 6 shows the PAPR reduction performance of the proposed CS-TR scheme with the
number of Sl subcarriers Np=4 when the number of iteration is 1=2. The numbers of PRTs are
Nr=4, 8, 12 and 16, respectively. As shown in Fig. 6, the PAPR reduction performance of the
proposed method is improved as Nr increasing from Ng=4 to Ngk=12. However, the PAPR
performance is almost the same for Nr=12 and 16. This is because the proposed cycle shift
processing can reduce PAPR of original FBMC signal. Moreover, the TR weighted by optimal
factor method further reduces the PAPR with fast convergence speed. Therefore, the number
of PRTs Nr=12 is selected in the following simulations.

o
3

o
S
a
A
g
-2
< 10
o
i.
w S
8 - _,_cs-m.ru":q!
© 1 | —=—CS-TR, N =8 |
w— CS-TR, N=12|
—6—CS-TR. 1, =16|
L i I TP AN PSP, WA T, NN

PAPRO [dB]

Fig 6. PAPR performance of the proposed CS-TR scheme with different numbers of PRTs Ng (Sl
subcarriers Np=4 and number of iteration 1=2)

Fig. 7 gives the PAPR reduction performance of the proposed CS-TR scheme with
different numbers of iteration 1. The CCDF curves of original FBMC signal and proposed
CS-TR scheme with 1=0 are also included for comparison. For the proposed scheme with 1=0
situation, it means that the PAPR performance is obtained only by the selected signal based on
cycle shift processing without iteration. We can observe that the proposed scheme achieves
significantly PAPR reduction performance compared with original FBMC signal. For instance,
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at Pr{PAPR > PAPR }=10"*, compared with original FBMC signal, the proposed method
achieves about 1.5dB, 3.2dB, 4.2dB, 4.6dB, and 4.9dB PAPR reduction for 1=0, 1, 2, 3 and 4,
respectively. It also can be seen that the proposed scheme improves PAPR performance with |
increasing. However, when 1>2, the PAPR performance gap of the proposed scheme becomes
small. From Table 2, we can see that the computational complexity is proportional to I.
Therefore, it is a tradeoff between the PAPR reduction and the number of iteration I.

1)
10

10?2
No=4, N=12

=== Original

3 || =@=CS-TR, I=0
=B~ C5-TR, I=1

CCDF (Pr[PAPR>PAPR.])

CS-TR, I=2
—8—CS-TR, /=3
—#—CS-TR, /=4

4 5 [ 7 8 9 10 11 12 13
PAF’RU [dB]

Fig 7. PAPR performance of the proposed CS-TR scheme with different numbers of iteration | (Sl
subcarriers Np=4 and number of PRTs Ng=12)

Fig. 8 illustrates the PAPR performance comparison of CC-TR, OS-TR, SI LP-FBMC and
the proposed CS-TR schemes. For TR iteration processing, the number of iteration 1=2 and 4
are used to CC-TR, OS-TR and CS-TR, respectively. For fair comparison with the same data
transmission subcarriers, the number of Sl subcarriers Np=4 and the number of PRTs Ng=12
are used in CS-TR while Nr=16 is used in CC-TR and OS-TR. In the simulation, the clipping
ratio is set 1=6 dB and data blocks with 16QAM are used. As shown in Fig. 8, the PAPR
performance of CC-TR, OS-TR and CS-TR improves from =2 to I=4. For the same number of
iteration |, the proposed scheme can achieve the best PAPR reduction performance among the
four schemes. This is because the proposed scheme is a joint optimization method by using
cycle shift and weighted TR procedure to reduce the PAPR of FBMC signals. However, the
proposed scheme achieves slightly higher PAPR performance than OS-TR for 1=4.
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Fig 8. PAPR performance comparison of different schemes with different numbers of Sl subcarriers Np
and PRTs Ng (Clipping ratio 2=6 dB and data blocks with 16QAM)
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Fig. 9 depicts the Sl error rate (SIER) performance comparison with different numbers of
Sl subcarriers Np for SNR=2dB, 6dB and 12dB, respectively. In the simulation, the IBO of
SSPA is set 4dB and data blocks with 16QAM are used. As we can see, for a given SNR, the
proposed CS-TR method can achieve much better SIER performance than SI embedded
LP-FBMC when Np increases. Moreover, for a given Np, the SIER performance of the
proposed method is improved with SNR increasing. In addition, for a small Np, the proposed
Sl detector can obtain a good SIER performance while the Sl detector of LP-FBMC is invalid.

0
1
04 i A r- A A A A A A

o = A —A
< 1

107! [€—— gILP-FBMC
4

L IBO=4dB, 16QAM

N

‘ Proposed CS-TR

5 [—8—Cs-TR, SNR=2B
10 CS-TR, SNR=6B
SI LP-FBMC, SNR=6dB
; =—&— S| LP-FBMC, SNR=12dB | | ¢
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Number of subcarriers for Sl detection (N,)

Fig 9. SIER performance comparison with different numbers of Sl subcarriers Np (IBO=4dB of SSPA
and data blocks with 16QAM)

Fig. 10 shows the SIER performance comparison of the proposed CS-TR method and SlI
embedding LP-FBMC scheme with different SNRs. The IBO of SSPA is 4dB and data blocks
with 16QAM are used in the simulation. It can be observed that the proposed SlI detector of
CS-TR can achieve much better SIER performance than that of LP-FBMC. At low SNR
region, e.g. SNR=6dB, the proposed Sl detector can obtain satisfied SIER performance with
the number of Sl subcarriers Np=4 while the SIER performance is still poor for LP-FBMC
with Np=20. It means that the proposed Sl detector can achieve good SIER performance with
small numbers of Np. The reason is that the Sl is determined by phase detection for adding all
Ne Sl subcarriers with the same phase offset, which effectively improve the SNR of Sl

detection.
10%¢ &
B %

IBO=4dB, 16QAM SI LP-FBMC

Proposed CS-TR

—@—CS-TR, N,=4
o |—=CSTRN.=8

107 § &SI LP-FBMC, N_=8
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0 2 4 6 8 10
SNR [dB]
Fig 10. SIER performance comparison with different SNRs (IBO=4dB of SSPA and data blocks with

16QAM)
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Fig. 11 gives the BER performance of the proposed CS-TR scheme with different numbers
of iteration I under fading channel. The number of SI subcarriers is Np=4 and the number of
PRTsis Nr=12. The IBO of SSPA is 4dB and data blocks with 16QAM are used. It can be seen
that the proposed CS-TR method with Sl detection can achieve the same BER performance
compared to the one with perfect SI. As expected, the proposed scheme can improve BER
performance from 1=0 to 4. In addition, the BER performance gap of the proposed scheme
decreases with | increasing. The reason is that, for a fixed threshold of clipping ratio, the
PAPR reduction gap of the proposed method rapidly decreases with | increasing.
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SNR [dB]
Fig 11. BER performance of the proposed CS-TR scheme with different numbers of iteration | under

fading channel (IBO=4dB of SSPA, Sl subcarriers Np=4 and number of PRTs Nr=12)

Fig. 12 shows the BER performance comparison for original FBMC signal, CC-TR,
OS-TR, SI embedding LP-FBMC and the proposed CS-TR schemes under fading channel.
During the simulation, the IBO of SSPA is 4dB and data blocks with 16QAM are used. The
number of PRTs is Nr=16 for both CC-TR and OS-TR while Nr=12 for the proposed CS-TR
method. For Sl detection, the numbers of Sl subcarriers are Np=4 for CS-TR and Np=20 for
LP-FBMC. It is shown that, for a given value of I, the proposed CS-TR scheme has the best
BER performance among four methods. It can be observed that the proposed CS-TR scheme
with Sl detection can obtain almost the same BER performance from SNR=10 to 40dB
compared to the theoretical analysis in (36). Moreover, the BER performance of the proposed
method with Np=4 is better than that of LP-FBMC with Np=20. The reason is that the proposed
method can achieve better PAPR reduction and SIER performances than LP-FBMC. It also
can be seen that the BER performance of the proposed method is better than that of OS-TR
when 1=1 and 2. This is due to the fact that our proposed scheme can effectively improve the
PAPR performance shown in Fig. 8, which will lead to lower non-linear distortion when the
transmitted signal with 16QAM passes through SSPA.
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Fig 12. BER performance comparison of different schemes under fading channel (IBO=4dB of SSPA
and data blocks with 16QAM)

6. Conclusion

In this paper, a new CS-TR scheme using joint optimization based on candidate signals
selection and iterative TR was proposed to reduce the PAPR of FBMC/OQAM signals. At the
transmitter, the proposed method selected the signal with the minimum PAPR from candidate
signals based on cyclic shift of IDFT and embeds the Sl of selected signal in sparse symbols
with QPSK modulation. Furthermore, the TR with optimal scaling factor method was
employed for the selected signal with fast convergence. At the receiver, the Sl could be easily
determined by using phase rotation detection method. Simulation results showed that the
proposed method was able to achieve satisfied PAPR and BER performance for conventional
FBMC systems. Therefore, the proposed CS-TR scheme was attractive for practical FBMC
systems, especially for those with high order modulation.

Appendix

The received symbol men:énﬁ,n’fwm,n in (32) can be considered as a complex Gaussian random
variable with mean 1/+/2 and variance o2 /2 in real and imaginary components. Obviously,

Np
X=Y"Y, in (34) is a complex Gaussian random variable with mean x=N, / 2 and variance
k=0

&°=N,o? /2 in both real and imaginary parts.
Without loss of generality, we assume that the SI of selected signal of the mth block is ¢, =1.
Consequently, the probability of correct Sl detection Pr{¢, =c_} can be given as
Pr{¢ =c }=Pr{0<6, <z/2} (37)
The probability of (37) is rewritten as
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Pr{0< @, <x/2}=Pr{R{X}=> 0}xPr{I{X}>0}
_rf* 1 (Y1252 2 =1 _ —\72 38
[ N dyF'=[1-Q(u/ &)] (38)

=1+Q°({N; /o)~ 2Q(N, / o)
o 1 »
where = 2z,
Q(x) L Ee z
Since Q*(/N, /o) is much smaller than 2Q(/N, /o), the term Q*(/N, /o) can be

ignored in (38). Based on the exponent approximation Q(x)z%e‘xz’z,x>o [39], the

probability of correct Sl detection can be obtained as
Pr{¢, =c,}~1-2Q(/N, /o) ~1-e /> (39)
Therefore, for N, /20° >>1, Pr{¢,=c,} is closed to 1.

References

[1] G.Wunder, P.Jung, M. Kasparick, et al., “5SGNOW: non-orthogonal, asynchronous waveforms for
future mobile applications,” IEEE Communications Magazine, vol. 52, no. 2, pp. 97-105, Feb.
2014. Article (CrossRef Link)

[2] B. Farhang, “OFDM versus filter bank multicarrier,” IEEE Signal Processing Magazine, vol. 28,
no. 3, pp. 92-112, May 2011. Article (CrossRef Link)

[3] P. Siohan, C. Siclet and N. Lacaille, “Analysis and design of OFDM/OQAM systems based on
filterbank theory,” IEEE Transactions on signal processing, vol. 50, no. 5, pp. 1170-1183, May
2002. Article (CrossRef Link)

[4] D.Chen, Y. Tian, D. Qu, T.Jiang, “OQAM-OFDM for wireless communications in future internet
of things: a survey on key technologies and challenges,” IEEE Internet of Things Journal, vol. 5,
no. 5, pp. 3788-3809, Oct. 2018. Article (CrossRef Link)

[5] S. Bulusu, H. Shaiek, D. Roviras and R. Zayani, “Reduction of PAPR for FBMC-OQAM systems
using dispersive SLM technique,” in Proc. of International Symposium on Wireless
Communications Systems, Barcelona, Spain, pp. 568-572, 27-29 Aug. 2014.

Avrticle (CrossRef Link)

[6] M. Laabidi, R. Zayani, R. Bouallegue, “A novel multi-block selective mapping scheme for PAPR
reduction in FBMC/OQAM systems,” in Proc. of World Congress on Information Technology and
Computer Applications Congress, Hammamet, Tunisia, pp. 1-5, 11-13, Jun. 2015.

Article (CrossRef Link)

[7]1 S. Bulusu, H. Shaiek, and D. Roviras, “Reducing the PAPR in FBMC-OQAM systems with
low-latency trellis-based SLM technique,” EURASIP Journal on Advances in Signal Processing,
vol. 2016, no. 1, pp. 132-142, Sep. 2016. Article (CrossRef Link)

[8] Z. Yang and T. Jiang, “Peak-to-average power ratio reduction for OFDM/OQAM signals via
alternative-signal method,” IEEE Transactions on Vehicular Technology, vol. 63, no. 1, pp.
494-499, Jan. 2014. Article (CrossRef Link)

[91 A. Kumar and H. Rathore, “Modified DSLM technique for PAPR reduction in FBMC system,”
Radioelectronics and Communications Systems, vol. 62, no. 8, pp. 416-421, Aug. 2019.

Avrticle (CrossRef Link)

[10] Y. Xia and J. Zhang, “PAPR reduction for OFDM/OQAM signals using offset-symbols joint SLM
method,” Journal of communications, vol. 11, no. 11, pp. 998-1004, Nov. 2016.

Article (CrossRef Link)

[11] D. Qu, S. Lu and T. Jiang, “Multi-block joint optimization for the peak-to-average power ratio
reduction of FBMC-OQAM signals,” IEEE Transactions on Signal Processing, vol. 61, no. 7, pp.
1605-1613, Apr. 2013. Article (CrossRef Link)



http://doi.org/doi:10.1109/MCOM.2014.6736749
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Farhang-Boroujeny,%20B..QT.&searchWithin=p_Author_Ids:38265010700&newsearch=true
http://doi.org/doi:10.1109/MSP.2011.940267
http://doi.org/doi:10.1109/78.995073
http://doi.org/doi:10.1109/JIOT.2018.2869677
http://doi.org/doi:10.1109/ISWCS.2014.6933418
http://doi.org/doi:10.1109/WCITCA.2015.7367014
http://doi.org/doi:10.1186/s13634-016-0429-9
http://doi.org/doi:10.1109/TVT.2013.2273557
http://doi.org/doi:10.3103/S0735272719080053
http://doi.org/doi:10.12720/jcm.11.11.998-1004
http://doi.org/doi:10.1109/TSP.2013.2239991

KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 15, NO. 8, August 2021 2897

[12] C. Ye, Z. Li, T. Jiang, et al., “PAPR reduction of OQAM-OFDM signals using segmental PTS
scheme with low complexity,” IEEE Transactions on Broadcasting, vol. 60, no. 1, pp. 141-147,
Mar. 2014. Article (CrossRef Link)

[13] J. Moon, Y. Nam, J. Kim, “PAPR reduction in the FBMC-OQAM System via segment-based
optimization,” IEEE Access, vol. 6, pp. 4994-5002, Jan. 2018. Article (CrossRef Link)

[14] J. Zhao, S. Ni, Y. Gong, “Peak-to-average power ratio reduction of FBMC/OQAM signal using a
joint optimization scheme,” IEEE Access, vol. 5, pp. 15810-15819, May 2017.

Article (CrossRef Link)

[15] Z. He, L. Zhou, Y. Chen and X. Ling, “Low-complexity PTS scheme for PAPR reduction in
FBMC-OQAM systems,” IEEE Communications Letters, vol. 22, no. 11, pp. 2322-2355, Nov.
2018. Article (CrossRef Link)

[16] S. Ni, M. Lei, M. Zhao, M. Lit, “Improved PTS technique for the PAPR-reduction of
FBMC-OQAM signals,” in Proc. of IEEE Vehicular Technology Conference (VTC-Fall), Chicago,
USA, pp. 1-5, 27-30 Aug. 2018. Article (CrossRef Link)

[17] K. Liu, J. Hou, P. Zhang and Y. Liu, “PAPR reduction for FBMC-OQAM systems using P-PTS
scheme,” The Journal of China Universities of Posts and Telecommunications, vol. 22, no. 6, pp.
78-85, Dec. 2015. Article (CrossRef Link)

[18] H. Wang, “A hybrid PAPR reduction method based on SLM and multi-data block PTS for
FBMC/OQAM systems,” Information, vol. 9, pp. 246-257, Oct. 2018. Article (CrossRef Link)

[19] S. Lv, J. Zhao, L. Yang, Q. Li, “Genetic algorithm based bilayer PTS scheme for peak-to-average
power ratio reduction of FBMC/OQAM signal,” IEEE Access, vol. 8, pp. 17945-17955, Jan. 2020.
Avrticle (CrossRef Link)

[20] V. Sundeepkumar, S. Anuradha, “Adaptive clipping-based active constellation extension for
PAPR reduction of OFDM/OQAM signals,” Circuits Systems and Signal Processing, vol. 36, no. 7,
pp. 3034-3046, Sep. 2016. Article (CrossRef Link)

[21] Sandeepkumar, H. Minh, N. Aslam, et al., “Adaptive scaling active constellation extension scheme
with fast convergence for PAPR reduction in OFDM/OQAM signals,” in Proc. of IEEE Vehicular
Technology Conference (VTC-Fall), Chicago, USA, pp. 1-6, 27-30 Aug. 2018.

Article (CrossRef Link)

[22] N. Neut, B. Maharaj, F. Lange, et al., “PAPR reduction in FBMC using an ACE-based linear
programming optimization,” EURASIP Journal Advanced Signal Processing, no. 1, pp. 172-192,
Jun. 2014. Article (CrossRef Link)

[23] V. Sandeepkumar and S. Anuradha, “Overlapped segmental active constellation extension for the
PAPR reduction of the OFDM-OQAM system,” International Journal of Intelligent Systems and
Applications, vol. 8, no. 4, pp. 26-32, Apr. 2016. Article (CrossRef Link)

[24] Z. Kollar, P. Horvath, “PAPR Reduction of FBMC by Clipping and its Iterative Compensation,”
Journal of Computer Networks and Communications, vol. 2012, no. 4, pp. 1-11, Jan. 2012.
Article (CrossRef Link)

[25] M. Laabidi & R. Bouallegue, “Three implementations of the tone reservation PAPR reduction
scheme for the FBMC/OQAM system,” IET Communications, vol. 13, no. 7, pp. 918-925, Apr.
2019. Article (CrossRef Link)

[26] S. Lu, D. Qu and Y. He, “Sliding window tone reservation technique for the peak-to-average
power ratio reduction of FBMC-OQAM signals,” IEEE Wireless Communications Letters, vol. 1,
no. 4, pp. 268-271, Aug. 2012. Article (CrossRef Link)

[27] T.Jiang, C. Ni, C. Ye, et al., “A novel multi-block tone reservation scheme for PAPR reduction in
OQAM-OFDM systems,” IEEE Transactions on Broadcasting, vol. 61, no. 4, pp. 717-722, Dec.
2015. Article (CrossRef Link)

[28] V. Sandeep and S. Anuradha, “Novel peak-to-average power ratio reduction methods for
OFDM/OQAM systems,” ETRI Journal, vol. 38, no. 6, pp. 1124-1134, Dec. 2016.

Avrticle (CrossRef Link)

[29] H. Wang, X. Wang, L. Xu and W. Du, “Hybrid PAPR reduction scheme for FBMC/OQAM
systems based on multi data block PTS and TR methods,” IEEE Access, vol. 4, pp. 4761-4768, Sep.
2016. Article (CrossRef Link)



http://doi.org/doi:10.1109/TBC.2013.2282732
http://doi.org/doi:10.1109/ACCESS.2018.2794366
http://doi.org/doi:10.1109/ACCESS.2017.2700078
http://doi.org/doi:10.1109/LCOMM.2018.2871263
http://doi.org/doi:10.1109/VTCFall.2018.8690768
http://doi.org/doi:10.1016/S1005-8885(15)60698-7
http://doi.org/doi:10.3390/info9100246
http://doi.org/doi:10.1109/ACCESS.2020.2967846
http://doi.org/doi:10.1007/s00034-016-0446-9
http://doi.org/doi:10.1109/VTCFall.2018.8690584
http://doi.org/doi:10.1186/1687-6180-2014-172
http://doi.org/doi:10.5815/ijisa.2016.04.03
http://doi.org/doi:10.1155/2012/382736
http://doi.org/doi:10.1049/iet-com.2018.5336
http://doi.org/doi:10.1109/WCL.2012.062512.120360
http://doi.org/doi:10.1109/TBC.2015.2465146
http://doi.org/doi:10.4218/etrij.16.0116.0272
http://doi.org/doi:10.1109/ACCESS.2016.2605008

2898 Shi et al.; Cyclic Shift Based Tone Reservation PAPR Reduction Scheme with
Embedding Side Information for FBMC-OQAM Systems

[30] S. Ren, H. Deng, X. Qian, Y. Liu, “Sparse PTS scheme based on TR schemes for PAPR reduction
in FBMC-OQAM systems,” IET Communications, vol. 12, no. 14, pp. 1722-1727, Aug. 2018.
Avrticle (CrossRef Link)

[31] D. Na and K. Choi, “Low PAPR FBMC,” IEEE Transactions on Wireless Communications, vol.
17, no. 1, pp. 182-193, Jan. 2018. Article (CrossRef Link)

[32] K. Choi, “Alamouti Coding for DFT Spreading-Based Low PAPR FBMC,” IEEE Transactions on
Wireless Communications, vo. 18, no. 2, pp. 926-941, Feb. 2019. Article (CrossRef Link)

[33] D. Na and K. Choi, “DFT spreading-based low PAPR FBMC with embedded side information,”
IEEE Transactions on Communications, vo. 68, no. 3, pp. 1731-1745, Mar. 2020.

Article (CrossRef Link)

[34] Project PHYDYAS, “Deliverable 5.1: Prototype filter and structure optimization,” Jan. 2009.
[Online]. Awvailable: http://www.ict-phydyas.org/userfiles/file/PHYDY AS-D5-1.pdf.

[35] V. Singh, M. Flanagan, B. Cardiff, “Generalized Least Squares Based Channel Estimation for
FBMC-OQAM,” IEEE Access, vol. 7, pp. 129411-129420, Sep. 2019. Article (CrossRef Link)

[36] E. Kofidis, “Preamble-based estimation of highly frequency selective channels in FBMC/OQAM
systems,” IEEE Transactions on Signal Processing, vol. 65, no. 7, 1855-1868, Apr. 2017.

Article (CrossRef Link)

[37] Guidelines for Evaluation of Radio Transmission Technologies for IMT-2000, document ITU-R
M.1225, 1997.

[38] E. Dalakta, A. Dweik, A. Hazmi, et al., “Efficient BER reduction technique for nonlinear OFDM
transmission using distortion prediction,” IEEE Transactions on Vehicular Technology, vol. 61, no.
5, pp. 2330-2336, Jun. 2012. Article (CrossRef Link)

[39] M. Chiani, D. Dardari and M. Simon, “New exponential bounds and approximations for the
computation of error probability in fading channels,” IEEE Transactions on Wireless
Communications, vol. 4, no. 2, pp. 840-845, Jul. 2003. Article (CrossRef Link)



http://doi.org/doi:10.1049/iet-com.2017.1160
http://doi.org/doi:10.1109/TWC.2017.2764028
http://doi.org/doi:10.1109/TWC.2018.2886347
http://doi.org/doi:10.1109/TCOMM.2019.2918526
http://doi.org/doi:10.1109/ACCESS.2019.2939674
http://doi.org/doi:10.1109/TSP.2016.2639465
http://doi.org/doi:10.1109/TVT.2012.2190950
http://doi.org/doi:10.1109/TWC.2003.814350

KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 15, NO. 8, August 2021 2899

Yongpeng Shi received the B.S. degree in electronic information science from Shaanxi
Normal University, Xi’an, China, in 2001. He received his M.S. and Ph.D. degree in
computer science from Xidian University, Xi’an, China, in 2008 and 2018, respectively. He
has been working in Luoyang Normal University since 2001. He has published around 10
peer-reviewed papers in many high quality publications, including prestigious IEEE journals
fRS /.: and conferences. His research interests cover the next generation wireless communications,

_ space-air-ground integrated networks and cloud computing.

Yujie Xia received the B.S. degree in electronic information engineering from Henan
Normal University, Xinxiang, China, in 2001 and M.S. degree in communication and

- information systems from Harbin Engineering University, Harbin, China, in 2004. He
@5 received his Ph.D. degree in communication and information systems from Xidian University,
! Xi’an, China, in 2014. Since 2004, He has been with the Luoyang Normal University,

Luoyang, China. His research interests are in the area of the communication signal processing
and mobile edge computing.

Ya Gao received the B.S. degree from Information and Engineering University of the PLA,
Zhengzhou, China, M.S. degree from Central South University, Changsha, China, and Ph.D.
from Xidian University, Xi’an, China, in 2007, 2010 and 2018, respectively. She worked as a
visiting postgraduate student at Institute of Computing Technology Chinese Academy of
Sciences, Beijing, China, from 2008 to 2010. In 2010, she joined the Luoyang Normal
University. Her research interests focus on 5G wireless networks, cognitive radio and D2D
communications.

Jianhua Cui received the B.S. degree in electronic engineering and M.S. degree in circuits
and systems from Zhengzhou University, Zhengzhou, China, in 2003 and 2006, respectively.
She received her Ph.D. degree in information and communication engineering from National
Digital Switching System Engineering & Technological Research Center, Zhengzhou, China,
in 2017. She has been working as a teacher in School of Physics and Electronic Information,
Luoyang Normal University since 2006. Her research interests include the next generation
wireless communications and communication signal processing.




