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M-ary Chaotic Sequence Based SLM-OFDM
System for PAPR Reduction without
Side-Information

A.Goel, M. Agrawal, P. Gupta Poddar

Abstract—Selected Mapping (SLM) is a PAPR reduction In this paper, a new phase sequence set generation based on
technique, which converts the OFDM signal into several independdahie M-ary chaotic sequence has been proposed for achieving
signals by multiplication with the phase sequence set and transnjistter PAPR reduction capability without SER performance
one of the signals with lowest PAPR. But it requires the index of thfégradation_ Further, to eliminate the requirement of SI at the
selected signal i.e. side information (SlI) to be transmitted with ea?@ceiver, concentric circle constellation mapping [10] has been

OFDM symbol. The PAPR reduction capability of the SLM schemgLI ested. It has been shown that the proposed method
depends on the selection of phase sequence set. In this paper V\%g ) prop

have proposed a new phase sequence set generation scheme basQBOtheS good PAPR reduction Capablllty_ and has better
M-ary chaotic sequence and a mapping scheme to map quater%@b0| error rate (SER) performance than its counterpart[3]-
data to concentric circle constellation (CCC) is used. It is shown tH&], other SLM systems.
this method does not require Sl and provides better SER performancd he remainder of the paper is organized as follows. Section
with good PAPR reduction capability as compared to existing SLM} describes the OFDM system and PAPR. In section lll, we
OFDM methods. discuss the existing SLM based techniques and also present the
SER analysis of Riemann matrix based phase sequence set[6].
Keywords—Orthogonal ~ frequency  division — multiplexing Section IV deals with the proposed approach for PAPR
(OFDM), Peak-to-average power ratio (PAPR), Selected mappingduction without side information. The results obtained from
(SLM), Side information (SI) computer simulations and their discussions are carried out in

section V. Finally, we conclude in section VI.
I. INTRODUCTION

FDM, a multicarrier modulation technique, has high Il. OFDM SYSTEMAND PAPR
spectral efficiency, good immunity to the interference and |, 4n OFDM system, a serial data stream is first converted

multipath effects in wireless channels[1]. It is widely used f%to N parallel data streams, then binary data available on

high speed wireless communication systems. The M ese parallel streams are mapped to desired constellation

difficulty of using OFDM signal, is its large envelope _ . : :
d . . . . oints (M-ary Phase Shift Keying or M-ar uadrature
fluctuation, which results in high PAPR. Various PAPF\p ( y ying y Q

. . _ N-1
reduction techniques have been proposed in the literature [2{nPlitude Modulation).  Let X _{Xr}r:O be the N
Selected Mapping (SLM) provides a good PAPR reductiosomplex symbols to be transmitted ovéM narrow band
capability without distorting the shape of the OFDM signal. Aubcarriers of an OFDM system. The time domain baseband

large number of phase sequence sets have been proposedb®pM signal at the transmitting end is given by a single IDFT
many researchers for SLM-OFDM systems, these includgeration as follows

Newman[3], Hadamard[4], Shapario-Rudin[5], chaotic 1 N2 j2rrn

sequences[5] and Riemann sequence[6] etc. But all of these XN =—ZXr ex;{ j 0OsnsN-1 ()
techniques[3]-[6] require side information (Sl), i.e. the index \/N r=0 N

of the selected signal required to be transmitted with eachwhere N is the total number of subcarriers and is the
OFDM symbol, which decreases the data rate of SLM-OFDM

system. In this type of OFDM system, Sl is required at tHE2
receiver to retrieve the original OFDM signal. Therefore, Sl ) ) )
has the prime importance and if it gets corrupted then thEPR of OFDM signal: The PAPR is t_he ratio of peak power

symbol error rate (SER) performance of the SLM-OFD p_the average power of .OFDM signal. For discrete-time
system degrades drastically. To eliminate the requirement%’f:D'VI signal ({n]), itis defined as

nsmitted data symbol on" subcarrier.

Sl at the receiver, various SI embedding schemes[7]-[10] have max |x[n]|2 }
been proposed by researchers. In many of these techniquepapr (dB ) = 10 log 1 ()
[7]-[9]. the accuracy of S| detection depends on the signal-to- 0 E{|x[n]|2 }

noise ratio (SNR). Therefore, when a SLM-OFDM system is
operated at low SNR, then SER performance of the SYsteMere E

{} is the expectation operator, max{.} gives the
becomes very poor.

maximum value and |.| gives the absolute value.
From central limit theorem, it follows that, for large values
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while its power has chi-square distribution [11].heT
cumulative distribution function (CDF) of an OFDMgsal
[11] with N subcarriers is given by

CDF(yo) = Pr(PAPR(X{ N]) < ),)
Therefore,

®3)

function (CCDF) of an OFDM signal becomes
CCDF (y,) = Pr(PAPR(X n]) > ¥,)
=1-(1-expty,))"

(4)
©)

the complementary cumulative distributioreduction capability, but it requires

The selection of a phase sequence set to achietter be
PAPR reduction capability is a crucial aspect irMSQFDM

system. In [3], forM =4, a phase sequence set is generated
randomly from set{tl+ j}, for achieving good PAPR

large numbsts to

encode the SI, as there aM N possible combinations of
phase sequences and any one of the them can beatgehe

randomly. ThereforeJog, (M) bits per OFDM symbol are
required to encode the Sl, which results in higla date loss.

where y, is the given threshold value of PAPR. In order to In [4], the PAPR reduction is performed by choosing

obtain the more precise CCDF of PAPR, an oversammily a

Hadamard matrix as phase sequence set, but its PAPR
reduction capability is very limited. The binary achic

factora >1 has to be performed and the CCDF given by (%equence based phase sequence set generation sisheme

changes to
CCDF (y,) =1~ (L—expty, )™ ©)

Ill.  SLM BASED TECHNIQUES

In conventional SLM scheme, frequency domain OFD

roposed in [5], its PAPR reduction capability istter than
Hadamard sequence[4] and Shapario-Rudin [5] segudiie
PAPR reduction capability of SLM-OFDM system hazibe
further improved by using rows of Riemann matrixaaghase
sequence[6]. Before going into the details of tBRS&nalysis
of the Riemann matrix based phase sequence s&t,we

,\ﬁiscuss the construction and some important fafcRiemann

matrix, these are as follows:

signal X ={X, }r -0 » IS multiplied with the phase sequence set The Riemann matrix [12] (R) of sizbl X N is obtained by

containing U different phase sequences of length and
—{X P }r =0 1
phase

P D{ﬂ :exr{%) | 0<l<M —1}. The generated

generate U  alternative signafsX ' }

1<u<U, where factor,

domain
1<u<U are

U alternative frequency

signalsX" =[Xg, X', X5 ,... X} XNl
independent in nature.
OFDM signal X", for 1< u <U is given by

2mr
XU (n) = Zx“ J ] 0<nsN-1 (7)
One out ofU alternative OFDM signalx", 1<su<U , with
lowest PAPR is selected for transmission, alond tie index
u. The block diagram of conventional SLM-OFDM systam
shown in Fig. 1.
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Fig. 1 Block diagram of SLM-OFDM system
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removing the first row and first column of matrix Af
size(N +1) x (N +1),

Al i) :{i -1 if i divides] ®

-1 otherwise
The elements of/™
v or =1, 1sv<N.

row in Riemann matrix (R) are either

In a v"" row of Riemann matrix (R),

C=| —— | number of elements has a valug and
v+1

remaining elements are -1. Therefore, wherfa, 2<v< N

row of this matrix R is used as a phase sequBricét results
in not only phase change but also the amplitudethef
modulated data symbols. Therefore, the averagesrtigted

power of alternative frequency domain OFDM sign,",

will not be same as original OFDM signAl . Here, it has
also been shown mathematically, when a frequencayaito
OFDM signal is multiplied by v row, 2<sv<U of
Riemann matrix (R), then average power of resuiteguency
domain OFDM signal increases. In the case of M-PSK
constellation, let the data symbols (before muttgtlon with

the phase sequence) have average symbol ekergiissume

that thev" row, 2<v<U of Riemann matrix (R), is the best
available phase sequence for a particular OFDM asigo
provide the least possible PAPR. Therefore, after

multiplication with v row, the symbol energy of C symbols

is increased by a factor 06®> and the symbol energy of
remaining symbols remain unchanged Ey. The average
energy of alternative OFDM signal (original freqagrdomain
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OFDM symbol after multiplication withv™ phase sequence)
can be calculated as

_EJ(N-C) +CV°E,
av N (9)

If each of the M-PSK modulated subcarrier is traittseh
over AWGN channel, the average error probabilRy(SER)

obtained with Riemann matrix phase sequence innabsef
any Sl detection error is given by

N-C C
(R ()R

where P, and P,, are the probability of errors over AWGN

E

(10)

channel for subcarriers with symbol enerdy, and v E,
respectively. The error probabiliti&s and P,, are given by

Pa =erfc[ E, sin(iﬁ (11)
N, (M
2

P, =erfc v°Es sin(ﬂj (12)
N, M

After substituting the values d?; and P,, from (11) & (12)

into (10), we have

w2 Bl (e w3 609

After substituting the value of average symbol ggpdbefore
multiplication with phase sequende)form (9) into (13), we

have
Pe:(N_CJerfc ! NE av sin(ij +
N M

V((N -C) + CV2]NO
[iJerfc
N

The results for the average probability of erroER$
obtained from (14) fov =4 & 8 are shown in Fig. 2. It can

be easily observed from the Fig. 2 that the avepagbability
of error increases withv , 2<v<U . The main reason

behind it is that the data symbok,, X;', X5 ,...Xy_, are

not having equals powers and the symbols with |@mwers
can easily corrupted during the transmission ov&/GN
channel. Therefore, SER performance degrades bgasing
the value ofU .

In the below analysis we assumed that Sl is knawthé
receiver or detected without error. But in geneeahct Sl is
required at the receiver to recover the originaD®Fsignal.

\[I[(N _VC)N+E§sz]NO (Mij (14)
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Fig. 2 SER performance of Riemann matrix phaseestpiv = 4 &
8

Because, the received signal has to be multipligh the
reciprocal of the phase sequenBé& (used by the transmitter

to provide the least PAPR). The SER performancedieme
[6] can be further degrade if SI gets corrupteder€fore, the
main drawback of existing SLM-OFDM techniques [8]-|s
the requirement of side information (SI) and ifdgtection is
incorrect, it tremendously degrades the SER pedona of
the system.

In order to avoid this problem, various Sl embeddin
techniques [7]-[9] have been proposed in the litem A
scrambling based method [7] proposed by Breilingletand
maximum-likelihood decoding[8] proposed by Jayalethal.,
are used to eliminate the requirement of S| for SOMDM
system. In [9], S| embedding is performed byéasing the
amplitude level of certain numbers (locations) obcarriers.
The index of the subcarriers with higher amplithd&e one to
one mapping with the inded, which is the desired SI. At the
receiver of a SLM-OFDM system, a technique based on
maximum-likelihood detection is used to retrievee tSI.
However, in this method [9] SI detection error eariwith
signal-to-noise ratio. Therefore, we have propasextheme,
which completely eliminates the requirement of SI.

IV. PROPOSEDMETHOD

In the proposed scheme, a new phase sequencesseit dra
M-ary chaotic sequence is generated to reduce the Pa&RR,
concentric circle constellation (CCC) [10] basedppiag is
used to eliminate the requirement of Sl. In the ppsed
approach, first binary data is converted into thatgrnary
data (0,1,2 &3) stream and then concentric cirolestellation
(CCC) [10] based mapping as given in Table 1 isduse
obtain the data symbols, after that conventiona¥1Sicheme
along with subcarrier modulation is applied for FRAP
reduction. At the receiver, after performing thebcarrier
demodulation, CCC decoding and a de-mapping ojperats
given in the Table II, has also to be performedetvieve the
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original data without any Sl. Detailed descriptainproposed .
phase sequence set generation and CCC mappingeis mi 3"“".3
the following sub section. k !
A. Generation of phase sequence set
Chaotic sequence[5] is a non-converging and noiogier
sequence that exhibits random behavior. Mrary chaotic

sequence C, 0 {0,1,2..M -1}, 0sn< N -1of lengthN

is generated by

My, | M
Cn :\‘LJ*—_’ Yo = f(yn) :1—0’y5,

2 2 ;
a 0[1.4015,199], y, 011 15 -5u/8 e
where I_ZJ is greatest integer not exceeding zoand from Fig. 3 Concentric circle constellation and mappafiguaternary data
’ symbols
C,. the r" element of first phase sequence becomes
1_ . _ . _ TABLE |
Pr - eXF(J 277(:r M ) - %, e.g., if Cz =3, then 2 MAPPING OF QUATERNARY DATA POINTS TO CONCENTRICCIRCLE
CONSTELLATION

element of the first phase sequeﬁ’gle= @, . Therefore, the Quater Mapped Constellation symbols(X ) after

first phase sequence is constituted as
" -nary  Constell

Pl:[%o,%,%z,..(/{;m] and u" phase sequence

PY,2<us<U can be easily obtained fro®* after u—1
right circular shifts.

multiplication with phase

data -ation factors {1, j,-1,-j}

points  Points

X/
(X:)

B. Proposed SLM-OFDM System & Mapping Scheme

. - . : 0+j0 {0+ j0}
In the proposed scheme, first the original bit atreis
transformed into quaternary data points 0, 1, 2. &fger that
these quaternary data points {0, 1, 2 & 3} hasd¢arappedto 1 0+j2 {i2-2,-j2,2}
four different points of concentric circle constgibn
according the mapping scheme presented in Talid saown

in Fig.3. In SLM-OFDM scheme a block dfl modulated 2 “4rio {-4,-]44, j4}
data symbols is multiplied withl-ary chaotic sequence based

Y 1<u< i . .
phase sequence sBX" ,1<u<U and generat® alternative 3 N {2\/5(1_ N, 2\/5(1_'_ i,

signals X" =[ Xy, X;', X5,...X/",..X{4], 1su<U as per
(1). One of the alternative OFDM signak'{), with lowest

2V2(-1+ j), 2V2(-1- j)}

PAPR is selected for transmission. With this magoheme, TABLE Il
data symbols before multiplication with the phasguence DE- MAPPING OF CONCENTRICCIRCLE CONSTELLATION
. . . . _ SYMBOLS TO QUATERNARY DATA POINTS

X, 0{0+]0,0+ 1,2’ 4+j0& 2\/5(1 1)} . ForM=4 the Demodulated De-mapped Recovered
elements of chaotic phase sequence set takes ltiesvérom
set {1j,-1-j}, therefore corresponding alternative Constellation symbols Constellation Quaternary
frequency domain OFDM signaK" will take the values as Point data point
per the last column of Table | and generate 18ndispoints i i
of concentric circle constellation (CCC). {0+ jo} 0+jo0 0

The decoding of received data symbols is perforrogd ) ) .
minimum distance decoding rule. All 13 points aistidct; {12-2,-j2,2} 0+j2 1
therefore they can be decoded uniquely. To recdher . . .
original quaternary data signal, de-mapping of tlezoded {-4-]44, j4} -4+]0 2
signal is performed according to the scheme predeim
Table II.
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{2J2@-j),2v2a+j),  2J/2@-j) 3

2J2(-1+ j), 2¥2(-1- j)}

Hence, original data can be easily recovered withou

requiring any side information. Moreover, in theoposed
scheme phase set sequerfeé,1<u<U does not produce

amplitude change in any modulated subcarrier of FD§

signalX =[X,, X,,..X,,...X]. Therefore the power of

Xi X5, X3,...Xywill remain same and hence the SE
performance remains unchanged with

V.PERFORMANCEEVALUATION

Here, we considered an OFDM system wWith= 64
orthogonal subcarriers and 10,000 OFDM symbols/atuate
the SER and PAPR performance of the proposed schEme
PAPR reduction capability of the chaotic sequere@ains
same for0y, O (-1,1) and Oa 0[1.4015,199] [5]. In this

paper, we have usey, = 0.1, @ = 199 to generateM -

ary chaotic sequence. Fig. 4 shows the PAPR ramtucti

capabilities of Hadamard sequence[4], Riemann matnase
sequence set[6] and proposed scheme caledry chaotic
phase sequence’ forU =8 &32. The complementary
cumulative distribution function (CCDF) of origin@FDM
signal (without PAPR reduction)
comparison. Fig. 5 shows the SER performance cdsgar
for above systems i.e. Riemann matrix phase seguemdMV-
ary chaotic phase sequence based schemdJfer8 & 32.

The phase sequence set which provides low PAPRIand

SER is considered to be the best. Riemann matraseh
sequence set forU =32provides best PAPR reduction

capability among all phase sequence sets undeiderason
but its SER performance even at 20dB signal-toenoéio

(SNR) is abov&0™, which is unacceptable in any practical oou

communication systems, therefore it can not bea gioice.
As seen from Fig. 5 the SER performance ofthary chaotic
phase sequence wild =8 & 32 are coinciding and provide

is also shown for 1w

sequence based scheme provides low PAPR and SER in
comparison to all schemes under consideration.

10°

~ 10"

S

Hadamard(U=8)

Hadamard(U=32)

& --+4-- Riemann(U=8)

2 --B- Riemann(U=32)

= —&A— M-ary chaotic phase sequence(U=8)

R%:’ —%— M-ary chaotic phase sequence(U=32)
g 10| ——— Original OFDM

"

-

F--F-

LT ] Mp—

H
o
wl
IS

b

PAPRO(dB)
Fig. 4 CCDF of PAPR for different phase sequent®iseSLM-
OFDM system

SER Comparison

10

o
w
n

10

77777 =#-- Riemann(U=8)
L — — _I | =-8--Riemann(U=32)

4 —A— M-ary chaotic phase sequence(

10

Fig. 5 SER comparison
The SER performance of the proposed technigualdo

significantly low SER2x10™*, whereas it degrades in caseevaluated over fading channel, here we have corside

of the Riemann matrix phase set sequence by irogeése

three tap frequency selective fading channel (SU&Bd a

value of U. The PAPR reduction capabilities of Riemanrgyclic prefix of 1/8 of OFDM symbol duration. Thesults of
matrix phase sequence akBary chaotic phase sequence forSER performance over SUI-5 channel for original ®FD
U =8 are almost equal butl-ary chaotic phase sequencesignal, Riemann matrix phase sequence and the gedpo

requires 2dB less SNR to achieve a SER20f10™ and
hence the suggested sequence provides a better
performance than Riemann matrix phase set sequenés.

scheme are shown in Fig. 6. In proposed schemeWvith &

stk the requiredE, / N, , to achieve a SER afo™ is only

3dB worse than original OFDM signal, but at the edime it

seen from Fig.4, theM-ary chaotic phase sequence withprovides a PAPR reduction of 2.8dB (CCDF of PAPBDQ).

U =8 provides a PAPR reduction of 2.8dB where only B.2d The requiredE, / N

reduction is provided by Hadamard sequence With=8
(CCDF of PAPR 0.002). Further, the PAPR

reductiofatrix based phase sequence with U=8.

in the proposed scheme with U=8, to

0r
achieve a SER ol0™ is about 4.5dB better than Riemann
But, the RPAP

capability of the M-ary chaotic phase sequence can Deyqction capability is merely 0.3 dB worse. The RSE

improved by increasing the value bf without affecting the
SER performance. Hence the propodédiry chaotic phase
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performance of the Riemann matrix based phase seque
degrades rapidly by increasing the value of U butimains
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unchanged for the proposed scheme. Hence propckethe [7]
has better SER performance in comparison to Riemaatnix
based phase sequence. The SER performance afojhespd 8]
scheme is about 3dB worse than the original QP Siesy.

But the performance remains unchanged With (9]

SER Performance Over SU5 Channel

1’

[10]

10

(11

We=zzlzz=2:= [12]

SER

10’ — OFDM(without PAPR Reduction)

X Modified M-Ary Chaotic(U=32)
—— Modified M-Ary Chaotic(U=8)
—+— Riemann(U=8)

10*Ll —B— Riemann(U=32)

EbiNo(dB)

Fig. 6 SER performance comparisons over fading mblai8UI-5)

VI. CONCLUSION

This paper proposes a new scheme for generatingepha
sequence sets for SLM-OFDM combined with concentric
circle mapping, which completely eliminates the deef
conveying the side information to the receiver. Tiethod is
based onM-ary chaotic sequence, and it is shown that the
performance of the SLM-OFDM system does not degitade
increasing the number of sequences generated fdPRPA
reduction. The overall performance of this methodgrms of
SER and PAPR) is best among original OFDM signal,
Hadamard sequence and Riemann matrix based phase
sequence based schemes. The SER performance afsptbp
scheme over SUI-5 fading channel is also bettepmparison
to Riemann matrix based phase sequence.
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