866

IEEE TRANSACTIONS ON BROADCASTING, VOL. 57, NO. 4, DECEMBER 2011
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Additive Mapping Sequences for PAPR

Reduction of OFDM Signals
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Abstract—The selected mapping (SLM) scheme is one of
the well-known peak-to-average power ratio (PAPR) reduction
schemes for orthogonal frequency division multiplexing (OFDM)
systems. A number of low-complexity SLM schemes have been
proposed but most of them reduce the computational complexity
at the cost of bit error rate (BER) or PAPR reduction performance
degradation. In this paper, a new low-complexity SLM scheme is
proposed, which generates alternative signal sequences by adding
mapping signal sequences to an OFDM signal sequence. The pro-
posed scheme considerably reduces the computational complexity
without sacrificing BER and PAPR reduction performance only
by requiring additional memory to save the additive mapping
signal sequences, especially for the OFDM system with quadrature
amplitude modulation (QAM). Similarly, a low-complexity SLM
scheme is proposed for multi-input multi-output (MIMO) OFDM
system with space-frequency block code (SFBC).

Index Terms—Additive mapping sequences, low complexity,
orthogonal frequency division multiplexing (OFDM), peak-to-av-
erage power ratio (PAPR), selected mapping (SLM).

1. INTRODUCTION

RTHOGONAL frequency division multiplexing

(OFDM) is an attractive technique for wireless commu-
nications because it supports robust reliability and high data
rate in the frequency selective fading channel environments.
However, the OFDM signals show high peak-to-average power
ratio (PAPR) in the time domain, which causes significant
inter-modulation and undesirable out-of-band radiation when
an OFDM signal passes through nonlinear devices such as high
power amplifier (HPA) [1], [2].

Several techniques have been proposed to mitigate the high
PAPR of OFDM signals [3]. Clipping is used to reduce the
peak power by clipping the OFDM signals to the threshold level
[4]. Companding scheme scales the time-domain signals nonlin-
early such that the signals with large amplitude are suppressed
and the signals with small amplitude are expanded [5]—[8]. Tone
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reservation (TR) [9], tone injection (TI) [9], and active con-
stellation extension (ACE) [10] change constellation points for
some subcarriers to reduce the PAPR. Selected mapping (SLM)
[11] and partial transmit sequence (PTS) [12] schemes gen-
erate several alternative signal sequences representing the same
OFDM signal sequence and select the one with the minimum
PAPR among them. More alternative signal sequences increase
the possibility to improve the PAPR reduction performance, but
the computational complexity increases as well.

There are many schemes to reduce the computational com-
plexity of SLM. In [13], inverse discrete Fourier transform
(IDFT) to generate alternative signal sequences is replaced by a
conversion matrix in the time domain whose elements are com-
posed of {0, +1, —1}. This scheme reduces the computational
complexity significantly but cannot avoid bit error rate (BER)
degradation. The low-complexity scheme in [14] modifies
discrete Fourier transform (DFT)-shaping SLM scheme such
that by using a pre-computed and windowed sparse matrix,
a candidate alternative signal sequence with lower PAPR is
selected and DFT-shaping scheme is applied only to this se-
quence. This scheme shows better PAPR reduction as well as
lower computational complexity but needs additional memory
and computations at the receiver. In [15] and [16], alternative
signal sequences are generated at the intermediate stage of
fast Fourier transform (FFT) in decimation-in-time [15] or
decimation-in-frequency [16]. These schemes have a trade-off
between PAPR reduction performance and computational
complexity. In [17], through linear combinations of alternative
signal sequences, additional alternative signal sequences are
generated. Therefore, the computational complexity due to the
inverse Fourier transform (IFFT) operations can be reduced
while achieving the PAPR reduction performance similar to
that of the conventional SLM scheme.

In this paper, a new low-complexity SLM scheme is pro-
posed, which generates alternative signal sequences by adding
mapping sequences to an OFDM signal sequence. The proposed
scheme considerably reduces the computational complexity
without sacrificing BER and PAPR reduction performance.
Also, this scheme is extended to the multi-input multi-output
(MIMO) OFDM system with space-frequency block coding
(SFBC) [20]. Although the proposed scheme is similar to the
partial bit inverted SLM (PBISLM) in [21] in the sense that the
alternative symbols undergo the change of both amplitude and
phase, the proposed scheme seeks to generate the alternative
signal sequences with low complexity while the PBISLM
is aimed to improve the PAPR reduction performance with
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keeping the computational complexity same as that of the
conventional SLM scheme.

The rest of this paper is organized as follows. In Section II,
PAPR and some SLM schemes are reviewed. Alternative
symbol sequences are expressed by using additive mapping se-
quences in Section IIT and a new low-complexity SLM scheme
using additive mapping sequences is proposed and evaluated in
Section IV. The numerical analysis and conclusions are given
in Sections V and VL.

II. CONVENTIONAL AND PARTIAL BIT INVERTED SLM

SCHEMES
Assume that a binary input sequence A, =
[A0,0,---, A0 logy M=1,-- -, AN=1,0,- - - ,AN—1,log, M—1]"

of length Nlog, M is modulated into an input symbol
sequence A = [Ag, Ay,...,Axn_1]T of M-ary quadrature
amplitude modulation (M-QAM) or M-ary phase shift
keying (M-PSK) in OFDM system with N subcarriers.
Note that Ay ; € {+1,—1} is the jth bit of the kth M-ary
symbol. The baseband discrete-time OFDM signal sequence
a = [ag,a1,...,anx_1]T can be written as

N-1
1 )
an:—g Aeﬂm”"'/N7 0<n<N 1
VN &= F = W

where n stands for a discrete-time index.
The IDFT expression in (1) can be represented by
using an N X N Hermitian matrix Q with elements

Qrm = (1/V/N)e 72mmk/N a5
=Q"A )
and

A = Qa, 3)

respectively, where Q¥ denotes the Hermitian of Q.
The PAPR of a in the discrete-time domain can be defined as

max_|a,|?
0<n<N

Eflan ]

where E[-] denotes the expectation operator.

In the conventional SLM scheme, a transmitter generates U
distinct alternative signal sequences which represent the same
input symbol sequence and selects the one with the minimum
PAPR for transmission. By using U different phase sequences of
length N, P = [P{"), P .. P T, 0<u<U,Ual
ternative symbol sequences X(*) = [X{*) x (") x0T,
0 < u < U, are generated by X(*) = A ® P(“) Where ®
denotes the component-wise multiplication. The first phase se-
quence P(© is usually the all-1 sequence to include an input
symbol sequence among alternative symbol sequences. Then,
the one with the minimum PAPR among the alternative signal
sequences x(*) = Q¥ X is finally selected for transmission.

PAPR(a) = 4)

The alternative  symbol  sequence X% can
be rewritten as the binary sequence Xl()") =
[X(%): ) X(gult))g, M—10""" 7X](\1TL11,07 ) Xj(\?zl,logg m—l”

of length Nlog, M and PBISLM in [21] generates X,()")
by multiplying some preselected bits of each M-QAM
symbol Aj by P,E“) of a binary phase sequence P(*). Let
S = {’io,’il, e >iIV—1} - {0, 1,...,logy M — 1} denote
the index set of the preselected bits among the binary form
{Arko0, Ak1s .oy A log, m—1} of M-QAM symbol Ay, where
W is the number of bits to be multiplied by P,g"). Then, the
jth bit X ,g"j) of the kth symbol in the binary form of the wth

1)

alternative symbol sequence X(1 is obtained by

(w)
x® — J AP JES 5
k,j {Ak]7 _] c SC ( )
where S€ is the complement set of S in {0, 1,...,logy M —

1}. For example, if S = {0,2} in the binary form
{Ak0, Ak1, Ak 2, A 3} of 16-QAM symbol Ay, the bi-
nary form ofX 1) becomes {—Ayx,0, Ak 1, — A2, Ak 3} when
P is —1.

To achieve the best PAPR reduction performance, S should
be selected to minimize the covariance of average symbol
powers of the alternative symbol sequences [21]. PBISLM
scheme shows better PAPR reduction performance than the
conventional SLM scheme because it changes the amplitude
as well as the phase of input symbols to generate alternative
symbol sequences in OFDM system with M-QAM. More
detailed information about PBISLM scheme can be found in
[21].

III. ADDITIVE MAPPING SEQUENCES

Additive mapping sequences are introduced in this section,
which will be used in the proposed SLM scheme. In PBISLM
scheme for OFDM system with M-QAM, the kth alternative
symbol of the uth alternative symbol sequence for the phase
sequence P ) e {41, -1} can be expressed as

X = 4y + D

A —D(M), Ay e QW and P = —1
Ay, + D(M)*, A, € Q@ and P( W=
={ A+ D(M), A€ Q® and P( W=_1 (6
A, — D(M)*, Ay € QW and P( W=
Ay, P =1
where D(M) = d(1 + j)vV/M /2, D(M)* denotes the com-

plex conjugate of D(M), d is the smallest distance between
M-QAM symbols, and Q1 is the set of symbols belonging
to the ¢th quadrant of 2-dimensional signal constellation. Then
D™ = [D; D D(“) J(f;)_l]T, 0 < u < U, are called
additive mapping sequences. Note that the additive mapping
sequences D(*) are determined by the input symbol sequence
A and the phase sequence P(*). Fig. 1 shows the alternative
symbol mapping for the bmarg representation of Gray mapped
16-QAM symbols. When P = —1, the input symbol Ay in
16-QAM constellation is mapped to the symbol with the same
shape and color in the opposite quadrant in the PBISLM scheme.

Clearly, this symbol mapping can be performed by adding D,(c")

to Ay, when P,gu) is

—1 as given in (6).
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Fig. 1. Alternative symbol mapping for Gray mapped 16-QAM constellation
in PBISLM scheme.

Moreover, this additive mapping concept can be extended to
generate more alternative symbol sequences by separately con-
sidering the in-phase and quadrature components of D, =
D,(:I) + JD,(C% For example, an input symbol in Q) can be
mapped to the symbol with the same shape in Q(?) by adding
the real part Di“l) and the symbol with the same shape in Q(4)
by adding the imaginary part JD,(C% , respectively. It implies that
the symbols with the same shape in Fig. 1 can be the alternative

symbols of each other by adding the linear combinations of D,i"}

and j D,(C%

It should also be noted that for Gray mapped constellation,
the S of indices of bits to be multiplied by the component of
phase sequence in PBISLM scheme is partitioned into two sub-
sets, one of bit indices that reflect the change of in-phase com-
ponents and the other of bit indices that reflect the change of
quadrature components. In Fig. 1 where S = {0, 1,2, 3}, two
subsets of S correspond to the sets of indices of two most signif-
icant bits (MSBs) and two least significant bits (LSBs), which
change in-phase components and quadrature components, re-
spectively. This facilitates SLM decoding at the receiver, which
will be explained in the next section.

The kth symbol of the wth alternative symbol sequence in
the SLM schemes for OFDM system with M -PSK can also be
expressed as

Ay, PM=—1

(7N
Ay, PM=1.

X = A+ DY = {

It is clear that this additive representation of alternative symbol
sequences changes only the phase of input symbol Ay.

In the next section, a new low-complexity SLM scheme and
its decoding scheme are proposed and the computational com-
plexity is evaluated.

IV. NEw LOw-COMPLEXITY SLM SCHEME

In this section, a new low-complexity SLM scheme is pro-
posed, which uses additive mapping sequences to generate alter-
native symbol sequences. Also, the computational complexity
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of the proposed scheme is evaluated and an efficient SLM de-
coding method is proposed, which reduces the computational
complexity without BER degradation.

A. Low-Complexity SLM Scheme for OFDM

Let P(—1 be the phase sequence whose elements are all —1
and DD = Dg_l) + jD(Q_l) be the corresponding addi-
tive mapping sequence for the input symbol sequence A, where
Dg_l) and Dgl) denote the in-phase and quadrature compo-
nents of D(-1) respectively. Note that D(—1) is determined by
the input symbol sequence A as given in (6) and (7). Then the
additive mapping signal sequence d(~1) is defined as

d-b — QHD(—l) _ QHDg—l) JrJ-QHD(Q—l)_ 8)

Let dg_l) = QHDYI) and dgl) = QHDE?_I). Then dg_l)
and dgl) have the property of complex conjugate symmetry
because Dg_l) and D(Q_l) are real. Similarly, the [th additive

mapping signal sequence for P,il) is given as
d” = Q"D" = QDY +;Q"DY, 1<1<V (9

where d = Q¥ D" and dg) =Qf Dg) also have the prop-
erty of complex conjugate symmetry because Dy) and Dg) are
also real.

Using the linear combinations of these additive map-
ping signal sequences dg_l), jdgl), dgl), and jdg), we
can generate 16 different alternative signal sequences as in
Table I, where x = a + m® and m™ is the linear
combination of the additive mapping signal sequences dgfl),
jdgl), dgl), and jd(l). For example, the row x©) denotes
m® = dS-_l) — dgl) + jdg). Generally, adding these addi-
tive mapping signal sequences to a means that input symbol
A = Akvj + jAk,Q is shifted by —sgn(AkJ)\/Mdﬂ only
along the real axis, by —sgn(Ax )V Md/2 only along the
imaginary axis, or by these amounts along both axes. In
order for X(*) to take the symbol in the original constella-

tion, subtracting dy) or jdé) from a should be accompa-

nied by adding !~V )
x(19 = a+m) =a+d™" +jd5 " — al is the result

of QEX(13) | where
Ap+d (—sgn(ALk)

or de*1 , respectively. For example,

VM

x(1® = —jsen(Ag)) YL, P =1 (10
Ay +d(—jsen(Agu) YL, P =-1.

The possible values of the alternative symbol X ,g“) when Ay, =
T1 in Fig 1 are also listed in the last columns of Table I. It is
shown that all possible 16 pairs of four constellation points T1,
T2, T3, and T4 with the same shape as Ay, are used.

Note that m(*)’s for the first four alternative signal sequences
do not include dgl) and j dg) and the remaining 12 alternative

signal sequences are generated by properly using additional dgl)

and jdg). Thus, the total number of alternative signal sequences
generated from V phase sequences is 4 + 12V,
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TABLE I
ALTERNATIVE SIGNAL SEQUENCES GENERATED BY THE PROPOSED SCHEME
(THE TERM MARKED ‘4’ OR ‘—’ IS ADDED TO OR SUBTRACTED FROM a)

m® X" for Ax=T1 in Fig.1
w | x| a[qEONaC g0 (a0 p0=1 [pO=1
0| xO®]+ Tl Tl
1 | x@ [+ + T2 T2
2 [ x® [+ + T4 T4
31 x® [+]+ + T3 T3
4 | x@® [+ + Tl T2
5 1 xG) [+ ¥ |TI T4
6 | x©) [+ + + [T1 T3
7 1xM™]+]+ - T2 Tl
8 | x® [+]+ + T2 T3
9 [ x| +[+ - + T2 T4
10[ x(10)] + + + T4 T3
1] xA + + T4 Tl
12] x(12)] + + + T4 T2
13] x@3) + [+ + - T3 T4
14] xOY + [ + + T3 T2
15] x5 + | + + - T3 Tl

If the proposed scheme is applied to an OFDM system with
M-PSK, the number of alternative signal sequences generated
by adding mapping signal sequences is reduced compared to
that with M-QAM. An input symbol Ay, in 2-dimensional signal
constellation can be expressed by |Ay|e??, where |Ay| is the
magnitude and 6 is the angle of Aj. Then the first four alterna-
tive signal sequences generated by the proposed scheme for an
OFDM system with M-PSK are expressed as

x() =a
x =a+d{ "V = ac/==2)
x?) =a+ jdgl) = ae~ 7%

x® =a+di"V +jd5 " = ael” (11)

Since X, X2 and X only change the phase of a, these
four alternative signal sequences have the same PAPR. Simi-
larly, the remaining 12 alternative signal sequences for P() in
Table I can be partitioned into the following sets with the same
PAPR.

{a+d{,a+di™—dl) atjd P +d atd "D -d’}
{a+jdl) a+jdl" - jay,

a+di "V +jdY)at+d Y- jdg)}
{a+d®a+aiV —af +jay,

a+jd5" +dP) — jdP) a+dY - dU)}. (12)

Therefore, by using the proposed scheme for an OFDM system

with M-PSK, 1 4+ 3V alternative signal sequences can be ob-
tained from V' phase sequences.

B. Low-Complexity SLM Scheme for MIMO-OFDM

The low-complexity SLM scheme proposed in Section IV-A
can be extended to the MIMO-OFDM system. First, the pro-
posed scheme can be applied to the MIMO-OFDM system with
space-time block code (STBC) in which each antenna transmits
independent OFDM signal sequence during one symbol block

period and thus the proposed SLM scheme can be independently
used for each antenna. However, in SFBC-OFDM system, data
symbols are encoded in the frequency domain and a PAPR re-
duction scheme applied to one antenna affects the signals from
other antennas. Therefore, when a PAPR reduction scheme is
used in SFBC-OFDM system, the encoding schemes for all an-
tennas should be considered to keep the orthogonality among
them.

In this paper, we consider the Alamouti SFBC-OFDM system
[20], where an input symbol sequence A is encoded to Asrpc1
and A sppco for two transmit antennas as

Asppc1 = [A(h_Ax{v"'vAN—Zv_A}(\T—l]T

Asppe2 = [A1L A5, ... 7AN717A,;\7—2]T (13)

A srpc1 can be divided into even and odd subcarrier indices as
Asrpc1 = AsrBci,e + AsrBci,o, Where

Asrpore = [40,0,49,0,..., Ay_5,0]"

* * % T
Asppcie = [0,—A},0,—A5...,0,—-Ay 4] . (14)

Asppe2 can be similarly divided into even and odd subcar-

rier indices as Asppca = A.SFBCQ76 + ASFBC2,0- Clearly,

AsrBc2,e and Agppea,, can be obtained by linearly trans-
. " " .

forming ASrpo , and Agppey . respectively, as

ES
Asrpc2e = — Co1ASppe,

Asrpc2.0 =CiASppcore (15)

where C_; and C; are N x N matrices which cyclically shift
a vector by one position upward and downward, respectively.

In the conventional SLM scheme for the Alamouti
SFBC-OFDM, the uth alternative signal sequence XS‘} g Of
Asrppce1 is generated in the same way as the single-antenna
OFDM case as

Xguz«)“Bm = QHX(SUI«ZBQ = Q¥ (Asrpc1 @ P™).

Then the uth alternative signal sequence xgg B2 of Asrpce

(16)

is obtained by using Xgu} BOo1 a8
Xg;«)“Bm = QHXgQ“Bcz

= QH (_C—lngBCLo + CngFBCl,e) . 3an

Finally, ) , ., and x\") , ., are selected for transmission by
the following criterion
u=arg Og}LiEU maX{PAPR (xgu}B(jl) ,PAPR (ngBCZ)} .
- (18)
To apply the proposed SLM scheme to the Alamouti SFBC-
OFDM system, the additive mapping signal sequence d(s_lv’lz)?m
corresponding to P(—1) and the additive mapping signal se-
quence dg}BCl corresponding to PO for Asppch are also
divided into even and odd terms as (14) and each term is further
divided into in-phase and quadrature components as (8) and (9)
for the single-antenna OFDM case as follows.

-1 -1
d(SF1)301 = QHD(SF1)301

=Q" (D} +,0{) + D" +,DL) (19)
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and
! !
drpen = QD g

=Q" (DY} + D, + D + /D%,) C0)

where D( T b, D( 1) D(()_ ), and D( 1) are in-phase and
quadrature components of even terms and in-phase and quadra-
ture components of odd terms for D(S r 1;01’ respectively.
Similar notations can be used for Dg}, BC1-

As in (15), the even and odd terms of the /th additive mapping
sequence for Asppca can be represented by the linear trans-

forms of D5 ppey, and Dgppoy o respectively, as
1 1)* 1 . 1
DFS%«"BCQ,& = - C—IDE@;«“BCLO =C (_Dg,)r + 7D¢(;)Q>

l 1)* l . l
DES‘}:’BCZO = CngJ)PBcr,e =C (DE)I - JDE:,)Q) - @D
Therefore, the additive mapping sequence for Asppce be-
comes

D} = (0D ~0iD% )5 (€D, -0 Dl

' @2
Note that C1D{!}, —C D)), —=C_;D{}, and C_; D), are
in-phase and quadrature components of odd terms and in- phase
and quadrature components of even terms for Dg}, BC2- Tespec-
tively.

Let cp = 1. e]27rk/N €J27r(2k)/N7....€]2T(N l)k/NT
d", = QDY) d” QHDS)Q, d¥ = Q¥D{, and

(

e, ] T

dg)Q =QH Dgl)Q Slnce the additive mapping signal sequence
5 geo for Asppes is related to dg}Bm through (22),
d g% oo can be obtained as

H
Q DSFBC2

= (Cl 2d) —c1® dgl)z)
-7 (c1 ® dil)Q —c_1® dgl)Q)
JCOREL (d(«?)

where <I>(d(l)) =c ® d(l) —c 1 ® d(l)I and d)(dg)) =
c® d( ) —c1® d(l) It is known that ®(d (l)) and ®(d (l))
can be obtarned only by 51%n inversions, complex conjugations,
reordering of dgl)l, dgl)l-, d and 4! )Q followed by additional
N/2 complex rnultlphcatron and N complex addition [25]. Sim-
ilarly, when the additive mapping signal sequence for A srpci
and P(-1 s dg h f)scr» the additive mapping signal sequence

l
dSrpes =

(23)

-1
dFSFJ)Bcz for Asrpca2 becomes

QDS e,

= (e1@d}) —c 1 wdl}")

1
de'F%CQ

—j(C1®d£7_ ) _ e 1®d( 1))
=a (™) - je (a5").

Once the alternative signal sequences for Agppc1 are gen-
erated by the same way for the single-antenna case as in
Table I, the alternative signal sequences for Agppco can
be easily determined by (23) and (24). For example, if

(24)
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X(Sllg)BCl = asppc1+mi? = aSFBC1+.jd(Q )+d(l) J dg)

then X ppcp = asrace — jO(dS V) + (@) + Jq>(dg>).

Therefore, the total number of alternative signal sequences
generated from V' phase sequences for the Alamouti SFBC-
OFDM is 4 + 12V and 1 4+ 3V for M-QAM and M -PSK, re-
spectively.

C. Computational Complexity of the Proposed SLM Schemes

It is known that the computational complexity of two real
N -point IFFTs is equivalent to that of one complex N-point
IFFT and N —2 complex additions (2N —4 real additions) [22].
In the proposed SLM scheme, one complex IFFT for an input
symbol sequence A and two real IFFTs for Dg_l) and D(Q_l)
are needed to generate the first four alternative signal sequences,
and two real IFFTs for Dy) and Dg) are needed to generate the
additional 12 alternative signal sequences as in Table 1.

We only consider the computational complexity to generate
alternative signal sequences for comparison because the re-
maining computational complexity is the same for most SLM
schemes if the number of alternative signal sequences is the
same. Table II compares the computational complexity of the
conventional and the proposed SLM schemes for single-an-
tenna OFDM and Alamouti SFBC-OFDM systems, where U
is the total number of alternative signal sequences and .J is
the oversampling factor. It is assumed that the computational
complexity of two real additions is equivalent to that of one
complex addition, and the number of complex multiplications
and additions of the .J N-point IFFT are (JN/2)log,(JN) and
JN log,(JN), respectively.

For the proposed SLM scheme with M-QAM, two complex
IFFTs and J N — 2 complex additions are needed to generate a,
dg_l), and dgl), and V complex IFFTs and V (JN — 2) com-

plex additions are required to generate V' dgl)’s and V dg)’s,
where V' = [(U — 4)/12] and [z] is the smallest integer not
less than z. Also, alternative signal sequences can be generated
with 3JN complex additions for x(©) to x(®) and 12JN com-
plex additions for the remaining 12 alternative signal sequences
foreach [, 1 <[ <V, with careful ordering, for example, the
order of x(@, x() x®) x2) and the order of x®), x(6), x(4)
x(10) x(12) (1) (14) 5 (15) x(13) x(7) x() x(8) in Table 1.
Therefore, to generate U alternative signal sequences for OFDM
system with M-QAM by the proposed SLM scheme, the total
number of required complex multiplications is

JN JN
27 log,(JN) + VT logy(JN)

U-41\ JN
= <2—|— ’V—-D —logz(JN) (25)
12
and the total number of required complex additions is
2JNlogy(JN)+ VJN logy(JN)
+(V+ 1IN —2) + (12V + 3)JN
U-—-4
= (2 + [T—D JN log,(JN)
13U — 4 U-4
13 | ——— 4)JN =2 | —— 1.
(P e (5] )
(26)
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TABLE II
COMPUTATIONAL COMPLEXITY OF THE CONVENTIONAL SLM, THE LOW-COMPLEXITY SLM IN [16] AND [17], AND THE PROPOSED SLM SCHEMES.
S = log,(JN) AND S — v IS THE NUMBER OF THE REMAINING STAGES IN [16]

]Total number of complex multiplications

| Total number of complex additions

Proposed SLM with M-QAM

(2+19541) ¥ 10g5(IN)

Conventional SLM Y JNlogy(JN) UJN logs(JN)
SLM in [16] Y ob-t (é—i}’ - 1) 4 US ot (é—@v - 1) JN [v+U(S — v)]
SLM in [17] YUIN |og, (JN) + JN (U - ﬁ) VUJIN 1og2( N) + JN(U — VT)
( Ut1) IN loga(JN)+ (18722047 + 4) JN—

2 (1% 1+1)

Proposed SLM with M-PSK (1 N (%}) IN log, (JN) (1 N [UT}) TN logy(JN) + 4[ U1 1IN — 2[UxL)
Conventional SLM (SFBC) | Z.JNlogy(JN) + L JN UJN logy(JN) +UJN
U—4
Proposcd SLM with M-QAM | (5 | {U-47) 1 (1og, () 4 1 (2<+ U54) )JNlogz(JN) + (94261 7547) IV —
(SFBC) 2 1+ |'l "
12
Proposed SLM with M-PSK | (| cU_17) N 100 (/N 4 1 (14T79521) INloga (IN) + (1+8[U521) N —
3

Similarly, to generate U alternative signal sequences for
OFDM system with M -PSK by the proposed SLM scheme, the
total number of required complex multiplications is

JN JN
5 log,(JN) + VT logy(JN)

-(+ 15703

and the total number of required complex additions is

JN10gy(JN) + VJINlogy(JN) + V(JN —2) +3VJIN

= <1 + [%-D JN logy(JN)
U - U-1
+4 [ . ] JN -2 [ . ]
where V = [(U —1)/3].

By applying the conventional SLM scheme to the Alamouti
SFBC-OFDM, XguLZBcz can be generated using sign inver-
sions, com lex conjugations, and reordering of even and odd
terms of X F pcy followed by the additional JN/2 complex
multiplications and JN complex additions [25]. Therefore,
the total number of required complex multiplications and
complex additions are (U/2)JN logy(JN) + (U/2)JN and
UJN logy(JN) 4+ UJN, respectively.

If the proposed SLM scheme is used for the Alamouti
SFBC-OFDM, @(d}") and ®(d{})) in (23) and @(d{™") and
fb(dé?_l)) in (24) are also calculated with the additional JN/2
complex multiplications and JN complex additions. To gen-

1
erate alternative signal sequences x(o} BCo 1O x(s ;)BCQ’ 3JN

complex additions for xg]} Beo 10X 53' Fpeo and 12J N complex
additions for the remaining 12 alternative signal sequences for
each [, 1 < | < V, are also required. Therefore, to generate
U alternative signal sequences for the Alamouti SFBC-OFDM
with M-QAM by using the proposed SLM scheme, the total
number of required complex multiplications is

JN JN JN JN
2—log2(JN) + V— log,(JN) + 2— + V—

_ <2+ [%D TN g, (JN)+1)  (29)

JN

“=logy(JN)  (27)

(28)

and the total number of required complex additions is

2JN log,(JN) + VN log,(JN) + (V + 1)(JN — 2)
+(12V 4 3)JN + (2+ V)JN + (12V + 3)JN

_ <2 + [Uu 4D JN Togy(JN)

enfti) ().

Similarly, to generate U alternative signal sequences for the
Alamouti SFBC-OFDM with M-PSK by using the proposed
SLM scheme, the total number of required complex multipli-
cations is

JN JN JN JN
- logy(JN) + V— logy(JN) + — + V—

_ <1+ [UTD ", (logy(JN)+1) (1)

and the total number of required complex additions is

JN logy(JN) + VJIN logy(JN) + V(JN — 2)
+3VJIN 4+ (1+V)JN 4+ 3VJN

= <1 + [%D JNlog,(JN)

O

Fig. 2 compares the computational complexity of the con-
ventional SLM, SLM in [16], SLM in [17], and the proposed
SLM scheme for N = 512 and J = 4. Although many low-
complexity SLM schemes have been proposed as mentioned in
Section I, the proposed scheme is compared with the schemes
in [16] and [17] because their PAPR reduction performance is
similar to that of the proposed scheme and they have no BER
degradation, transmission power increment, and the additional
complexity at the receiver. For QPSK, U = 4, 7, 10, and 13
are considered and for 16-QAM, U = 16, 28, 40, and 52 are
considered for the proposed scheme. Note that the modulation
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Fig. 2. Comparison of the computational complexity of the conventional SLM,
existing low-complexity SLM, and the proposed SLM schemes for N = 512
and J = 4 (U = 4,7, 10, and 13 for QPSK, and U = 16, 28, 40, and 52 for
16-QAM are considered for the proposed scheme. The modulation type does
not matter for other schemes.). (a) The number of complex additions. (b) The
number of complex multiplications.

type does not affect the complexity of other schemes. The pro-
posed SLM scheme reduces the complexity more for M-QAM
and complex multiplication than for M -PSK and complex addi-
tion, which is desirable because M -QAM is usually preferred to
M-PSK and the complexity of complex multiplication is higher
than that of complex addition.

Note that the additional memory of length JN/2 is required
to save the additive mapping signal sequences dgfl), dgl),
dgl), and dg), respectively, in the proposed SLM scheme. Also,
the memory of length JN for each of Cb(dg_l)), @(dé?_l)),

fb(dgl)), and @(dg)) is additionally required for the Alamouti
SFBC-OFDM in the proposed SLM scheme. However, this ad-
ditional memory does not depend on the number of alternative
signal sequences U and only the memory to save 2.J N complex
numbers for the single-antenna OFDM and the memory to save
6JN complex numbers for the Alamouti SFBC-MIMO are re-
quired.
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Transmitter
1\ ©
”4b| M-ary Mapping A IFFT I X
TN 10 Select ""1
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Linear i the min
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Receiver (Dec 1)
A M-ary Demapping
2 with Minimum
Euclidean Distance

Receiver (Dec Il)

A : | x| M-ary Demapping o (@) NG
=5 l;amal.Blt ~ with Minimum X X
nverting Euclidean Distance

Fig. 3. Block diagram of a transmitter and two receivers for the proposed SLM
scheme.

D. Efficient Decoding for the Proposed SLM Scheme

For decoding, it is assumed that the receiver recovers the per-
fect side information. There are two decoding methods for the
proposed SLM scheme at the receiver. The first one denoted
as Dec [ is to subtract the additive mapping sequence from the
received OFDM symbol. Let x(*) and X () = Qx(™ be the
received signal sequence and the received symbol sequence at
the receiver, respectively. Then the estimated input symbol se-
quence Ais given as
M@

A =X® (33)

where M (%) Qm® = M M™ M T s a
linear combination of additive mapping sequences determined
by the side information . Finally, the symbol sequence in (33)
is demapped into the binary sequence Ay.

In the second decoding method denoted by Dec II, X (@)
is firstly evaluated by hard decision and then A, is obtained
through the operation in (33) and demapping. Note that the
operation in (33) for Dec II can be replaced by binary operation
called partial bit inverting as in PBISLM if the input symbol
sequence is modulated with Gray map})lng. That is, X(® is
demapped into the binary sequence X and it is decoded into
A, by inverting the bits selected from the side information .
For example, the partial bit inverting for X, = Ay + D( 1)
is equivalent to inverting two MSBs of Ay and the partlal b1t
inverting X = Ay + jD,(c_é) is equivalent to inverting two
LSBs of Ay, in Fig. 1. Therefore, the receiver complexity to
obtain A from X in Dec II is negligible. Fig. 3 shows the
block diagrams of a transmitter and two receivers using Dec I
and Dec II for the proposed SLM scheme.

It will be shown that the BER performance of Dec Il is a little
bit better than that of Dec I from numerical results in the next
section, which can be intuitively inferred from the following
example. Assume that A, = S3 = —0.5d — j0.5d and M,E") =
2d+ j2d, which results in X\ = S1 = 1.5d + j1.5d in Fig. 1.
Then the decision boundary of the received symbol X ,gu) by Dec
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TABLE III
COMPUTATIONAL COMPLEXITY REDUCTION RATIO OF THE PROPOSED SLM
SCHEME OVER THE CONVENTIONAL SLM SCHEME FOR N = 512 AND J = 4

single-antenna OFDM Alamouti SFBC-OFDM
M-QAM M-PSK M-QAM M-PSK
U 16[28]40] 4 [7 J10[16]28]40[4 [7 J10
CCRR for
complex
multiplication 81|86 |88 |50|57|60|81| 86| 88| 50| 57| 60
(%)
CCRR for
complex 72|76 |78 | 41 | 47| 49|65| 69| 70| 35| 40| 42
addition (%)

lisd < Xéﬁ},)&,&ﬁg) < 2d since /ik = Xéﬁ) — M,Eﬁ). On the

other hand, the decision boundary of X ,gﬁ) by Dec I is X ,iﬁl) ,

X ,Eﬁg? > d, which is the same as that of the original OFDM
symbol. In another case such that A, = S1 = 1.5d + j1.5d
and X" = 83 = ~0.5d — j0.5d, —d < X"}, X%, < 0is
the common decision boundary for Dec I and Dec II and X ,g"I) s

X ,5"6)2 > d is added for the decision boundary of Dec 1. Since
the decision boundary of Dec II in the first case is larger than
that of Dec I in the second case, the BER performance of Dec
II is slightly better than that of Dec I.

Consequently, the decision boundary of the received symbol
for Dec Il is the same as that of the original OFDM symbol and
therefore the same BER performance is obtained. However, the
decision boundary of the received symbol for Dec I is different
from that of the original OFDM symbol, which results in the
worse BER performance than the original OFDM symbol as in

Fig. 6.

V. NUMERICAL ANALYSIS

In this section, the PAPR reduction performance of the
conventional SLM and the proposed SLM schemes are com-
pared. The rows of cyclic Hadamard matrix are used as phase
sequences [23] and the oversampling factor .J is set to 4.

Table IIT shows the computational complexity reduction ratio
(CCRR) of the proposed SLM scheme over the conventional
SLM scheme defined as

CCRR

CCRR increases as U increases and CCRR for M-QAM and
complex multiplication is higher than that for A/ -PSK and com-
plex addition, respectively.

Also, Table IV lists the CCRR when the conventional and the
proposed SLM schemes are simulated by increasing U until the
minimum PAPR becomes under the threshold level A4, for fair
comparison. Note that the proposed scheme is more computa-
tionally effective as A;; decreases, that is, more rigid PAPR re-
duction performance is required.

Fig. 4 shows the complementary cumulative distribution
functions (CCDFs) of various SLM schemes for QPSK and

Complexity of the proposed SLM

_ 100(%).
Complexity of the conventional SLM) x100(%)

(34)

TABLE 1V
COMPUTATIONAL COMPLEXITY REDUCTION RATIO OF THE PROPOSED SLM
SCHEME OVER THE CONVENTIONAL SLM SCHEME FOR N = 512 AND J = 4

single-antenna OFDM Alamouti SFBC-OFDM
M-QAM M-PSK M-QAM M-PSK
A¢p(dB) 7.8]8.2|8.6 8.2[8.6|9.0 8.0|8.4|8.8 844|8.8|9.2
CCRR for
complex | g7 | 64 122 | 63|50 |34 |81[69]27]33|32]|19
multiplication
(%)
CCRR for
complex 80|57 |7 [55]46(33(54|57|5 |3 |13]7
addition (%)
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f] —O — Proposed SLM (U=10)
T T
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1 —0 —Proposed SLM (U=28)
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A (dB)

(b)

Fig. 4. Comparison of PAPR reduction performance of the conventional SLM
and the proposed SLM schemes for N = 512. (a) QPSK. (b) 16-QAM.

16-QAM with N = 512. The PAPR reduction performance
of the proposed SLM scheme is slightly worse than that of
the conventional SLM scheme for QPSK. It is because the
alternative symbol sequences of the proposed SLM scheme do
not satisfy the optimal conditions for the phase sequences in
[23], [24] even if the phase sequences P,(cl) meet these optimal
conditions. However, the performance degradation is within
0.1 dB, which is negligible for the reduced computational
complexity.
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Fig. 5. Comparison of PAPR reduction performance of the conventional SLM
and the proposed SLM schemes for Alamouti SFBC-OFDM with N = 512.
(a) QPSK. (b) 16-QAM.

The CCDF for the Alamouti SFBC-OFDM in Fig. 5 also
shows the similar PAPR reduction performance to the single-an-
tenna OFDM case in Fig. 4.

Fig. 6 compares the BER performance of the proposed SLM
scheme when two decoding schemes are used. The BER perfor-
mance of Dec II is a little bit better than that of Dec I, which
is almost identical to that of the original OFDM. Although the
average power of X () in the proposed scheme is not shown
in this paper, the average transmit power is reduced a little bit
compared to the average symbol power of Ay, which is called a
shaping gain. It is because the proposed SLM scheme generates
X ,gu) by modifying the amplitude as well as the phase of Ay,
which is explained in more detail in [21]. If the average transmit
power of the proposed scheme is normalized to be the same as
the average symbol power of Ay, the average transmit power
increases as much as the shaping gain and consequently, the
BER performance can be better than that of the original OFDM
system. On the other hand, normalizing the transmit power in-
creases the peak power as well and thus the PAPR reduction per-
formance of the proposed SLM scheme becomes slightly worse
than that of the conventional SLM scheme. Since it is not easy
to implement power normalization in the practical system, the
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—+&— Original OFDM i
—&— Proposed SLM(Dec |) |+
—©6— Proposed SLM(Dec Il)

107

BER

10
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SNRI[dB]

Fig. 6. Comparison of BER of the original OFDM and the proposed SLM
scheme using Dec I and Dec II.

average power of the transmit symbol is considered to be the
same as that of the input symbol in this paper.

VI. CONCLUSION

In this paper, a new low-complexity SLM scheme for the
PAPR reduction of OFDM signals is proposed, which generates
alternative signal sequences by simply adding mapping signal
sequences to an OFDM signal sequence in the time domain.
The proposed SLM scheme shows similar PAPR reduction
performance as the conventional SLM scheme while reducing
the computational complexity. Also, an SLM decoding scheme
suitable for the proposed SLM scheme is proposed. This de-
coding method does not degrade the BER performance and also
does not increase the computational complexity at the receiver
compared to the conventional SLM scheme.

Although our work is focused on the single-antenna OFDM
and the Alamouti SFBC-OFDM, the proposed SLM scheme can
be applied to any kind of SFBC-OFDM systems if the input
symbol sequence of one transmit antenna can be represented
by linearly transforming the input symbol sequence of another
transmit antenna.
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