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Abstract Because of its lack of feedback process and the
simplicity of its searching algorithm, conventional selected
mapping (CSLM) is an efficient peak-to-average power ratio
(PAPR) reduction technique in orthogonal frequencydivision
multiplexing systems compared to the present techniques
such as partial transmit sequence and active constellation
extension. The requirement for large numbers of inverse fast
Fourier transform (IFFT) blocks to provide desired PAPR
reduction performance is introduced as the most significant
drawback of the CSLM. This paper uses the special structure
of an N-point radix-II IFFT in the CSLM and proposes a low
complexitymethod to reduce the redundant calculations with
almost the same PAPR reduction, bit-error rate, and power
spectral density performances as those of the CSLM. The
simulation results show that the computational complexity
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is reduced by at least 46.8% compared to that of the CSLM
with approximately the same PAPR performance.
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1 Introduction

Anewgeneration ofwireless communication systems should
be able to meet various important specifications such as the
ability to transmit at a highdata ratewith emphatic constraints
on power consumption, and bandwidth seizure. Hence, it is
necessary to adopt power-efficient and M-ary modulation
schemes with a high spectral efficiency, including quadrature
amplitude modulation (QAM) in conjunction with orthogo-
nal frequency division multiplexing (OFDM). Because of
the benefits of OFDM, the use of this technique for cellu-
lar mobile radio standards, long-term evolution (LTE), and
futurewireless standards is prevalent.When considering sev-
eral research reports, a major drawback of OFDM signals is
a high peak-to-average power ratio (PAPR) because a large
PAPR leads to in-band distortion, out-of-band radiation, effi-
ciency degradation, and low battery life. Therefore, it usually
affects mobile consumer electronics, such as smart phones,
laptops, and tablet PCs in uplink communications. An enor-
mous amount of research has considered the problem of the
PAPR inherent in OFDM signals. Various techniques have
been proposed based on different metrics such as the mean
squared error (MSE), inter modulation distortion (IMD) [1],
complementary cumulative distribution function (CCDF),
peak interference-to-carrier ratio (PICR), and bit-error rate
(BER). Partial transmit sequence (PTS) [2,3] is a distortion-
less phase optimization technique performed using the opti-
mal combination of signal subblocks. However, PTS suffers
the drawback of the high computational complexity based on
the sub block numbers and the feedback procedure.
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Interleaving [4], active constellation extension (ACE), and
conventional selected mapping (CSLM) [5] are other popu-
lar techniques. Due to its lack of feedback process, CSLM
is considered to be one of the most efficient distortion-less
PAPR reduction schemes [2]. CSLM is based on the multi-
plication of random phase sequences by the input signal, in
the frequency domain, and the selection of the signal with the
smallest PAPR. The requirement for large numbers of inverse
fast Fourier transform (IFFT) blocks for finding the optimum
phase sequence is the most important challenge addressed by
recent research efforts. A few researchers have attempted to
address this particular drawback by minimizing the number
of IFFT blocks [6].

Li’s method [5] includes certain base vectors, and their
cyclically shifted versions. Despite the high complexity
reduction achievement, its PAPR reduction is inferior to that
of CSLM. Kim [7] proposed a new CSLM technique using
a cyclic-shifted IFFT. Although this technique reduces the
complexity in comparison to the CSLM, a high number of
subblocks are nevertheless needed to provide sufficient PAPR
reduction. Due to the generation of a high number of candi-
date signals, high processing time is a drawback of the two
above-mentioned methods.

Newer transmission formats, such as code-division mul-
tiple access (CDMA), and OFDM systems are especially
vulnerable to power amplifier (PA) nonlinearities due to their
high PAPR, corresponding to large fluctuations in their sig-
nal envelopes. To comply with spectral masks imposed by
regulatory bodies and to reduce BER, PA linearization must
be applied. Predistortion techniques have been proposed as
a potential solution to address the nonlinear effects. These
techniques attempt to introduce inverse nonlinearities that
can compensate for the distortions generated by the nonlin-
ear amplifier. The predistortion must be adaptive because of
variations in power amplifier nonlinearity with time, temper-
ature, different operating channels, and so on. Figure 1 shows
the OFDM transmitter structure in terms of PAPR reduction,
digital predistortion (DPD), and PA blocks.

In this paper, a novel low complexity SLM scheme
using a single IFFT operation is proposed. The proposed
approach is based on detecting the redundant calculations
of the IFFT block, and saving those for the subsequent
stages; hence, the need to perform repetitive calculations
is eliminated. This method excels in PAPR reduction with
nearly the same complexity; in addition, it excels in terms
of complexity reduction with nearly the same PAPR reduc-
tion compared to the CSLM. The simulation results show
that the proposed technique does not adversely affect the
BER performance or the power spectral density (PSD)
of the PA; thus, the BER performance and the PSD will
be the same as those of the CSLM. However, the great
achievement of this approach is computational complexity
reduction.
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Fig. 1 Block diagram of an OFDM transmitter

This paper is organized as follows: Sect. 2 includes the
definitions of CSLM, PAPR and the IFFT operation. The pro-
posed scheme, low complexity radix-2 SLM (LR-SLM), is
described in Sect. 3. A comparison of the proposed method
with other methods in terms of computational complexity
is discussed in Sect. 4. Simulation results of the proposed
method are discussed in Sect. 5 and followed by the con-
clusion in Sect. 6. Additionally, the appendix presents two
examples of the proposed scheme.

2 Definitions

2.1 PAPR and CSLM

In this paper, X = {X (0), X (1), . . . , X (N − 1)} and x =
{x(0), x(1), . . . , x(N − 1)} are considered as the signals in
the frequency domain and time domain, respectively. The
relation between the input symbol sequence X , which is usu-
ally modulated using phase-shift keying (PSK) or QAM, and
the OFDM signal sequence x is expressed by IFFT as

x(n) = 1√
N

N−1∑

p=0

X (p)W−np (1)

where W = e− j ((2π)/N ), n ∈ {0, 1, . . . , N − 1}, and N is
the number of subcarriers.

The PAPR is a measure that is generally used to quantify
the envelope variations in the multicarrier signals, using a
minimum of four times oversampling [2] and can be defined
as

PAPR = max0≤n≤N−1
[|x(n)|2]

E
[|x(n)|2] (2)

where E[·] denotes the expectation value.
Figure 2 shows theCSLMscheme,which uses the original

input signal sequence, V times. The CSLM generates V dis-
tinct phase rotation vectors bv , which are known to the trans-
mitter and receiver, where bv = {bv(0), bv(1), . . . , bv(N −
1)}, bv(m) ∈ {1,−1, j,− j}, and 0 ≤ v ≤ V − 1.
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Fig. 2 Block diagram of conventional SLM (CSLM) scheme

The input symbol sequence X is multiplied element-wise
by the phase vector, as Xv(m) = X(m).bv(m). After passing
the signal through the IFFT blocks, x as the time-domain
signal is retrieved, where xv = IFFT(Xv). Finally, the PAPR
values of all V signals are calculated, and the signal with the
minimum PAPR is selected as follows:

−
v = argmin

v

(
max |xv(n)|2
E
[|xv(n)|2]

)
(3)

where E[·] represents the expected value operator and b
−
v is

the optimum phase sequence, which is specified as the side
information and is transmitted to the receiver [3].

2.2 Inverse fast Fourier transform

The basic IFFT equations are used in the proposed approach;
hence, they will be described in this section. The basic IDFT
equation is expressed by

x(d) = 1√
N

N−1∑

p=0

X (p)e
j
(
2π
N

)

dp (4)

after splitting into even and odd parts,

x(d) =
N
2 −1∑

p=0

X2pe
j 2πN (2p)d +

N
2 −1∑

p=0

X2p+1e
j 2πN (2p+1)d

=
N
2 −1∑

p=0

X2pe
j 2π
N/2 pd + e j

2π
N d

N
2 −1∑

p=0

X2p+1e
j 2π
N/2 pd

= Gd + WdHd (5)

x(d + N/2) =
N
2 −1∑

p=0

X2pe
j 2π
N/2 pd − e j

2π
N p

N
2 −1∑

p=0

X2p+1e
j 2π
N/2 pd

= Gd − WdHd (6)

Gd

Gd -WdHd

Gd+WdHd

Hd
Wd

Fig. 3 Radix-2 IFFT butterfly structure

where

Gd =
N
2 −1∑

p=0

X2pe
j 2π
N/2 pd , Hd =

N
2 −1∑

p=0

X2p+1e
j 2π
N/2 pd ,

Wd = e j
2π
N d and d ∈ {0, 1, . . . , N/2 − 1}. Figure 3 shows

the above equations defined in the radix-2 butterfly structure.

3 Proposed method

This section details the LR-SLM scheme and relevant equa-
tions. As previously highlighted, for CSLM and SLM-based
methods, the input signal samples are multiplied element-
wise by random phase sequences. The simulation proves that
there is no need to create N random phases for each IFFT
block as in CSLM when the same result can be achieved
using N/4 different phases for each block if the phases are
different from each other. Intuitively, in CSLM and SLM-
based methods, the phase sequences are randomly selected
and should only be selected from (j, −j, 1, −1); therefore,
there are 4! (i.e., 24) different possible conditions. Previous
works did not consider similar random phase sequences for
each IFFT blocks, whereas the proposed method looks for
similar calculations based on the similar phase sequences,
saves, and uses them for the following search procedures.
This approach ensures different phase sequence generation,
which eliminates repetitive inner IFFT calculations to reduce
the computational complexity, and processing time in addi-
tion to improving the PAPR reduction performance, and
power efficiency, which decreases the cost of the consumer
electronics.

As shown in Fig. 4, each N -point radix-2 IFFT can be
partitioned into 4 groups of data samples such that 2 of these
groups carry even-numbered data samples, and the other 2
groups carry odd-numbered samples. Xm1 and Xm3 are the
odd samples, and Xm2 and Xm4 are the even samples as fol-
lows:

m1 = 4(N/4 − m′) − 1 (7)

m2 = 4(N/4 − m′) − 2 (8)

m3 = 4(N/4 − m′) − 3 (9)

m4 = 4(N/4 − m′) − 4 (10)
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Fig. 4 Illustration of the proposed scheme based on saved parameters
for an 8 point radix-2 IFFT

where m′ = 0, 1, . . . , N
4 − 1. The new matrix X ′ is defined

by

X ′ =

⎡

⎢⎢⎢⎣

Xm1 Xm2 Xm3 Xm4

Xm1 Xm2 Xm3 Xm4
...

...
...

...

Xm1 Xm2 Xm3 Xm4

⎤

⎥⎥⎥⎦

K×N

4 ≤ K ≤ 16 (11)

where K is the number of random phase sequences. It should
be highlighted that in the CSLMmethod, the number of ran-
dom phase sequences is the same as the number of IFFT
blocks (i.e., K = V ), whereas in the proposed method,
the number of IFFT blocks is reduced to one (i.e., V = 1
and K is the number of phase sequences). The proposed
phase sequence matrix bi is a circular right shift (CRS) of
the matrix B by (i − 1) N4 positions and can be extended to
B ′ as expressed by

B ′ =

⎡

⎢⎢⎣

b1
b3
b2
b4

⎤

⎥⎥⎦

K×N

, bi = {CRS(B)}
(i−1) N

4
, i ∈ {1, 2, 3, 4}

(12)

where B =

⎡

⎢⎢⎢⎢⎣

N/4︷ ︸︸ ︷
1, 1, . . . , 1 1, 1, . . . 1
−1,−1, . . . ,−1 1, 1, . . . 1
j, j, . . . , j 1, 1, . . . 1
− j,− j, . . . , j 1, 1, . . . 1

⎤

⎥⎥⎥⎥⎦

4×N

. For exam-

ple, with K = 4, B ′ = b1. Additionally, 2 matrices c1 and
c2 can be generated using the bi matrices as

c1 = b1 ◦ b3 (13)

c2 = b2 ◦ b4 (14)

where the sign ◦ indicates element-wise multiplication. Due
to themultiplication of K = V randomphase sequenceswith
the input signal, K IFFT blocks are needed in the CSLM,
whereas only one IFFT block is needed in the proposed
method, using K phase sequences. Because of the novel
structure of the X ′, and B ′ matrices, only N/4 and N/2
phases have to be changed when using the bi and c matri-
ces, respectively. Therefore, the novel approach is based on
saving calculations related to the fixed phases and apply-
ing them for the following search procedures, to reduce the
repetitive calculations. The input of the IFFT block for the
above-mentioned matrices is given by

Y1 = X ′ ◦ bi (K = 4) (15)

Y2 = X ′ ◦ ci ′ i ′ ∈ {1, 2} (16)

Y3 = X ′ ◦ B ′ 4 ≤ K ≤ 16 (17)

Note that the matrix B ′ has K rows selected by the user.
Using K = 4, the matrix includes b1, using K = 8, it
includes b1, and b3, and the same explanation for K = 12
and K = 16. Hence, the matrices Y1 and Y2 have 4 rows
when the number of rows for matrix Y3 is K .

The first row is the first input for the IFFT, and subse-
quently, the PAPR value is obtained at the IFFT output. The
second row of the matrix is the next IFFT input, whereas
the internal multiplication and addition calculations of the
IFFT block are the same as for the previous row, except for
the N/4 input samples by bi and ci ′, and N/2 input sam-
ples for B ′. The same procedure applies to the other rows.
The operation of each row of the proposed matrices on the
input signal through the one IFFT is the same as one IFFT
block using random phase sequences in the CSLM method.
If yuj = IFFT(Yu

j ) and yuj = {yuj (0), yuj (1), . . . , yuj (N −1)},
where Yu

j is the uth row of the matrix Y j and j ∈ {1, 2, 3},
then the signal with the minimum PAPR is selected as fol-
lows:

−
u = argmin

u

⎛

⎜⎜⎝
max0≤r≤N−1

∣∣∣yuj (r)
∣∣∣
2

E

[∣∣∣yuj (r)
∣∣∣
2
]

⎞

⎟⎟⎠ , 1 ≤ u ≤ K (18)

where j is dependent on the selected matrix and
−
u is the

optimum phase sequence. As shown in Fig. 4, by selecting
b1, b3 or c1 as the phase matrix, Gd , and by selecting b2, b4
or c2 as the phase matrix, Hd becomes fixed. Therefore, after
the internal IFFT calculations for the first row, Gd and Hd

can be saved and used for all other rows. In addition, using
the bi matrix, the other parameters as Rl+N/8 and Rl , can be
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Table 1 Definition of the saved parameters in the first row, and used in
the subsequent rows

Selected phase matrix Saved parameters

b1 Gd , Rl+N/8, Rl (q = 3)

b2 Hd , Rl+N/8, Rl(q = 2)

b3 Gd , Rl+N/8, Rl (q = 1)

b4 Hd , Rl+N/8, Rl(q = 4)

c1 Gd

c2 Hd

saved, which are defined as

Rl = αl + W 4lβl (19)

Rl+N/8 = αl − W 4lβl (20)

αl =
N
8 −1∑

�=0

X�e j
2π
N/8�l (21)

βl =
N
8 −1∑

�=0

X�′e j
2π
N/8�l (22)

where � = 4( N4 − 2n′) − q, �′ = 4( N4 − 2n′ − 1) − q,
0 ≤ n′ ≤ N

8 −1, q ∈ {1, 2, 3, 4}, 0 ≤ l ≤ N
8 −1 and,W 4l =

e j
8π
N l . Table 1 shows the parameters that are calculated once,

saved, and subsequently used for the other rows. Referring
to (12), b1 affects only the last group of the input samples
of an IFFT block; hence, as shown in Fig. 4, Gd , R0 and
R1 are the parameters that should be saved using b1 as the
phase matrix of an 8-point IFFT block. Figure 5 illustrates
the proposed block diagram used to find the optimum phase
sequence of an 8-point IFFT, using b1.

The input samples are definitely changed due to the spe-
cial phases of b1. Thus, N/4 changes areensured. In addition,
the parameters Gd , R0 and R1 are fixed and can be used for
the following rows. In contrast to the CSLM, all of the inter-
nal IFFT calculations should be performed for each random
phase sequence. Additionally, the side information transmis-
sion drawback is further solved by the proposed approach.
Referring to (18), the side information is the row number
of the proposed matrix, which includes the optimum phase
sequence. Therefore, the largematrix as theCSLMside infor-
mation is replaced by simply the number of the particular
row of the matrix B ′ which includes the optimum phase
sequences.

4 Computational complexity

The computational complexity reduction in the proposed
scheme is based on saving some inner calculations of the
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Fig. 5 The proposed method for an 8-point IFFT, using b1, where
bu1 ∈ {1,−1, j,− j} [8]

IFFT, which leads to the elimination of redundant multipli-
cation and addition operations. Therefore, to compare the
proposed scheme with the CSLM, the number of saved mul-
tiplication and addition operations for each IFFT block is
analyzed.

The numbers of multiplication and addition operations for
each general IFFT block are defined as

IFFTMUL = N

2
log2 N (23)

IFFTAdd = N log2 N (24)

If N/4 input samples in the proposed method are changed
using the bi matrices, the numbers of multiplications and
additions for each IFFT block are reduced and described by:

XIFFTMUL = N

8
log2 N + N

2
(25)

XIFFTAdd = N

4
log2 N + N (26)

Additionally, YIFFTMUL and YIFFTAdd are the numbers of
multiplication and addition operations of each IFFT block,
respectively, using the ci matrices, and are defined as

YIFFTMUL = N

4
log2 N + N

4
(27)

YIFFTAdd = N

2
log2 N + N

2
(28)

Table 2 gives the required numbers of multiplications and
additions for each IFFT block used in the CSLM and also
in the proposed method, using the bi and ci matrices. For
example, the number of multiplications of each IFFT block
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Table 2 A comparison on the numbers of multiplication and addition
operations for one IFFT between CSLM and LR-SLM

N=8 N=16 N=32 N=64 N=256

MUL.

FFTmul. 12 32 80 192 1024

FFTmul. − bi 7 16 36 80 384

FFTmul. − ci 8 20 48 112 576

ADD.

FFTadd. 24 64 160 384 2048

FFTadd. − bi 14 32 72 160 768

FFTadd. − ci 16 40 96 224 1152

for the CSLM method when N = 32 is the same as the
proposed method for N = 64 using the bi matrix.

The required multiplication and addition operations for a
total of K different phase sequences in the CSLM are given
as

TK ,CSLM−Mul = K

(
N

2
log2 N

)
(29)

TK ,CSLM−Add = K
(
N log2 N

)
(30)

where TK ,CSLM−Mul and TK ,CSLM−Add are the required numbers
of multiplications and additions for K = V IFFT blocks,
whereas the respective numbers for the proposed scheme are
given by

TK ,Pr o−Mul = N

2
log2 N

+(K − 1)

(
N

8
log2 N + N

2

)
, 4 ≤ K ≤ 16

(31)

TK ,Pr o−Add = N log2 N

+(K − 1)

(
N

4
log2 N + N

)
, 4 ≤ K ≤ 16

(32)

An example for N = 8 and K = 4 is explained in the
appendix.

Table3 compares the computational complexity of vari-
ous schemes, where each IFFT operation involves N

2 log2 N

Table 4 A comparison on the numbers of multiplications between
CSLM and the proposed method for a N = 256 and b N = 1024
by different K values [8]

No. of phase seq. CSLM LR-SLM

a

K = 4 4096 2176

K = 6 6144 2944

K = 8 8192 3712

K = 16 16,384 6784

b

K = 4 20,480 10,496

K = 6 30,720 14,080

K = 8 40,960 17,664

K = 16 81,920 32,000

complex multiplications and N log2 N complex additions,
where N = 2n

′
, and i ′′ is the number of stages [7].

The computational complexity reduction ratio (CCRR) of
the proposed technique over the CSLM is defined as [8]

CCRR =
(
1 − Complexity of the LR-SLM

Complexity of the CSLM

)
× 100% (33)

Table 4 present the number of multiplications in the
CSLMand the LR-SLMmethod for N = 256 and N = 1024
by K different phase sequences, respectively. For K = 6, the
complexity of the CSLM is approximately the same as that
of the proposed method for K = 16 (the higher values for
K , are not practical in CSLM scheme, due to the high com-
plexity). Additionally, Table 5 compares the CCRR of the
proposed method, CSLM, and the methods in [5] and [7]
when i ′′ = 4. The comparison is performed with i ′′ = 4
to provide the nearly sufficient PAPR reduction value in
most wireless systems for a proper comparison. The pro-
posed method outperforms the CSLM and the Kim’s method
in terms of numbers of multiplications and additions, and the
Li’s method in terms of additions. The minimum complexity
reduction between the CSLM and the proposed scheme is
found to be 46.8%.

Although the method in [5] is superior in terms of the
reduction in the number of multiplications compared to

Table 3 Computational
complexity of various schemes

Methods Number of multiplications Number of additions

CSLM K N
2 logN2 K N logN2

Li’s method [5] N
2 logN2 N

(
logN2 +3K

)

Kim’s method [7] N
2 logN2

(
n′−i ′′(K−1)

n′
)

N logN2

(
n′−i ′′(K−1)

n′
)

LR-SLM

{ N
2 log2 N
+(K − 1)

( N
8 log2 N + N

2

)
} {

N log2 N
+(K − 1)

( N
4 log2 N + N

)
}
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Table 5 A comparison on
CCRR% between different
methods for N = 256

Method in [5] CCRR% Method in [7] CCRR% LR-SLM CCRR%

Mul. Add. Mul. Add. Mul. Add.

K = 4 75.0 37.5 37.5 37.5 46.8 46.8

K = 6 83.3 45.8 42.7 42.7 52.08 52.08

K = 8 87.50 50.0 43.8 43.8 54.68 54.68

K = 16 93.75 56.25 46.9 46.9 58.59 58.59
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Fig. 6 A comparison between CSLM, LR-SLM, and Li’s method [5]
by the same K values when N = 256

CSLM and LR-SLM, its PAPR reduction performance is
inferior, which is a priority in this research area (see Fig. 6).

Therefore, this method uses only one IFFT block for K
times (see Fig. 5). Sincemost of the calculations in the K dif-
ferent times are the same, the similar calculations are saved
and used for the next times (see Table 1). This idea leads to
the computational complexity reduction, as discussed above.
The proposed method requires a memory block to save the
contents of Table 1. The requiredmemory can be a low capac-
ity memory, because it needs to save only a few numbers,
however, this requirement can be mentioned as the drawback
of the proposed method.

5 Simulation results

In this section, the proposed scheme is compared to the
CSLM in terms of PAPR reduction, BER performance, and
PSD. The simulation results are based on the IEEE 802.16e
standard, with N = 256, and over-sampling L = 4. Table 6
shows the simulation parameters used in the analysis.

The CCDF of 4 QPSK-modulated OFDM signals is used
to demonstrate the PAPR reduction.

The CCDF is defined as:

Table 6 Simulation parameters based on IEEE 802.16

Modulation QPSK

Carrier frequency 2GHZ

Over sampling 4

OFDM symbols no. 106

Used subcarrier numbers 256

Used window for PSD Hann with 512 Seg. elements
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Fig. 7 PAPR comparison of the proposed scheme and CSLM by the
same computational complexity (different K values)

CCDF = Pr {PAPR > PAPR0} (34)

where PAPR0 is the set threshold. Figure 6 shows a compari-
son of PAPR reduction for CSLM,LR-SLM, andLi’smethod
[5] with K = 4, 8, and 16. Because the PAPR is the same for
the Kim’s method [7] and CSLM, the Kim’s method PAPR
is not shown in Fig. 6. This figure shows that the proposed
method is superior in terms of PAPR reduction, to the Li’s
method and is almost the same as CSLM and Kim’s method,
when using one IFFT block (i.e., V = 1).

Figure 7 illustrates the CCDF based on the computational
complexity comparison. According to Table 4, the complex-
ity of CSLM with K = 6 is approximately the same as the
proposed method with K = 16. This figure proves that at
the same computational complexity, the proposed method
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Fig. 8 BER performances of the proposed scheme and CSLM in
AWGN and Rayleigh fading channels

has access to more different phase sequences and obtains a
higher PAPR reduction performance. In addition to the PAPR
reduction comparison, the BER performance in the additive
whiteGaussian noise (AWGN) andRayleigh fading channels
is examined. The BER as a function of the Eb/N0 is given by
[11]:

BER = 0.5

(√
Eb

N0

)
(35)

where Eb is the energy per modulation bit and N0 is the noise
spectral density. Figure 8 shows that the proposed method
does not impact the BER performance compared to CSLM.

To simulate the scenario in Fig. 1, the ZVE-8G power
amplifier, which is suitable for OFDM applications, is
applied [9].

Additionally, the DPD method is applied to obviate the
distortions generated by the nonlinear amplifier [10]. Fig-
ure 9 shows the ϕ( f ) which is the PSD for the PA with
memory effects. Figure 9a is the PSD of the signal with
CSLM and the LR-SLM, without applying the DPDmethod,
and Fig. 9b shows the PSD of the CSLM and LR-SLM with
DPD. Because the PAPR is almost the same for the LR-SLM
and CSLM, there is no difference in the PSD. Finally, the
input OFDM signal is shown in Fig. 9c. Since, this method is
a mathematics-based approach, the communication parame-
ters such as PAPR, BER, and PSD are not changed compared
to the CSLM method.

6 Conclusion

In this paper, a new low complexity scheme using a radix-
II inverse fast Fourier transform structure is proposed. The
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Fig. 9 PSD of the ZVE-8G power amplifier by applying the CSLM
and LR-SLM methods. a Without DPD, b with DPD, c input OFDM
signal

proposed scheme called LR-SLM is based on N/2 or N/4
different phase multiplications to the input OFDM signal
against N random phase sequences of the CSLM scheme.
The results show that at approximately the samePAPR reduc-
tion, the proposedmethodprovides at least 46.8%complexity
reduction compared to the CSLM with the similar BER
and PSD performance. Moreover, LR-SLM outperforms the
CSLM by approximately 1dB in terms of PAPR reduction at
nearly the same complexity. However, a true benefit of this
method is in less computational complexity. This scheme
is ideal for current and future wireless communication sys-
tems such as WIMAX and long-term evolution (LTE) and
the mobile consumer electronics which need low power con-
sumption, high speed, and real time communication.

Acknowledgements This work was supported by Universiti Putra
Malaysia under the Prototype Development Research Grant Scheme
(PRGS) No. 5528700.

Appendix

In this appendix, the proposed scheme and some equations
are described for an N -point radix-2 IFFT where N = 8 and
K = 4. As mentioned above, K is a variable that is specified
by the user and determines the computational complexity and
PAPR reduction value. If m′ = 0, 1, then:

m1 = 4(N/4 − m′) − 1 = {7, 3}
m2 = 4(N/4 − m′) − 2 = {6, 2}
m3 = 4(N/4 − m′) − 3 = {5, 1}
m4 = 4(N/4 − m′) − 4 = {4, 0} (36)
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Therefore, the input signal is partitioned into the 4 groups
by the proposed approach. The required matrices are defined
as

B ′ =

⎡

⎢⎢⎣

1 1 1 1 1 1 1 1
−1 −1 1 1 1 1 1 1
j j 1 1 1 1 1 1

− j − j 1 1 1 1 1 1

⎤

⎥⎥⎦

4×8

= b1 (37)

X ′ =

⎡

⎢⎢⎣

X3 X7 X6 X2 X5 X1 X4 X0

X3 X7 X6 X2 X5 X1 X4 X0

X3 X7 X6 X2 X5 X1 X4 X0

X3 X7 X6 X2 X5 X1 X4 X0

⎤

⎥⎥⎦

4×8

(38)

Y1 =

⎡

⎢⎢⎣

X3 X7 X6 X2 X5 X1 X4 X0

−X3 −X7 X6 X2 X5 X1 X4 X0

j X3 j X7 X6 X2 X5 X1 X4 X0

− j X3 − j X7 X6 X2 X5 X1 X4 X0

⎤

⎥⎥⎦

4×8

(39)

ThematrixY1 shows that by changing the phase sequences
4 times, only 2 input samples are changed, and the other
samples are fixed. Hence,Rl , Rl+N/8, Gd , and Hd have to
be calculated once, saved, and used for the subsequent rows,
whereas in the CSLMmethod, all similar calculations should
be performed during each searching procedure. According
to Table 1, for q = 3 and l = 0, the saved parameters are
G0, G1, G2, G3, R0, and R1 where R0 = α0 + W 0β0

and R1 = α0 − W 0β0 (α0 = X5, β0 = X1). TK ,Pr o−Mul has
2 parts. The first part is related to the calculations of the first
row, and the second part is for the other rows of the selected
matrix. TK ,Pr o−Mul and TK ,CSLM−Mul with K = 4 and N = 8,
are evaluated as

TK ,Pr o−Mul = 4 log2 8 + (3) (log2 8 + 4)︸ ︷︷ ︸
7

(40)

TK ,CSLM−Mul = 4(4 log2 8) (41)

Referring to (40) the second part is shown by bold circles
in Fig. 4 (i.e., 7 multipliers for each row, except the first row).
The following matrix is generated, whit N = 8 and K = 8:

B ′ =
[
b1
b3

]
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 1 1 1 1 1 1 1
−1 −1 1 1 1 1 1 1
j j 1 1 1 1 1 1

− j − j 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 −1 −1 1 1
1 1 1 1 j j 1 1
1 1 1 1 − j − j 1 1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

8×8

(42)
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