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Orthogonal frequency division multiplexing (OFDM) has been the overwhelm-

ingly prevalent choice for high‐data‐rate systems due to its superior advantages

compared with other modulation techniques. In contrast, a high peak‐to‐average‐
power ratio (PAPR) is considered the fundamental obstacle in OFDM systems

since it drives the system to suffer from in‐band distortion and out‐of‐band radia-

tion. The partial transmit sequence (PTS) technique is viewed as one of several

strategies that have been suggested to diminish the high PAPR trend. The PTS

relies upon dividing an input data sequence into a number of subblocks. Hence,

three common types of the subblock segmentation methods have been adopted—
interleaving (IL‐PTS), adjacent (Ad‐PTS), and pseudorandom (PR‐PTS). In this

study, a new type of subblock division scheme is proposed to improve the PAPR

reduction capacity with a low computational complexity. The results indicate that

the proposed scheme can enhance the PAPR reduction performance better than

the IL‐PTS and Ad‐PTS schemes. Additionally, the computational complexity of

the proposed scheme is lower than that of the PR‐PTS and Ad‐PTS schemes.
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1 | INTRODUCTION

In recent years, orthogonal frequency division multiplexing
(OFDM) systems have dominated high‐speed communica-
tion frameworks because of increased demand for high‐
data‐rate applications such as cellular video and Internet
usage. An OFDM system has many advantages that make
it superior to the rest of the multicarrier modulation tech-
niques, such as a high capacity, immunity against intersym-
bol interference, and efficient bandwidth utilization [1–3].
Consequently, the OFDM framework has been adopted by

numerous wireless systems, for example, digital video
broadcasting, the wireless local area network (WLAN) that
is the IEEE 802.11a/b/g/n standard, and worldwide interop-
erability for microwave access (WiMAX), which is the
IEEE 802.16 standard [4–6]. OFDM is also utilized in the
long‐term evaluation (LTE) standard for fourth generation
(4G) mobile communications [7,8], and OFDM has recently
been considered as one of the essential candidates in fifth
generation (5G) wireless communication systems [9].

Although an OFDM system has many beneficial fea-
tures in communication systems, it encounters some
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obstacles in real applications. The high peak‐to‐average‐
power ratio (PAPR) is viewed as the fundamental obstacle
in the OFDM framework, which causes an OFDM system
to suffer from out‐of‐band radiation and in‐band distortion.
This can be attributed to the nonlinearity of some devices
such as high power amplifiers (HPAs) that have a small
linear region. Hence, HPA components need a large input
back‐off power to accommodate the high peaks and work
near the saturation region, and this leads to intermodulation
distortion [10].

On the other hand, many effective strategies have been
suggested to combat the high PAPR value, for example,
the partial transmit sequence (PTS) [11], the PTS algo-
rithm with maximum likelihood sequence detecting (ML‐
PTS) [12], selective mapping [13], the interleaving
method [14], active constellation extension (ACE) [15],
clipping and filtering [16], and block coding [17]. More-
over, new techniques have recently been proposed to
improve the spectral efficiency of OFDM systems such as
OFDM with index modulation (OFDM‐IM) [18] and gen-
eralized precoding‐aided quadrature spatial modulation
(GPQSM) [19]. Among current reduction strategies, the
PTS is considered as one of the efficient techniques,
which was proposed by Muller and Huber in 1997 [20].
The PTS relies on dividing a data block into a few subsets
and rotating these subsets with a set of phase rotation fac-
tors before adding the subblocks once more. Although the
PTS method has a high capability of decreasing the high
PAPR trend, its high computational complexity is the
main obstacle to its use in practical applications. There-
fore, many algorithms have been suggested to improve
the PTS technique regarding its ability to enhance the
PAPR reduction capacity, minimize the computational
complexity, or both.

In the literature, several algorithms of subblock parti-
tioning schemes have been recommended to tackle the
high PAPR value. Miao and Sun [21] proposed a new
segmentation method by combining interleaving and ran-
dom segmentation schemes. Another algorithm is
described in [22], where the authors introduced the ran-
dom interleaved segmentation method in a new approach.
Moreover, Ibraheem and others [23] developed a new
algorithm using two types of partitioning schemes.
Recently, Jawhar and others [24–26] have proposed sev-
eral types of subblock partitioning schemes to improve
the PAPR reduction performance. However, most previous
studies do not take into account the computational com-
plexity of the proposed algorithms. This paper introduces
a new type of subblock segmentation scheme for the PTS
method to upgrade the PAPR reduction performance with
a low computational complexity. The proposed algorithm
can achieve a PAPR reduction capacity that is higher than
two well‐known segmentation schemes, the adjacent and

interleaving algorithms. Furthermore, the proposed algo-
rithm has a lower number of mathematical calculations than
those of the pseudorandom and adjacent schemes. The
remainder of the paper is composed of the following sec-
tions. Section 2 outlines the high PAPR problem in OFDM
systems. Section 3 analyzes the ordinary PTS technique.
PTS partitioning schemes and the computational burden are
presented in Sections 4 and 5. The proposed partitioning
scheme and its computational complexity are introduced in
Sections 6 and 7. The results are discussed in Section 8.
Finally, the research is summarized in Section 9.

2 | OFDM SYSTEM AND PAPR

In an OFDM system, the input data sequence Xk is modulated
by a constellation mapping method, for example, M‐level
quadrature amplitude modulation (M‐QAM); then, an inverse
fast Fourier transform (IFFT) is applied to achieve orthogo-
nality among the samples of the data block and the subcarri-
ers. The PAPR value is calculated in the time domain, where
the OFDM signal is transmitted to the receiver side. The con-
tinuous OFDM signal can be approximated as [27]

xðnÞ ¼ 1ffiffiffiffiffiffiffi
NL

p ∑
NL�1

k¼0
Xke j2πkn=NL; 0≤ n≤NL� 1; (1)

where N is the number of subcarriers, x(n) is the OFDM
signal in the time domain, and L is the oversampling fac-
tor. To ensure that the PAPR calculation is more precise,
the oversampling operation is performed by appending
(L – 1)N zeros between the samples of the OFDM signal,
where L = 4 is appropriate to ensure the accuracy of the
PAPR calculations [28].

The high PAPR of the OFDM signal occurs because of
the fluctuation of some of the samples that have the same
phase in the time domain. Thus, the instantaneous powers of
these samples are added together, and this leads to increases
in the instantaneous powers such that they are large com-
pared with the average power of the signal [29]. Therefore,
the PAPR is the maximum instantaneous peak power of the
OFDM signal divided by the root mean square of the signal,
and it is typically expressed in decibels. Mathematically, the
PAPR value of the OFDM system can be defined as

PAPR½dB� ¼ 10log10
max jxðnÞj2
EfjxðnÞj2g ; (2)

where E{·} is the mean value of the OFDM signal. In addi-
tion, the complementary cumulative distribution function
(CCDF) is utilized to determine the PAPR value of the
OFDM signal over a nominated threshold value [30]. The
probability that the PAPR value of the OFDM signal
exceeds the threshold value is expressed as
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Pr(PAPR > PAPR0Þ ¼ 1� ð1� expð � PAPR0ÞÞNL; (3)

where PAPR0 is the threshold value.

3 | CONVENTIONAL PTS
TECHNIQUE

The PTS is considered to be one of the successful algo-
rithms for minimizing the high PAPR in OFDM systems
[20]. The main idea of the conventional PTS (C‐PTS) algo-
rithm is to divide the data sequence into V subblocks, in
which each subblock must contain N/V nonzero samples
and not overlap with other subblocks. The data of the sub-
blocks are converted from the frequency domain into the
time domain by performing the IFFT operation and then
weighted by a set of rotation factors to generate a group of
candidate signals [31]. Only the candidate that has the low-
est PAPR value is chosen for transmission. Figure 1 shows
a block diagram of the C‐PTS technique, where the data
block X is divided into V subblocks as

X ¼ ∑
V

v¼1
Xv; (4)

where the subscript v = {1, 2, …, V}.
In the C‐PTS scheme, each subblock is multiplied by

unity amplitude phase factors. The elements of the weighting
factors are usually fixed to avoid complex multiplication;
thus, the phase factors are limited to {±1} or {±1, ±j} [32].
Therefore, a vector of weighting factors can be formulated as

b ¼ fbv ¼ e j2πv=W jv ¼ 0; 1; . . . ;W � 1g; (5)

where bv {v = 1, 2, …, V} are the phase weighting factors,
and W is the number of elements of phase factors that should
be allowed. Particularly, W determines the angles that rotate
the transmitted subblocks; therefore, when choosing W = 2,
the phase factor is [1, −1]. In other words, the angles of the
phase factors are [0°, 180°]. In contrast, when choosing
W = 4, the phase factor is [1, −1, j, −j]. In other words, the
angles of the phase rotation factors are [0°, 90°, 180°, 270°].
Hence, choosing a suitable value for W, such as W = 4, is
very interesting for efficient implementation, as actually no

complex multiplication must be performed when rotating and
combining the transmitted subblocks with the phase rotation
factors for the optimized OFDM transmit sequence. More-
over, the value of W should not be excessively high in order
to keep the number of required side information (SI) bits
within a reasonable limit. Clearly, {(V − 1)logW} bits per
OFDM symbol are needed for this purpose. Therefore, the
OFDM signal can be expressed as [33]

x ¼ IFFT ∑
V

v¼1
bvXv

� �
¼ ∑

V

v¼1
bvxv: (6)

In the time domain, the transformed subblocks are mul-
tiplied by the vectors containing the phase rotation factors
to generate a set of OFDM signal candidates. The optimum
phase factor that achieves the minimum PAPR value
among the candidate OFDM signals is selected to rotate
the combined subblocks; then, it should be transmitted to
the receiver as SI to retrieve the original data [34]. Accord-
ingly, the optimum phase factor is expressed as

fb1; b2; . . . ; bvg ¼ argmin
1≤w≤W

max
0≤ n≤NL�1

j ∑
V

v¼1
bvxvj

� �
; (7)

where argmin(·) is the minimum value obtained by applying
the phase rotation factors. In the C‐PTS method, WV−1 repeti-
tions must be carried out to find the best phase factor with
the consideration that the first element of the weighting fac-
tors b1 is fixed to 1 without any loss of performance [35].
This operation imposes a significant burden on the system.
Hence, the main disadvantage of the C‐PTS technique is the
enormous computational complexity of the system. Further-
more, it is important to note that SI = log2W

V−1 bits per
symbol should be sent as index information to the receiver to
inform it about the phase rotation used in the transmitter in
order to recover the original data. In other words, the receiver
must know the process used to generate the transmitted
OFDM signal. Thus, the set consisting of all of the optimum
rotation factors or any unambiguous representation of these
factors must be transmitted to the receiver so that the subcar-
riers can be rotated back by using the SI appropriately.
Although the SI data are necessary to recover the transmitted
data, part of the carrier spectrum needs to be used; thus, the
transmission data rate in the system will be reduced.
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FIGURE 1 Block diagram of the
conventional partial transmit sequence
technique
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4 | PTS PARTITIONING SCHEMES

In the C‐PTS method, the data sequence in the frequency
domain is partitioned into V subblocks. This operation
attempts to diminish the large correlation between the samples
within the subblocks. Hence, the PAPR value will be
reduced. Three well‐known partitioning schemes of the C‐
PTS method include the pseudorandom (PR‐PTS), adjacent
(Ad‐PTS), and interleaving (IL‐PTS) schemes. In these three
partitioning schemes, each subblock should contain N/V non-
zero samples, and the samples inside the subblocks should be
not overlap with each other [36]. Figure 2 shows the distribu-
tion of the samples throughout the subblocks for these three
subblock partitioning methods, where the IL‐PTS scheme
allocates samples with a specific interval of V for each sub-
block and the Ad‐PTS method assigns successive samples
within the subblocks sequentially. However, the PR‐PTS
scheme spreads the samples randomly within the subblocks.

The PAPR reduction capacity of the C‐PTS technique
differs according to the subblock segmentation schemes uti-
lized. The PAPR reduction performance of the PR‐PTS
scheme is considered to be the best among the conven-
tional partitioning schemes, while the Ad‐PTS scheme is
the second best. However, the IL‐PTS scheme is found to
be the worst scheme when compared with the other two
schemes [37]. Furthermore, the computational complexity
of the C‐PTS method is divided into three parts, the IFFT
operations, finding the optimum phase factor, and the com-
putational burden of the comparison of the candidate
OFDM signals. In this paper, we focus on the subblock
partition schemes. Hence, the complexity of performing the
IFFT operations will be considered.

5 | IFFT COMPUTATIONAL
COMPLEXITY

The computational complexity of the system is the number
of addition and multiplication operations that have been
conducted on the signal. The calculations for performing
the IFFT operation rely on the type of subblock partition-
ing scheme. The complexities of the ordinary partitioning
schemes rely on the structure of the subblock segmentation
scheme, where the Ad‐PTS and PR‐PTS schemes have the
same complexity because they need to implement all of the

stages of the IFFT unit to transform the subblocks from the
frequency domain into the time domain. Accordingly, the
mathematical calculations of the Ad‐PTS and PR‐PTS
schemes can be expressed as [38]

Cadd ¼ VðNlog2NÞ; (8)

Cmult ¼ V
N
2
log2N

� �
; (9)

where Cadd and Cmult are the numbers of addition and mul-
tiplication operations, respectively. Furthermore, the com-
plexity level of the IL‐PTS method is considered to be the
lowest among the partitioning schemes because it utilizes
fewer IFFT stages to convert the subblocks into the time
domain compared with the other schemes. Therefore, the
numbers of addition and multiplication operations of the
IL‐PTS scheme can be defined as [37]

Cadd ¼ V
N
V
log2

N
V

� �
; (10)

Cmult ¼ V
N
2V

log2
N
V
þ N

� �
: (11)

6 | PROPOSED SCHEME

As mentioned earlier, choosing a suitable partition scheme
for the PTS method plays a substantial role in enhancing
the PAPR reduction capacity or decreasing the complexity
of the system. In this section, a new subblock partitioning
scheme named subset partitioning PTS (Sb‐PTS) is pro-
posed. The proposed scheme aims to improve the PAPR
reduction capacity and to reduce the number of mathemati-
cal calculations further than that of the Ad‐PTS method.

The procedure of the Sb‐PTS scheme starts with division
of the input sequence into V subblocks like the Ad‐PTS
scheme so that the partitioned subblocks can be defined as

Ad ¼ ∑
V

v¼1
XAd

v
; (12)

where XAd
v denotes the subblocks partitioned by the Ad‐

PTS scheme. Next, each subblock is subdivided into Z sub-
sets denoted by {D1, D2, …, DZ}, where each subset D

Interleaving partition Adjacent partition Pseudorandom partition

FIGURE 2 Partial transmit sequence
partitioning schemes
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includes (V/2) samples of the subblock. For example, when
the subblock length is 16 and the number of subblocks in
the scheme is 4, every subblock is divided into Z subsets
so that each subset contains (V/2 = 4/2 = 2) samples.
Thus, Z = N/(V/2) = 8, denoted by {D1, D2, …, D8}, as
shown in Figure 3B. Therefore, (12) is now written as

Ad ¼ ∑
V

v¼1
Dv;1;Dv;2; . . . ;Dv;Z

� �
, where Z¼N=ðV=2Þ: (13)

After that, all subsets are partitioned into V parts denoted
by {P1, P2, …, PV}, where each part includes Z/V columns
and can be denoted as

Ap ¼ ∑
V

v¼1
Pv; (14)

in which

P1¼ ∑
V

v¼1
fDv;1;Dv;2; . . . ;Dv;ZV

g; (15)

P2¼ ∑
V

v¼1
fDv;ZVþ1;Dv;ZVþ2; . . . ;Dv;2ZV

g; (16)

PV¼ ∑
V

v¼1
Dv;ðV�1ÞZ

V þ1;Dv;ðV�1ÞZ
V þ2; . . . ;Dv;Z

n o
: (17)

Equation (14) can be rewritten as a matrix form as

Ap ¼
P1;1 P1;2 � � � P1;V

P2;1 P2;2 � � � P2;V

..

. ..
. ..

. ..
.

PV ;1 PV ;2 � � � PV ;V

2
6664

3
7775: (18)

(A)

(B)

(C)

(D)

(E)

Ad-1 = [ X1 X2 X3 X4 0 0 0 0 0 0 0 0 0 0 0 0 ]
Ad-2 = [ 0 0 0 0 X5 X6 X7 X8 0 0 0 0 0 0 0 0 ]
Ad-3 = [ 0 0 0 0 0 0 0 0 X9 X10 X11 X12 0 0 0 0 ]
Ad-4 = [ 0 0 0 0 0 0 0 0 0 0 0 0 X13 X14 X15 X16 ]

D1 D2 D3 D4 D5 D6 D7 D8

Ad-1 = [ X1 X2 X3 X4 0 0 0 0 0 0 0 0 0 0 0 0 ]
Ad-2 = [ 0 0 0 0 X5 X6 X7 X8 0 0 0 0 0 0 0 0 ]
Ad-3 = [ 0 0 0 0 0 0 0 0 X9 X10 X11 X12 0 0 0 0 ]
Ad-4 = [ 0 0 0 0 0 0 0 0 0 0 0 0 X13 X14 X15 X16 ]

P1 P2 P3 P4

Ad-1 = [ X1 X2 X3 X4 0 0 0 0 0 0 0 0 0 0 0 0 ]
Ad-2 = [ 0 0 0 0 X5 X6 X7 X8 0 0 0 0 0 0 0 0 ]
Ad-3 = [ 0 0 0 0 0 0 0 0 X9 X10 X11 X12 0 0 0 0 ]
Ad-4 = [ 0 0 0 0 0 0 0 0 0 0 0 0 X13 X14 X15 X16 ]

Sd-1 = [ X1 X2 0 0 0 0 0 0 X3 X4 0 0 0 0 0 0 ]
Sd-2 = [ 0 0 X5 X6 0 0 0 0 0 0 X7 X8 0 0 0 0 ]
Sd-3 = [ 0 0 0 0 X9 X10 0 0 0 0 0 0 X11 X12 0 0 ]
Sd-4 = [ 0 0 0 0 0 0 X13 X14 0 0 0 0 0 0 X15 X16 ]

Sd-PTS-1 = [ X1 X2 0 0 0 0 0 0 X3 X4 0 0 0 0 0 0 ]
Sd-PTS-2 = [ 0 0 X5 X6 0 0 0 0 0 0 X7 X8 0 0 0 0 ]
Sd-PTS-3 = [ 0 0 0 0 X9 X10 0 0 0 0 0 0 X11 X12 0 0 ]
Sd-PTS-4 = [ 0 0 0 0 0 0 X13 X14 0 0 0 0 0 0 X15 X16 ]

FIGURE 3 Sb‐PTS partitioning scheme when N = 16 and V = 4: (A) Ad matrix, (B) subsetting operation, (C) partitioning operation, (D)
rotation operation, and (E) Sb‐PTS matrix

JAWHAR ET AL. | 703



Equations (15), (16), and (17) are compensated in (18);
therefore, the XP matrix can be written as (19).

Afterwards, every column in the first part, P1, is rotated
separately by applying a column transpose operation to
generate the first subblock for the Sb‐PTS matrix, and the
same scenario is performed for the other parts from P2 to
PV.

Finally, the Sb‐PTS matrix is generated in such a way
that the first part, P1, generates the first subblock; the sec-
ond part, P2, generates the second subblock; and the last
part, PV, generates the last subblock, as (21).

Figure 3 illustrates an example of the Sb‐PTS scheme
when the number of subcarriers N = 16 and the number of
subblocks V = 4. The total number of subsets Z in one
subblock is Z = (N/(V/2) = 16/2 = 8), denoted by {D1,
D2, …, D8}, and each subset of the Ad matrix includes (V/
2 = 2) samples, as represented in Figure 3B. Moreover, the
total number of parts P = V = 4, which is denoted by {P1,
P2, …, P4}, and each part includes (Z/V = 8/4 = 2) col-
umns of the Ap matrix, as shown in Figure 3C. The final
construction of the Sb‐PTS matrix is demonstrated in Fig-
ure 3D, in which the first and second columns of P1, P2,

P3, and P4 in the Ap matrix are rotated separately by
applying the transpose vector operation to generate the
first, second, third, and fourth subblocks of the Sb‐PTS
matrix, respectively. For example, in P1 of the Ap matrix,
the column transpose operation is applied to the first col-
umn of the Ap matrix to be the first half of the first sub-
block for the Sb matrix, and the column transpose
operation is applied to the second column of the Ap matrix
to be the second half of the first subblock for the Sb
matrix, as shown in Figure 3D. These processes are contin-
ued until the last part, P4, of the Ap matrix.

As a result, the Sb‐PTS scheme attempts to diminish the
high correlation among the subcarriers within the sub-
blocks. Hence, the PAPR reduction capacity will be
enhanced more than that of the adjacent partitioning
scheme (as will be seen in the next section).

On the other hand, Figure 4 shows the transmitter of an
OFDM system based on the Sb‐PTS scheme, in which each
subblock of the proposed scheme is passed to the IFFT
unit. Then, the transformed subblocks are rotated by a set
of the phase rotation factors to generate a group of OFDM
signal candidates. The candidate that achieves the lowest

21

1,1

Ap

VPP P
D

=

1,2 2 ( -1) ( -1) 1,1, 1, 1 1, 2 1, 1, 1 1, 2

2,1 2,2 2 ( -1) ( -1) 2,2, 2, 1 2, 2 2, 2, 1 2, 2

,1 ,2 2 ( -1) ( -1), , 1 , 2 , , 1 ,

Z Z Z Z V Z V Z Z
V V V V V V

Z Z Z Z V Z V Z Z
V V V V V V

V V Z Z Z Z V Z V ZV V V V V V
V V V V V

D D D D D D D D

D D D D D D D D D

D D

+ + + +

+ + + +

+ + + ,2 V Z
V

D
+

. (19)

21

1,1

2,1

,1

Ap

V

V

PP P

D
D

D

=

T T T TT
1,( / ) 1,( / ) 1 1,( / ) 2 1,(2 / )1,2

2,( / ) 2,( / ) 1 2,( / ) 2 2,(2 / )2,2

,( / ) ,( / ) 1 ,( / ) 2 ,(2 / ),2

Z V Z V Z V Z V

Z V Z V Z V Z V

V Z V V Z V V Z V V Z VV

D D D DD
D D D DD

D D D DD

+ +

+ +

+ +

T TT T
1,( ( 1)/ ) 1 1,( ( 1)/ ) 2 1,

2,( ( 1)/ ) 1 2,( ( 1)/ ) 2 2,

,( ( 1)/ ) 1 ,( ( 1)/ ) 2 ,

Z V V Z V V Z

Z V V Z V V Z

V Z V V V Z V V V Z

D D D
D D D

D D D

− + − +

− + − +

− + − +

(20).

Sb-PTS¼

D1;1 D2;1 � � � DV ;1 D1;2 D2;2 � � � DV ;2 � � � � � � D1;ZV
D2;ZV

� � � DV ;ZV
D1;ZVþ1 D2;ZVþ1 � � � DV ;ZVþ1 D1;ZVþ2 D2;ZVþ2 � � � DV ;ZVþ2 � � � � � � D1;2ZV

D2;2ZV
� � � DV ;2ZV

. .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

.

D1;ðV�1ÞZ
V þ1 D2;ðV�1ÞZ

V þ1 � � � DV ;ðV�1ÞZ
V þ1 D1;ðV�1ÞZ

V þ2 D2;ðV�1ÞZ
V þ2 � � � DV ;ðV�1ÞZ

V þ2 � � � � � � D1;Z D2;Z � � � DV ;Z

2
66664

3
77775: (21)
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PAPR value is selected for transmission. Moreover, the
index of the optimum phase rotation factor that achieves
the lowest PAPR value should be sent to the receiver as SI
in order to recover the original data. After that, the cyclic
prefix is applied, and the OFDM signal is transmitted to
the receiver (in this figure, an additive white Gaussian
noise (AWGN) channel is adopted). Therefore, the OFDM
signal on the transmitter side can be expressed as

xTx ¼ ½WN � X� � bþ ω; (22)

where b is the optimum phase factor, WN is the twiddle
factors for the IFFT operation, X is the input data sequence
after applying the Sb‐PTS subblock partitioning scheme,
and ω is the AWGN noise.

On the receiver side, the received OFDM signal is pro-
cessed through the receiver in a reverse manner compared
with the transmitter, where the received OFDM signal is
first passed to the FFT block; then, the zeros added during
the padding operation, which is inserted in the transmitter,
are removed. After that, the inverse Sb‐PTS scheme (parti-
tioning index) is applied to the transformed signal in order
to partition it into V subblocks; then, the received SI will
be used to rerotate the phases of the subcarriers inside the

subblocks. Next, the subblocks are reshaped according to
the original order and combined to generate the output data
sequence, as shown in Figure 5. Therefore, the original sig-
nal on the receiver side can be expressed as

XRx ¼ W�1
N � ~b� ½ðWN � XÞ � b�þω (23)

since W�1
N �WN ¼ 1 and ~b� b ¼ 1. Then,

XRx ¼ Xþ ω; (24)

where ~b is the conjugate of the optimum phase factor and
W�1

N is the twiddle factors of the FFT operation. It is
important to mention that the partitioning scheme of the
transmitter and the receiver should be defined in advance
on both the transmitter and receiver sides.

7 | IFFT COMPUTATIONAL
COMPLEXITY IN THE SB‐PTS
SCHEME

In an OFDM system, the computational complexity of the
Sb‐PTS scheme can be calculated on the basis of the
divide‐and‐conquer approach combined with the Cooley‐
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scheme
using 
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Side information (SI)
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prefix
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zero 
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FIGURE 5 Baseband receiving OFDM system using the Sb‐PTS scheme
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FIGURE 4 Baseband transmitting OFDM system using the Sb‐PTS scheme
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Tukey IFFT algorithm. Each subblock of the Sb‐PTS
scheme is stored in a column‐wise mapping, where the
number of rows is equal to the total number of subblocks
V in the Sb‐PTS scheme. However, the number of columns
is calculated by subdividing the subblock into subsets,
where the total number of subsets S = N/V, as presented in
Table 1. In contrast, the resulting signal of each subblock
is stored in a row‐wise mapping.

After applying the Cooley‐Tukey IFFT algorithm to the
rows and columns in Table 1, the OFDM sequence in the
time domain can be written as [37]

xðp; qÞ ¼ 1ffiffiffiffi
N

p ∑V�1
v¼0 Wvq

N ∑
S�1

s¼0
Xðv; sÞWsq

S

	 
� �
Wvp

V ; (25)

where WN = ej2π/N is the twiddle factors, and 0 ≤ p ≤ V −
1 and 0 ≤ q ≤ S − 1 represent the elements of the pth
row and qth column of the row‐wise mapping of the IFFT
signal x(p, q). According to the column‐wise mapping, the
active subcarriers of each subblock of the Sb‐PTS scheme
are located at only two rows of the column‐wise table
depending on the structure of the Sb‐PTS scheme. Hence,
the inner S‐point IFFT in (22) is implemented only in two
rows of the subblock, and (22) can be simplified as

xðp; qÞ ¼ 1ffiffiffiffi
N

p ∑
1

v¼0
Wvq

N ∑
S�1

s¼0
Xðv; sÞWsq

S

	 
� �
Wvp

V : (26)

Equation (23) represents the computation of the IFFT
for each subblock in the Sb‐PTS scheme, in which the
complex computational complexity can be divided into
three steps and the resulting array is read as a row‐wise
mapping. As a result, each subblock of the Sb‐PTS scheme
needs to compute an S‐point IFFT two times (step 1), com-
plex multiplications N times (step 2), and two V‐point
IFFTs S times (step 3). Therefore, the number of complex
additions in the Sb‐PTS scheme is given as

Cadd ¼ V ð2Slog2SÞ þ ð2Slog22Þ½ �: (27)
Then,

Cadd ¼ V ð2Slog2SÞ þ 2S½ �; (28)
but S = N/V; thus,

Cadd ¼ 2N log2
N
V

� �
þ 1

	 

: (29)

Furthermore, the number of complex multiplications of
the Sb‐PTS scheme is equal to half of the number of com-
plex additions when applying the Cooley‐Tukey IFFT algo-
rithm. Hence, the number of multiplication operations is
given as

Cmult ¼ V 2
S
2
log2S

� �
þ 2

S
2
log22

� �
þ N

	 

; (30)

but S = N/V; thus,

Cmult ¼ N log2
N
V

� �
þ V þ 1

	 

: (31)

On the basis of (26) and (28), it can be seen that the
computational complexity of the Sb‐PTS method can
achieve a lower level than those of the PR‐PTS and Ad‐
PTS schemes. This can be attributed to the fact that the
Sb‐PTS scheme utilizes fewer IFFT stages to modulate the
subcarriers by the subblocks compared with those in the
PR‐PTS and Ad‐PTS schemes.

8 | RESULTS AND DISCUSSION

In this section, the performance of the proposed method and
ordinary methods is compared and analyzed. The simulation
parameters are set as follows: the number of subblocks is 4,
the number of different phase weighting factors W = 4, and
the number of subcarriers N = 256, 512, and 1,024. An
AWGN channel is adopted between the transmitter and
receiver, while the 16‐QAM family is used to modulate the
input symbols in the following simulations.

Figures 6-8 show the PAPR curves of the conventional
PTS technique when using the three common types of seg-
mentation schemes. As can be seen in Figure 6, when
N = 256, the PAPR value is reduced by 3.54 dB for the PR‐
PTS scheme, 2.94 dB for the Ad‐PTS scheme, and 2.39 dB

TABLE 1 Column‐wise mapping for one subblock of the Sb‐PTS
scheme

v\s 1 2 … S

1 Xv
1 Xv

Vþ1 … Xv
VðS�1Þþ1

2 Xv
2 Xv

Vþ2 … Xv
VðS�1Þþ2

… … … … …

V Xv
V Xv

2V … Xv
VS

FIGURE 6 Peak‐to‐average‐power ratio performance of the
ordinary segmentation schemes when N = 256
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for the IL‐PTS scheme compared with the original OFDM
signal (without reduction). Moreover, when CCDF = 10−3

and N = 512, the PAPR values are 8.1 dB for the PR‐PTS
scheme, 8.64 dB for the Ad‐PTS scheme, 8.91 dB for the
IL‐PTS scheme, and 11.43 dB for the original OFDM signal,
as demonstrated in Figure 7. In addition, Figure 8 shows
another example of the PAPR performance for the conven-
tional partitioning schemes when N = 1,024. In this case,
the PAPR values of the PR‐PTS, Ad‐PTS, and IL‐PTS
schemes and the original OFDM signal are equal to 8.57 dB,
9.06 dB, 9.52 dB, and 11.71 dB, respectively. By compar-
ing the three partitioning schemes in Figures 6, 7, and 8, it
can be verified that the PR‐PTS scheme is the best PAPR
reduction scheme and that the Ad‐PTS is the second best,
whereas the IL‐PTS scheme can be classified as the worst
PAPR reduction scheme.

In addition, the PAPR reduction capacity of the Sb‐PTS
scheme is simulated and compared with the PR‐PTS, Ad‐
PTS, and IL‐PTS methods. In order to verify the

performance of the Sb‐PTS scheme, we simulated three sce-
narios. In the first one, where N is set to 256, the Sb‐PTS
scheme reduces the PAPR value better than that of the Ad‐
PTS scheme by 0.36 dB, the IL‐PTS scheme by 0.77 dB,
and the original OFDM signal by 3.23 dB. However, the
PR‐PTS scheme outperforms the proposed scheme by
0.33 dB, as shown in Figure 9. In the second scenario, where
N = 512, the simulation results indicate that the Sb‐PTS
scheme exceeds the Ad‐PTS and IL‐PTS schemes and the
original OFDM signal by 0.27 dB, 0.5 dB, and 3 dB, respec-
tively, as shown in Figure 10. The last scenario is shown in
Figure 11; when N is fixed to 1,024, the proposed scheme
can accomplish PAPR reduction better than the Ad‐PTS
scheme by 0.27 dB, the IL‐PTS scheme by 0.56 dB, and the
original OFDM signal by 2.87 dB, whereas the proposed
scheme is less than the PR‐PTS scheme by 0.2 dB. There-
fore, the simulation results indicate that the PAPR reduction
capacity of the Sb‐PTS scheme outperforms the Ad‐PTS and
IL‐PTS schemes for any number of subcarriers.
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FIGURE 9 Peak‐to‐average‐power ratio performance of the Sb‐
PTS scheme and ordinary segmentation schemes when N = 256

FIGURE 10 Peak‐to‐average‐power ratio performance of the Sb‐
PTS scheme and ordinary segmentation schemes when N = 512
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On the other hand, the proposed method is compared
with the original OFDM signal and the conventional parti-
tioning schemes in terms of the bit error rate (BER) perfor-
mance. In these simulations, V, L, and W are set to 4, the
cyclic prefix is 7% of the OFDM symbol length, and
N = 256, 512, and 1,024. Moreover, an AWGN channel is
adopted between the transmitter and receiver, and 16‐QAM
is chosen as the modulation family.

As can be seen in Figure 12, the BER performance of
the Sb‐PTS scheme and original OFDM signal based on an
AWGN channel is identical at any value of the signal‐to‐
noise ratio (SNR). This is because Sb‐PTS has multiple
representations of the signal without changing the mini-
mum distance between the constellation points.

Figures 13, 14, and 15 show the BER performance of
the Sb‐PTS scheme compared with the IL‐PTS, Ad‐PTS,
and PR‐PTS schemes, respectively. Figure 13 shows the
BER performance of the Sb‐PTS scheme compared with
the IL‐PTS scheme when N = 128. In addition, Figure 14
shows a BER comparison of the proposed method and Ad‐
PTS scheme when N = 512. Furthermore, Figure 15 shows
the BER performance of the Sb‐PTS and PR‐PTS schemes
when N = 1,024. It is clear that the proposed method has
the same BER level compared with the original OFDM sig-
nal and conventional segmentation schemes. This can be
attributed to the fact that the proposed scheme is a proba-
bilistic approach, which means that the signal will have
multiple representations.

Furthermore, Table 2 lists the PAPR reduction ratio of
the ordinary schemes and proposed scheme compared with
the original OFDM signal. It is found that the proposed
method outperforms the IL‐PTS and Ad‐PTS schemes in
all scenarios. However, the PR‐PTS scheme has priority
over the Sb‐PTS scheme. This can be attributed to the fact
that the PR‐PTS structure is assigned samples randomly
within the subblocks.

On the other hand, the computational complexities of the
conventional partitioning schemes and the Sb‐PTS scheme
are summarized in Table 3 (here, the computational
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FIGURE 11 Peak‐to‐average‐power ratio performance of the Sb‐
PTS scheme and ordinary segmentation schemes when N = 1,024
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complexity for calculating the IFFT block is adopted, while
the complexity in the time domain is similar to the conven-
tional methods). Moreover, the computational complexity
reduction ratio (CCRR) of the Sb‐PTS scheme for each simu-
lated scenario has been calculated. The CCRR between the
Sb‐PTS and Ad‐PTS schemes can be defined as [31]

CCRR ¼ 1� Complexity of Sb-PTS
Complexity of Ad-PTS

� 100%: (32)

Table 3 lists the numbers of addition and multiplication
operations of the various partitioning schemes when the

number of subblocks is 4 and 8. The numerical results
show that the IL‐PTS scheme has the lowest computational
burden compared with the other schemes, while the PR‐
PTS and Ad‐PTS schemes have the highest number of
mathematical calculations. However, the proposed method
can achieve a different approach regarding the computa-
tional burden performance, where the number of mathemat-
ical calculations is higher than that of the IL‐PTS scheme
and lower than that of the Ad‐PTS and PR‐PTS schemes.
As can be seen from Table 3, when the number of sub-
blocks is set to 4, CCRRadd and CCRRmult of the proposed
method are higher than those of the Ad‐PTS or PR‐PTS
schemes by 56.25% and 31.25% when using 256 subcarri-
ers, 55.55% and 33.33% when using 512 subcarriers, and
55% and 35% when utilizing 1024 subcarriers, respectively.
Furthermore, when V = 8, CCRRadd and CCRRmult of the
Sb‐PTS scheme are superior to those of the corresponding
Ad‐PTS and PR‐PTS schemes for the three scenarios men-
tioned above by 81.25% and 56.25% when N = 256,
80.05% and 58.33% when N = 512, and 80% and 60%
when N = 1,024, respectively. Therefore, the Sb‐PTS
scheme can achieve significant enhancements in the PAPR
reduction performance and CCRR level compared with the
Ad‐PTS scheme.

Furthermore, the number of SI bits of the proposed
scheme is similar to that of the conventional schemes,
where the SI is 6 bits per symbol when V and W are equal
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FIGURE 15 Bit error rate performance of the PR‐PTS scheme
compared with the Sb‐PTS scheme with N = 1,024 and 16‐QAM

TABLE 2 Peak‐to‐average‐power ratio (PAPR) reduction ratio of the ordinary and proposed methods when V = 4 and W = 4

PTS scheme

N = 256 N = 512 N = 1,024

PAPR of original OFDM = 11.16 dB PAPR of original OFDM = 11.41 dB PAPR of original OFDM = 11.67 dB

PAPR (dB)
PAPR reduction
ratio (%) PAPR (dB)

PAPR reduction
ratio (%) PAPR (dB)

PAPR reduction
ratio (%)

IL‐PTS 8.70 22.05 8.89 22.08 9.37 19.70

Ad‐PTS 8.29 25.71 8.66 24.10 9.10 22.02

Sb‐PTS 7.93 28.95 8.39 26.46 8.80 24.60

PR‐PTS 7.61 31.81 8.10 29.00 8.60 26.30

TABLE 3 Comparison of the computational complexity reduction ratio (CCRRs) of the ordinary and proposed methods when V = 4 and 8

N

IL‐PTS Ad‐PTS/PR‐PTS Sb‐PTS CCRR (%)

Cadd Cmult Cadd Cmult Cadd Cmult CCRRadd CCRRmult

V = 4

256 1,536 1,792 8,192 4,096 3,584 2,816 56.25 31.25

512 3,584 3,840 18 432 9,216 8,192 6,144 55.55 33.33

1,024 8,192 8,192 40,960 20,480 18,432 13,312 55.00 35.00

V = 8

256 1,536 1,792 8,192 4,096 3,584 2,816 81.25 56.25

512 3,584 3,840 18,432 9,216 8,192 6,144 80.05 58.33

1,024 8,192 8,192 40,960 20,480 18,432 13,312 80.00 60.00
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to 4. The number of SI bits increases to 14 bits per symbol
when V = 8 and W = 4.

As a comparison, a scheme based on dividing the
active subcarriers in each subblock of the Ad‐PTS matrix
into two equal parts in such a way that the first part is
fixed in its position and the second part is shifted by
(V − 1) positions, where V represents the number of sub-
blocks, was proposed in Ref. [26]. This process continues
until the last row of the Ad matrix to produce a new
scheme named Ad‐Sh‐PTS. In the Sb‐PTS scheme, every
subblock is partitioned into N/(V/2) subsets, and each
subset includes (V/2) samples. Moreover, the column
transpose operation is performed on each part of the par-
titioned matrix to generate a new subblock in the Sb‐PTS
scheme. As a result, the distribution of the subcarriers
inside the subblocks in the Sb‐PTS scheme is different
from that of the Ad‐Sh‐PTS scheme. Accordingly, the
PAPR performance of both schemes is different. In addi-
tion, the computational complexity level of the Sb‐PTS
scheme is better than that of the Ad‐Sh‐PTS scheme,
where the Sb‐PTS scheme achieves a computational com-
plexity that is lower than that of the Ad‐PTS and PR‐
PTS schemes, while the computational complexity of the
Ad‐Sh‐PTS scheme is similar to that of the Ad‐PTS and
PR‐PTS schemes. In addition, the Sb‐PTS scheme can
achieve PAPR reduction performance and a computational
complexity level that are better than the methods in Refs.
[21], [22], and [26]. Table 4 presents a comparison of the
CCRRs of the Sb‐PTS scheme and the methods in Refs.
[21], [22], and [26], where CCRRadd and CCRRmult of
the proposed method are higher than those of the method
in Ref. [26] by 56.25% and 31.25% when N = 256,
55.55%, and 33.33% when N = 512, and 55% and 35%
when N = 1,024, respectively. Moreover, the Sb‐PTS
scheme is better than the methods in Refs. [21] and [22]
regarding CCRRadd by 39.13%, 38.46%, and 37.93%
when N = 256, 512, and 1,024, respectively. Furthermore,
the increase in the CCRRmult of the Sb‐PTS scheme is
18.51%, 20%, and 21.21% when N = 256, 512, and
1,024, respectively. It is important to note that the pro-
posed method and the other methods mentioned in this

paragraph have the same computational complexity in the
time domain.

The main purposes of this paper are to draw attention
to subblock partitioning schemes for the PTS technique in
OFDM systems and to present a new subblock partition-
ing scheme that has good PAPR reduction performance
with a low computational complexity. The PR‐PTS
scheme is considered to be the best scheme that can
reduce the PAPR value because its samples are randomly
assigned within the subblocks, and this leads to a reduc-
tion in the PAPR value. Moreover, the number of mathe-
matical calculations of the PR‐PTS method is large
because its structure restricts the system to implement all
of the IFFT stages to transform the subblocks into the
time domain. Furthermore, the Ad‐PTS scheme is similar
to the PR‐PTS scheme in terms of the computational bur-
den, while its PAPR reduction capacity is lower than that
of the PR‐PTS method because its structure imposes more
correlation between the subblocks compared with the PR‐
PTS scheme. However, the IL‐PTS scheme has the worst
PAPR reduction performance among the conventional
schemes because of the high correlation between its sam-
ples compared with other schemes. In contrast, the compu-
tational complexity level of the IL‐PTS scheme is the best
compared with those of other schemes because the peri-
odic property of the IL‐PTS scheme helps to implement
part of the IFFT stages during the conversion into sub-
blocks. The simulations demonstrated that the new pro-
posed scheme could enhance the PAPR reduction capacity
more preferably than the Ad‐PTS and IL‐PTS schemes in
all scenarios. This can be attributed to the fact that the
proposed scheme has a low correlation between its sam-
ples compared with the Ad‐PTS scheme. Furthermore, the
computational burden of the proposed scheme is lower
than that of the Ad‐PTS and PR‐PTS schemes and the
methods in Refs. [21], [22], and [26] because the pro-
posed scheme has fewer IFFT stages. Accordingly, the
Sb‐PTS scheme can improve the PAPR reduction perfor-
mance and computational complexity reduction ratio better
than the previously mentioned schemes for any number of
subblocks or subcarriers used.

TABLE 4 Comparison of the computational complexity reduction ratio (CCRRs) of the Sb‐PTS scheme and the methods in Refs. [24], [25],
and [29] when V = 4

N

Reference [26]
References [21]
and [22] Sb‐PTS

CCRR (%)
Sb‐PTS compared
with [26]

CCRR (%)
Sb‐PTS compared
with [21] and [22]

Cadd Cmult Cadd Cmult Cadd Cmult CCRRadd CCRRmult CCRRadd CCRRmult

256 8,192 4,096 5,888 3,456 3,584 2,816 56.25 31.25 39.13 18.51

512 18,432 9,216 13,312 7,680 8,192 6,144 55.55 33.33 38.46 20.00

1,024 40,960 20,480 29,696 16,896 18,432 13,312 55.00 35.00 37.93 21.21
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9 | CONCLUSION

In conclusion, a new subblock partitioning scheme named
Sb‐PTS is introduced to improve the PAPR reduction per-
formance with a low computational complexity in OFDM
systems. The Sb‐PTS scheme is based on the division of
the subblocks in the well‐known Ad‐PTS scheme into sev-
eral subsets and reshaping the subblocks again to reduce
the correlation peak between the subcarriers inside the sub-
blocks. The simulation results indicate that the proposed
scheme could reduce the PAPR value better than that of
the Ad‐PTS scheme by 0.3 dB. Moreover, the CCRR of
the proposed scheme is significantly improved compared
with the Ad‐PTS and PR‐PTS schemes, where the numbers
of complex additions and multiplications for the Sb‐PTS
scheme for N = 1,024 are better than those of the Ad‐PTS
and PR‐PTS schemes by 80% and 60%, respectively. More-
over, the BER performance of the Sb‐PTS scheme is iden-
tical to that of the original OFDM signal. Therefore, the
Sb‐PTS scheme is considered to be an effective partitioning
scheme in the PTS technique to reduce PAPR value with a
low computational complexity.
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