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Abstract

The cyclic Prefix-Orthogonal frequency division multiplexing (CP-OFDM)
system is considered the widespread modulation technology in the innovative
fast-moving global communication systems. Many advantages have been
recognized the CP-OFDM system compared with the other multicarrier systems
such as the high immunity against multipath fading, and the efficiency of
bandwidth utilization. However, the frequency leakage, the high peak-to-average
power ratio (PAPR) and the signalling synchronization are considered the
fundamental snags in the CP-OFDM frameworks. Meanwhile, the PAPR with
high value is still the main problem in the 4G and 5G applications. Partials
transmit sequence (PTS) is considered part of the techniques to be used to reduce
the PAPR that can be utilized to refine the power fluctuation in Filtered-OFDM
F-OFDM and CP-OFDM. In the PTS technique, the pseudo-random partitioning
scheme (PR-PTS) is the most well-known with the best PAPR reduction scheme.
In this work, a hybrid algorithm (H-PTS) has been proposed to decrease the
PAPR with high values and with low computational complexity (CC).The H-PTS
algorithm combines the PR-PTS scheme and the terminals exchange PTS (TE-
PTS) scheme in parallel to produce a hybrid scheme that can significantly reduce
the number of mathematical operations and realise a performance reduction in
the PAPR higher than the PR-PTS scheme. The simulated results depict that the
proposed algorithm has the PAPR behaviour and computational complexity
lower than the PR-PTS scheme.
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1.Introduction

The cyclic prefix orthogonal frequency division multiplex (CP-OFDM) system and
its modifications have become the widespread modulation technology for high-speed
transmission rates in the communication frameworks. There are several features that
distinguish the CP-OFDM system over the other multicarrier systems, for example,
high invulnerability over multipath fading [1], simple execution depending on the
Inverse Fast Fourier Transform (IFFT) algorithm [2], and the effectiveness of
bandwidth usage [3]. Therefore, the CP-OFDM system has been adopted by many
standards of wireless communication like IEEE.802.11 [4], IEEE.802.16 [5],
IEEE.802.15 [6], and IEEE.802.20 [7]. Besides, the fourth generation (4G) of cellular
wireless standards such as Long-Term Evaluation (LTE) and Worldwide
Interoperability for Microwave Access (WiMax) [8] utilizes the CP-OFDM system
as the main modulation technique in its operations.

In previous literature, many publications have been published in the context of
controlling the PAPR and CC in PTS. Kang et al. [9] suggested the concatenation of
the PR-PTS and IL-PTS. Kang's method reduced computation level extensively, but
the PAPR scaling down was less than the PR-PTS method. In addition, Wang et al.
10] analysed Kang’s method and derived the CC equations depending on the
concatenate factor. Hong et al. [11] proposed a method that could lessen the CC
amount by applying PR-PTS to the half of the SBs and IL-PTS to the rest of SBs. The
CC level of Hong's method is reduced better than PR-PTS; however, the PAPR
reduction capacity is degraded compared to PR-PTS. Moreover, Chen and Chung
[12] presented a modified PTS algorithm by reshaping a quadrature amplitude
modulation (QAM) constellation block into several quadrature phase-shift keying
(QPSK) constellation blocks and then employing the SBs partition scheme. The
Chen’s method of PAPR reduction is slightly superior to the PR-PTS scheme, while
the CC level is like that of PR-PTS with a slight degradation in the BER performance.
In addition, Fulai et al. [13] reduced the PAPR value by combining the discrete
Fourier transform spread (DFT-S) and PTS.

The PAPR lessening capacity of Fulai’s et al. approach outdoes the traditional
PTS scheme because the DFT-spread can make divergence in the autocorrelation
between subchannels, but this improvement comes at the cost of more mathematical
calculations. Similarly, Jayashri et al. [14] initiated the combination of discrete-
cosine-transform spread (DCT-S) and PTS technique such that the PAPR can be
mitigated in the traditional CP-OFDM structure. The PAPR level of Jayashri’s et al.
method is superior to PR-PTS due to the influence of DCT-S, whereas the CC level
is higher than the traditional PR-PTS scheme. Lim et al. [15] putted another strategy
for diminishing the CC level of the PTS method. Lim’s method depended on two
stages of the IFFT transformation for reducing the CC level. The PAPR diminishing
performance of Lim's strategy is closely corresponding to that of the PR-PTS
technique with low CC. Wang and Cao [16] proposed an effective method for
reducing the CC level by employing the linear property of IFFT. The number of
mathematical operations of L. Wang approach is less than the PR-PTS method at the
cost of degradation in the PAPR lessening capacity. Recently, Y. Jawhar etal. in [17-
19] proposed new subblocks dividing schemes in PTS for reducing the PAPR value
and the CC level.

Based on the literature review, it can be noted that the PR-PTS method is the
preeminent distinguished SBs partitioning scheme in terms of PAPR performance
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reduction, and there is a trade-off between the numbers of CC in the PTS method and
the PAPR improvement capacity.

In this paper, a new combination approach is introduced for improving the PAPR
reduction performance better than the PR-PTS method with a low CC level by
combining the PR-PTS method and proposed method in [20]. The rest parts of the
paper are structured as follows: Section 2 analyses the OFDM and F-OFDM systems.
Section 3 explains the PTS strategy. Section 4 explains the conventional SBs
partitioning schemes. The proposed method is introduced in Section 5. The CC
analysis is explained in Section 6. Section 7 discusses the results. Finally, the study
conclusions were drawn out in Section 8.

2. CP-OFDM and F-OFDM

In the CP-OFDM, the input symbols are baseband-modulated firstly according to
one of the modulation standards, for instance, QAM or PSK. The IFFT function is
used to convert the modulated symbols Xy, {k=0, 1, 2, ..., N-1} from the frequency
domain (FD) into the time domain (TD) to produce the discrete baseband OFDM
signal x(n), which can be presented as [21],

x(n) = %zg;gxkeﬂ”kﬁ , n=012..N-1 1)

where N symbolizes the subcarriers number. Generating the discrete baseband
OFDM signal occur by superposition the K-samples of the input data symbol with
N-subcarriers in orthogonally. In the OFDM, performing the cycle prefix insertion
by adding the last part of the OFDM signal in front of the OFDM symbol to prevent
the inter-symbol-interference (I1SI) from occurring to the signal [22]. On the other
hand, the construction of the OFDM signal is performed by combining the N-
modulated subcarriers together. Therefore, there may be an increase in the power
of some samples overriding the average power of the signal when the samples
phases are similar. Hence, the PAPR value can be represented as the rate of the
maximum instantaneous power divided by the signal mean power and can be
presented as [23],

_ max|x(n)|?
PAPR = oo )
where E{.} represents the mean value. Moreover, the complementary cumulative
distribution function (CCDF) is generally utilized to evaluate the PAPR values
probability that exceeds a specific threshold value [24].

Pr(PAPR > PAPR,) = 1 — (1 — exp(—PAPR))"* @)

where PAPR, represents the threshold value, and L stands for the oversampling
factor which makes the discrete time signal the similar to the characteristic of the
continuous time signal, this is finished by embedding (L-1) N zeros in the FD
samples [3].

In F-OFDM system, the CP-OFDM signal is filtered by the transmitter filter
before transmitting, and the same type of the filter is utilized at the receiver side.
Figure 1 demonstrates the F-OFDM system diagram, where the transmitted signal
after the CP-OFDM processing is passed through the transmitter filter f(n) to
generate the transmitter F-OFDM signal. However, the receiver of F-OFDM signal
is passed initially to the filter f*(-n) receiver, which is corresponding to the
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transmitter spectrum shaping filter [25]. The receiver filter protects the received
signal from the adjacent signals. Hereafter, the receiver filter rejects any
contributions of the other signals and ensures the CP-OFDM signal is transferred
successfully to the next phase avoiding the interference from the adjacent signals
[26]. Adding the filter to the system increases the complexity and it increases the
PAPR value of the F-OFDM higher than CP-OFDM because the added filter makes
the power distribution among the samples wider than the CP-OFDM system and
this leads to reducing the signal mean power. Therefore, the F-OFDM system
suffers from increasing in the PAPR value and the CC level.

Transmitter Receiver
e T | ¢ I R DL EEEED
1 I
1 1
Spectrum |1 l ! Spectrum
cP shaping _:_’-__r shaping cP
DATA [->| IFFT _blnseriion-) filter ! . filter _,rernoving-) FFT [ DATA
fn | o fen
1 |
] 1

Fig. 1. Block diagram of F-OFDM [25].

Moreover, the filter design plays an essential role to achieve the needed
flexibility between the frequency and time localization, which is an important
feature in the 5G applications [27]. Besides, the significant features of the Sinc
impulse response filter of being able to suppress OOBE without distorting the
passband of the signal, makes it suitable spectrum shaping filter to be implemented
in F-OFDM. Moreover, to ensure of the smooth transfer for the filter impulse
response both ends in the TD and to offer a good time localization, the windows
mask is implemented [28]. The rooted raised cosine (RRC) window appeared more
appropriate for F-OFDM due to its higher flexibility compared to another window
for instance, Wu et al. [29]. Therefore, of the RRC window filter time response is
formulated as [30]

Wrre(n) = [0.5 (1 + cos ( 2nn ))]a 4)

FL-1

where FL represents the length of the filter, and o symbolizes the roll-off factor that
controls the window shape. The filter length of F-OFDM is let to exceed the cyclic
prefix length to achieve better balance in terms of localization between the time and
frequency and to accomplish more flexible filter design [31].

3. Conventional PTS (C-PTC)

PTS is considered an effective scenario to reduce the PAPR value without signal
distortion because it is probabilistic method [17]. Figure 2 illustrates the C-PTS
concept, where the data sequence is segmented to V- subblocks,

X = ZE=1X‘U ©)

where the number of SBs is represented by V. After that, the portioned SBs are
transferred to the N-IFFT blocks to modulate the baseband data with the subcarriers
orthogonally. After that, the SBs in the TD are timed by a set of phase factor vectors
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(by) component-wise, to result with a group of candidate sequences, thus the OFDM
signal takes the form,

x = IFFI{L)-1 byX,} (6)
Finally, the candidate combination having the lowest value of the will be

adopted for transmission. That is, the output OFDM signal that utilizes the PTS
technique can be expressed as [18]

OFDM signal = 3" _, b)*'x, )

where the best phase rotation sequence is represented by bspt, which is usually

limited to by € {1} or {1, %} to decrease the complex multiplications [31]. The
phase rotation factors can be obtained as

b, = {e/"™/W|y =0,1,....... W -1} (8)

where W symbolizes the permissible phase rotation factors number. In addition, the
optimum phase weighting factors can be found by using the following optimization
expression [32],

{bl’bz’.'.’b‘/}:l<W<W(0SnSNL—1|Z¥:1beV|) ©)
X x| by

PP B N —

_)'i ::D X Xy 1
mut| 2|y | PI2E] P | [oFDM Signal
—N O 5 [ BN B X 0s J+ =
data | & NE- I b

RG] RN ‘ @‘_)

Optimum phase factors

Fig. 2. Block diagram of the C-PTS in the transmitter [17].

In C-PTS, the system should perform a comprehensive search to determine the
optimum phase rotation factor, so this operation imposes a high CC level, and it
requires high processing time. Moreover, the transmitter side should send (log,WV-
1) bits per symbol as side information to regain the transmitted signal in the receiver
sideways [18].

4. The conventional partitioning schemes

As mentioned, the three well-known partitioning schemes include adjacent,
interleaving and pseudo-random scheme. The segmentation schemes work to
reduce the correlation between the input samples of the data sequence; therefore,
in each scheme, there is a PAPR reduction gain and CC level different than each
other. In PR-PTS, the active subchannels are allocated inside the SBs randomly,
whereas Ad-PTS allocates the successive subcarriers into the SBs sequentially,
while IL-PTS assigns each active subcarrier within a certain interval (V) inside the
SBs, as demonstrated in Fig. 3.
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Fig. 3. The conventional segmentation schemes [19].

In terms of the PAPR reduction evaluation, the PR-PTS algorithm is regarded
the best scheme among the conventional algorithms, and Ad-PTS is considered the
second scheme in terms of efficiency, while IL-PTS is the worse among the
partitioning schemes [11]. This can be attributed to the autocorrelation nature
between subcarriers within subblocks [33]. On the other hand, Ad-PTS and PR-
PTS have a larger number of mathematical operations compared with IL-PTS,
because they implement the entire IFFT stages when converting their samples to
the TD. However, IL-PTS requires a fewer IFFT phases to perform the
transformation of samples to the TD because of the interleaving nature. Therefore,
complex multiplication and addition operations of PR-PTS or Ad-PTS can be
formulated as [9],

CoAM = VN log, N (10)
and,
Couc = VI log, N (11)

Also, the complex multiplication and addition of IL-PTS when performing the
Cooley-Tukey IFFT approach can be calculated as [17],

N N
Cada = V[ 10ga ] (12)
and,
Covie = V= 10g, =+ N] (13)

5. The Proposed Technique

In this proposed technique, the PR-PTS scheme is combined with a new segmenting
plan defined as terminals exchange PTS (TE-PTS) scheme that published in [20] to
refine both PAPR reduction and CC level. The proposed method combines PR-PTS
and TE-PTS in parallel, so it is called the hybrid PTS (H-PTS) scheme.

5.1. The TE-PTS scheme

The TE-PTS scheme is suggested to smooth the PAPR lessening work to
outperform the IL-PTS scheme without degradation in the CC level [20]. The TE-
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PTS scheme depends on the IL-PTS technique primarily, where X(k) as data
sequence is subdivided to V subblocks like IL-PTS,

X(k) =Xv_ Xk (14)

where X represents the vi" SB of the IL-PTS matrix. After that, each new partition
is further partitioned to R subsets, denoted by {R1, R2, ..., RV}, such that R=V, and
each subset contains N/V samples from the SB samples. Afterward, the first and
last samples of each subset are exchanged with each other, and the terminals
exchange operation proceeds to the last subset of updated IL-PTS matrix. At last,
the distribution of the sample inside the SBs are reshaped in a new scheme [20].
Hence, the input data sequence based on the TE-PTS scheme is,

X(k) =Xy_1 X2F (15)

where stands for the vi" SB of the TE-PTS matrix. Figure 4 depicts an example of
TE-PTS. A number of SBs was chosen as four, while there are sixteen subchannels.
Depending on the TE-PTS approach, the total number of the subset, R, is
determined to 4, denoted by {R1, R2, R3, R4}, and each subset contains (N/V
=16/4=4) samples. It is notable that the TE-PTS scheme reshapes the distribution
of the sample inside the SBs differently compared with the IL-PTS scheme.
Accordingly, the TE-PTS scheme leads to reducing the correlation amount between
subchannels compared with the IL-PTS algorithm [20]. Therefore, the performance
reduction of PAPR will be improved.

Interleaving Matrix

mi= [ Xg O 0O 0 Xy 0O 0 0 Xy 0 0 0 X3 0 0o 0]
2= [0 X 0 0 0 Xs 0 0 0 X, 0 0 0 X5 0 0]
mi- [ o 0 X 0 0 0 X, 0 00 Xg 0 0 0 Xg 0]

M= [0 6 0 X3 0 0 0 X 0 0 0 X, 0 0 0 Xsl]

Terminals Exchange Operation

K e RN Ry N i
re-i=[[ % 0 o o |[x% o o o] [x% 0 o o][xz o o o]
te2=[[ 0 & o o [0 A5 0 o] [0 o o |[v xa 0o o]]
Te3=[[ 0 0o x o |[o 0o % 0] [0 0o x4 0][e o x5 0]]
tea=[[ 0 0 o x |[0 0 o x] [0 o o xi[o o o xs]]

TE-PTS Matrix

Subblock-1= [0 O 0 Xy O 0 0 Xy 0 0 0 Xg 0O 0 0 X3]
Subblock-2~ [0 X3 0 O 0 Xs 0O 0 0 Ay O 00 A 0 0]
Subblock-3= [0 0 X O o 0 X, 0 0 0 X o 00 X 0]
Subblock-4= [X3y 0 0O 0O Xy 0O 0 0 X, 0 0O 0 X5 0 0 0]

Fig. 4. TE-PTS scheme when N=16 and V=4 [20].

5.2. The PR-PTS scheme

As aforementioned, the finest methodology among the partitioning approaches in
terms of PAPR reduction gain is the PR-PTS scheme. This is because the random
distribution of its subcarriers within the SBs, which leads to decreasing the
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correlation between the subcarriers [33]. In contrast, the PR-PTS scheme
implements all the IFFT stages to modulate the SBs; thus, its computational load
level is higher with respect to other methods. Figure 5 shows the subcarrier
distributions inside SBs in the PR-PTS way.

Xk = [ Xo X1 X2 X3 X3 X5 Xg X7 Xy Xo Xjg X711 X2 X153 Xig Xis]

PR-PTS Scheme

Fi= [0 0 0 X 0 0 0 0 X¢ Xo 0O X; 0 0 0 0]
2= [Xp 0 0 0 0 Xs 0 X, 0 0 X 0 0 0 0 0]
MB=[0 0 X 0 0 0 X 0 0 0 0 0 0 0 Xy Xisl
4 [ O A0 1] Xy O 1] (1] (1] [}] [}] 0 Xjig X3 0 0]

Fig. 5. The PR-PTS scheme when V=4 and N=16.

5.3. The H-PTS scheme

As mentioned in the first part of this section, the H-PTS algorithm merges the PR-
PTS scheme and the TE-PTS scheme in parallel to produce a hybrid scheme which
can reduce significantly the number of mathematical operations and accomplishes
a performance reduction in the PAPR superior to the PR-PTS scheme. Therefore,
the H-PTS algorithm is suggested in order to make use of the high PAPR
diminishing capability of PR-PTS and the low CC feature of the TE-PTS scheme.

Figure 6 demonstrates the H-PTS algorithm, where the first step starts at
dividing the input data set X to two parts, X* and XB,

X = {X4 x5} (16)

where XA represents the first part of the input data symbol and contains the half
subcarriers of the input data sequence, while the second part XB consists of the rest
of the subcarriers. Therefore, the first part of the input data sequence XA is,

X4 = [XO'Xlt""X(N/Z)—l] 17)
However, the second part of the input symbol XB is written as
X2 = [X(N/Z)'X(N/2)+1r"'rXN—l] (18)

After that, the first part X* undergoes the PR-PTS scheme, whereas the XB part
undergoes the TE-PTS scheme, where the data sequence in each part is divided into
V subblocks,

X4 = Zg=1 Xf;q (19)
and,
XB=Yr 1 X7 (20)

Finally, each SB of the partitioned parts (X* and X&) is fed to N/2-1FFT block,
and the phases of each part are optimized before combining again to produce the
hybrid OFDM signal (x™),

Xy =IFFT{Xy_1 by X'} = Xy, byx ,where 0 <n < (N/2)-1 (21)
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and,
xgl)=lFFT{Z}f=1 bEXEy=%V_ bExE , where (N/2) <n < N-1 (22)
then,
H _ A, A LB,.B
Xy = {b"x",b”x"},where 0 <n < N-1 (23)
s14
XA, ¥, |8
A T
y
0= k= (W2)1 Xty x| it
PR-PTS 2 i
* Scheme , g% ;
Xy *y |8
-Nﬂ IFFT E - xH(n)
o = Combining 0=ns N1
Input datal . x | Dividing o
> Moh;lﬁ:l:‘:m i“;‘;r:" S ©andx® | cianal
. x
e | V.
‘B II.
Scheme ! H = r
xo . ]
N2 s k= N1 Xy [ v %
sIB

Fig. 6. The H-PTS scheme block diagram transmitter side.

In the H-PTS algorithm, the first part of the algorithm is utilized based on the
PR-PTS scheme, which can achieve a superiority PAPR performance reduction at
the cost of increasing in the calculations burden, whereas the other part of the
algorithm is integrated with the TE-PTS scheme which can accomplish a good
reduction in PAPR capacity with lower computational complexity. Moreover, the
phases of each part of the signal are optimized separately to produce the optimum
candidate signal before combining both parts again in the TD. Accordingly, the H-
PTS algorithm can fulfil a PAPR reduction gain superior to PR-PTS, which is
considered the most common significant scheme to boost the PAPR performance
level in PTS.

6. The Analysis of Computational Complexity

The H-PTS scheme’s computational complexity includes the mathematical
calculations of the algorithm in the FD and the TD. The former represents the
number of summations and multiplications operations in the IFFT units for both
the TE-PTS and the PR-PTS schemes, while the latter represents the number of
the multiplication’s number and addition processes to determining the optimum
phase rotation factor for every portion in the H-PTS algorithm.

6.1. The computational complexity in the frequency domain

This CC level signifies the number of addition and multiplications that have been
performed in the IFFT units when transforming the subblocks from the FD into
the TD. Therefore, this complexity includes the IFFT calculations of the TE-PTS
and PR-PTS schemes, as follows.
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6.1.1. The complexity of the TE-PTS scheme

The CC level of TE-PTS can be determined depending on the divide-and-conquer
method joint with the Cooley-Tukey IFFT algorithm [20]. In every SB of the TE-
PTS matrix, the samples are arranged in columns-wise mapping as drawn in Table
1. Hence, the number of subsets, M, defines the total number of subdivides in one
subblock of the TE-PTS fashion, while the rows equal the number of SBs, V, in TE-
PTS scheme.

Table 1. The columns-wise mapping for subblock in the TE-PTS scheme [20].

v oSam 0 1 2 M -1
0 X(0) X(V) X(2V) X((M -1)V)
1 X(1) X(V+1)  X(2V+1) . X((M-1)VHD)
2 X(2) X(V+2)  X(2V+2) o X((M-1)VHD)
V-1 X(V-1)  X(@V-1)  X(3V-1) .. X(MV -1)

The TD signal after performing the Cooley-Tukey IFFT algorithm on columns
and rows in Table 1 can be formulated as [30],

x(p, @) = 2= SUZH{W [Eh X (o, myW | Wy (24)

where M the columns total number in Table 1, V is rows total number in Table 1,
X(v,m) is the input sequence of mth subblock, 1 <p<Vand 1 <q<Misan element
in p™ row and g™ column of row-wise mapping of the x(p,q), and represents the
twiddle factor. Equation (24) represents the calculation of the IFFT unit for the
rectangular array of length V and width M. Because of the column-wise mapping
and the periodic property of the TE-PTS scheme, the active subcarriers of each
subblock are placed at only vth row of the column-wise table, as shown in Fig. 7.
Therefore, inner M-point IFFT is implemented only at vi" row, and (24) is simplified
as

1 —
x(p, @) = 7 {Wy* W [z X (v, m)Wi ]} (25)
but WP = 1,if V= 1; thus,

1 —
x(p, @) = 7 (W [ERz6 X (v, W, ]} (26)

Consequently, each subblock of TE-PTS scheme needs to calculate N-times
complex multiplications and only one M-point IFFT and N-times complex
multiplications. Therefore, the total complex additions in TE-PTS are,

Cadd' > = V[M log, M] (27)

but, M= N/V; then,

_ N N
CIEF™S = v [ 1og, 7] (28)
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Also, if the Cooley-Tukey IFFT algorithm is used, the complex multiplications
quantity in TE-PTS fashion equals half of the number of the complex additions.
Therefore, the multiplication’s load is calculated as

CIEFTS = v | (S log, M) + N| (29)
then,

_ N N
CIEF™S = V|G- log, 3) + N (30)

TE-PTS Maltrix
Fl=[0 0 0 Az O 0 0 X, 0 0 0 Xg 0 0 O X2

-0 X 0 o0 0 ¥s 0 0 0 Xy 0O 0O 0 X3 D 0|
Fi= [0 B X D 0 0 X 0 © 0 X O 0O 0 X4 0]

V4 X3 O L1} 0 X 0 o ] ¥y O i i Yys O 0 0 ]

Column-wise mapping subblock V1 Colump-wise ruapping ssbhlock V2
""--.._\_.\-_\-_.. - : T = :"“'\-_\_u_\‘- — _ . "'-\. ——
i) i (1] ] 0 ] 0 [0 i ]
1 7] ] I i X X X X
2 i ] i u 2 1] i 7] 0
3 Xo % | Xs X: ] 0 D 1 0 M
Cilumne-wise mapping subhlock V3 Column-wise mapping subhlock Vi
"'."-ﬁ.h_-h.--‘ 0 [ 2 TR '?“'h,__: [ 0| 2 T
ik ] i } i} X L) Xi Xi
1 1] ] 0 } 1 0 1] 7] i)
2 L % L Wy } i i i il
i i i i} (] n ] i)

Fig. 7. Column-wise mapping of IL-PTS when N=16 and V=4.

It is clear that the CC level of the TE-PTS scheme is similar to the IL-PTS
scheme, this is due to the subcarriers for both schemes are distributed as
interleaving manner within the SBs. Hence, the SBs require a part of the IFFT
stages for converting the subcarriers to the TD.

6.1.2. The complexity of the PR-PTS scheme

The PR-PTS scheme’s CC level is calculated based on the Cooley-Tukey IFFT
algorithm, where the active subcarriers are distributed randomly inside the SBs.
Hence, the PR-PTS scheme requires to deploy the whole IFFT phases for
transforming the SBs into the TD. Hence, the number of addition and multiplication
processes in PR-PTS are given in (10) and (11) respectively.

6.2. The computational complexity in the time domain

In the CP-OFDM system, the CC level in the TD represents the number of
operations to reach the optimum phase rotation factor in the PTS method.
Therefore, the number of complex multiplications and additions that are needed to
optimize the phases in the TE-PTS or PR-PTS scheme can be given as [34]
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IS = W X (- 1) @
and,
CTEPTS/PRPTS _ yyv=1 o v 5 (1 4 1) (32)

mult/CP-OFDM

In F-OFDM system, while measuring the CC level in TD , and when comparing
it with CP-OFDM, it can be seen that it has lower CC level in TD than the F-OFDM
due to the extra calculations resulted from the added filter in the transmitter. This
extra CC results from the multiplication of the filter length and the CP-OFDM,;
Therefore, F-OFDM system results with higher number of complex additions [35].
There is a match between the number of complex additions of F-OFDM and CP-
OFDM [36]. Therefore, the multiplication and addition operations amount of the
F-OFDM system in the TD are calculated as

C;EIS/TFS_Q;[S;TS = CﬁifTs/ PRPTS | filter complexity (33)
then,
Comorom . = W/ TEX N X (V +1) + [N x (FL - 1)] (34)

6.3. The computational complexity of the H-PTS scheme

The H-PTS algorithm CC level represents the number of the complex
multiplications and additions in the FD and the TD based on the structure of the H-
PTS algorithm. Henceforth, the total number of the computational complexity
computations of the H-PTS scheme in the transmitter side is to sum the CC level
of both combined schemes, TE-PTS and PR-PTS, which can be written as

RS M = frequency domain complexity + time domain complexity (35)
then,

) v N N N _
CETS, orom = = | (N logz 3) + Clogy )| + W' x Nx (v = 1)]  (36)
and,

_ V| N N N N N —
o orom = 2| 1ogz 2) + (2 log, 20) + 5| + [WY™' x N x (v + 1)] (37)

6.4. The side information bits of the H-PTS scheme

The overhead bits are the number of bits that are transferred to inform the receiver
about the index of the utilized phase rotation factors so as to recover the original
data at the receiver [18]. The side information bits in the H-PTS algorithm represent
the bits number of side information for the first part (SIA) and the number of side
information for the second part (SIB). Therefore, the bits of the side information of
the proposed algorithm (SIH-PTS) are formulated as,

SITPTS = S14 + 517 (38)
then,
SIMPTS = log, WY~ + log, WVt (39)
thus,
SIMPTS = 210g, WY1 (40)
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7. Results and Discussion

7.1. PAPR evaluation

In the H-PTS algorithm, the PR-PTS scheme and the TE-PTS scheme are combined
in parallel to produce a hybrid scheme that can accomplish a PAPR lessening
performance better than that of the PR-PTS algorithm and reduce the computational
complexity level significantly. In the H-PTS scheme, the CCDF will be examined
when N=64 and 128 points, while the baseband modulation 4-QAM and 16-QAM,
respectively. Moreover, the number of cyclic prefix CP=36, L=4, V=4, W=4, the
cyclic prefixes number CP=36, and the filter length FL=257. Also, the H-PTS
algorithm will apply to the CP-OFDM and F-OFDM for evaluating the BER and
PAPR performances according to the AWGN channel.

In the CP-OFDM system, the size of the OFDM symbol and the consultation
mapping have been chosen 64 and 4-QAM, which correspond to IEEE802.11a/g/n,
IEEE802.11ad, IEEE802.11ah, and the IEEE802.15 group in the wireless
communication systems. As can be seen from Fig. 8, when W=4, and V=4, the H-PTS
scheme is better than PR-PTS and the other suggested algorithms in literature, where
the PAPR value was 6.21 dB for H-PTS, 6.36 dB for Jayashri’s et al. method [14],
6.4 dB for Fulai’s et al. method [13], 6.49 dB for H. Chen and Chung’s method [12],
6.54 dB for PR-PTS, 6.74 dB for Kang’s et al. method [9] or Wang’s et al. method
[10], 7.02 dB for Wang’s et al. method [16], 7.23 dB for Hong’s et al. method [11],
and 10.5 dB for the CP-OFDM original signal.

PAPR Performance

!
CP-OFDM System ||
——¢— Original CP-OFDM{
—O—PR-PTS I
—3¢—HPTS
O Fulai [34)
D Hong [32]
Jayashri [35]
X L.Wang [37]
—X/— H.Chen [33]

O Kang [30]

CCDF (P[PAPR > PAPRO])

10°°

PAPRO [dB]

Fig. 8. CCDF for the H-PTS scheme and some of the suggested
techniques in literature in the CP-OFDM system, N = 64, 4-QAM.

Furthermore, Fig. 9 presents the BER performance of the H-PTS scheme
compared with the OFDM original signal, where both signals BER gain is identical
because of the probabilistic nature of H-PTS. In other words, the H-PTS maintains
the constellation points of the signal without change.
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Bit Error Rate vs SNR
107§ T T T T

CP-OFDM System

—— Original GP-OFDM
—¥—H-PTS

I I 1 I L
0 1 2 3 4 5 [
SMR [dB]

10°%

Fig. 9. BER for the H-PTS scheme in CP-OFDM system, N=64, 16-QAM.

Likewise, the simulation is executed with the IFFT size equals 128, and the
constellation mapping is 16-QAM, as depicted in Fig. 10. The simulated results
indicate that the PAPR value was 6.87 dB for H-PTS, 6.98 dB for Fulai’s et al.
method, 6.99 dB for Jayashri’s et al. method, 7.03 dB for Chen and Chung’s method,
7.11 dB for PR-PTS, 7.3 dB for Kang’s et al. method or Wang’s et al. method, 7.37
dB for Lim et al. method [15], 7.5 dB for Hong’s et al. method, 7.7 dB for Wang’s et
al. method, and 10.8 dB for CP-OFDM signal. Again, the H-PTS scheme keeps the
BER gain without degradation as compared to the OFDM original signal, as
displayed in Fig. 11.

PAPR Performance

T T

T T
CP-OFDM System |
—3¢— Original-CP-OFDM ||
—O—PRPTS
¢ H-PTS
—— Fulai [34]
[>- Hong [32)
—3¢— Jayashri [35]
L.Wang [37]
—%/— H.Chen [33]
[0 Kang [30]
—¥— Lim [36]

o

CCDF (Pr[PAPR > PAPRO])
=

10
8 8.5 9 9.5 10 105 1

PAPRO [dB]

Fig. 10. CCDF for the H-PTS scheme and some the suggested
methods in literature in CP-OFDM system, N=128, 16-QAM.
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Bit Error Rate vs SNR

10” T T 1

CP-OFDM System i
—3— Original CP-OFDM
—k— H-PTS

o
W 103 |
il 10 3

4] 2 4 6 8 10 12
SNR [dB]

Fig. 11. BER for the H-PTS scheme in CP-OFDM system, N = 128, 16-QAM.

In brief, the proposed algorithm, H-PTS, can enhance the reduction performance
of the PAPR better than that of the PR-PTS which is considered the best well-known
scheme to decrease the PAPR pattern in the PTS technique. Furthermore, the
proposed algorithm exceeds the other previously proposed methods in the literature
regarding PAPR reduction capacity. The reason behind that is the H-PTS algorithm
divides the input data sequence into two-part, and the data of these parts are processed
by different schemes PR-PTS and TE-PTS. Hence, the long correlation level between
the samples is broken-down better than other schemes accordingly. Moreover, the
converted SBs of each part in the TD are weighted by two sets of the phase rotation
factors, in other words, the optimum phase factors of the first part differ to that of the
second part. Therefore, the correlation peak here is lower than the correlation peak
when one set of the phase factors is used for weighting the whole data sequence.
Besides, the BER performance of the proposed technique is maintained without
degradation due to the algorithm is built based on the multiple signal representations
technique that has been adopted in the PTS technique.

In the F-OFDM system, the two schemes of H-PTS and PR-PTS have been
compared with respect to the F-OFDM and CP-OFDM system. The simulation
parameters are defined as: N=128, 16-QAM, L=4, V=4, W=4, FL=257, CP=36, and
0=0.6. Figure 12 depicts the diminishing performances of the PAPR of H-PTS, and
the PR-PTS scheme according to CP-OFDM and F-OFDM systems. The H-PTS
based on CP-OFDM is better than the same scheme based on F-OFDM by 1.72 dB,
while the difference in the PAPR value for the PR-PTS schemes by using both
systems is 1.72 dB. Moreover, the original signal based on CP-OFDM exceeds that
the F-OFDM system by 1.64 dB. This differences in PAPR performances is due to
the transmitter filter leads to decreasing the signal’s mean power, thus the PAPR
performance has been degraded accordingly. In addition, the BER performances of
H-PTS and the original signal based on F-OFDM is compared in Fig. 13. It has been
found that the BER performance of the H-PTS is almost the same as the original F-
OFDM signal. For instance, the probability of error for the H-PTS scheme-based F-
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OFDM is 2.56x10-3 at 10 dB of SNR, while the original F-OFDM BER value is
2.08x10-3 at 10 dB of SNR.

PAPR Performance
10°

W= T T T
Q * o Comparison CP-OFDM & F-OFDM
™ —>— Original CP-OFDM | |
CP-OFDM PR-PTS
x4 g CP-OFDM H-PTS
= — - - F-OFDM Original
2 —2— -F-OFDM PR-PTS
a 1o F-OFDM H-PTS
<
o \ N
A ] .
o ) N
=T ] AY
= 1 x
oo Y
— i
15 10 bt Y
3 1 \
1 A
o) A
1 \
i \
103 - ! ke ! 3
6 7 8 9 10 11 12 13
PAPRO [dB]
Fig. 12. PAPR comparison based on CP-OFDM and F-OFDM
for the original signal, H-PTS, and PR-PTS schemes, N=128, M=16.
Bit Error Rate vs SNR
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Fig. 13. BER for the H-PTS scheme in F-OFDM, N=128, M=16.

Besides, the comparison of the BER performance between the CP-OFDM and F-
OFDM systems according to the H-PTS scheme has been conducted, as shown in
Fig. 14. It is obvious that the H-PTS scheme of the F-OFDM outperforms the BER
gain of the H-PTS scheme of the CP-OFDM. For example, the BER value of H-PTS
of the F-OFDM is 4.644x10 at SNR with 9 dB, while the H-PTS BER value of the
CP-OFDM is 9.214x10% with SNR 9 dB. This is due to the transmitter filter in the F-
OFDM system suppresses the sidelobes of the CP-OFDM signal which results in the
interference reduction between the adjacent symbols.
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Bit Error Rate vs SNR
10" T T T ]
Comparison CP-OFDM & F-OFOM| |
[ —O— H-PTS CP-OFDM
—3¥— H-PTS F-OFDM

BER

. .
0 2 4 6 8 10 12
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Fig. 14. BER of the OFDM and F-OFDM H-PTS, N=128, M=16.

7.2. The PSD evaluation of the H-PTS scheme

In this section, the performance of the power spectral density (PSD) of the CP-OFDM
and F-OFDM transmitted signal has been examined. The number of subcarriers has
been set as 128, while the baseband modulation is 16-QAM. Figure 15 shows that the
OOBE of the original CP-OFDM signal starts at -31.47 dB, whereas the OOBE of
the CP-OFDM signal using the H-PTS scheme starts at -35.72 dB, thereby the
enhancement in the PSD performance for the H-PTS scheme is 4.25 dB compared
with the original CP-OFDM signal. Likewise, Fig. 16 presents the PSD shape of the
original signal of F-OFDM, and H-PTS based on F-OFDM, while the OOBE value
of these signals start at -79.24 dB; thus, the PSD performance for both signals is
almost alike. Furthermore, Fig. 17 indicates the PSD comparison of H-PTS with CP-
OFDM and the same scheme with F-OFDM. It has been found that the PSD
performance enhancement is 43.52 dB toward H-PTS with F-OFDM. This significant
feature of the F-OFDM as a result of the suppression of the OOBE leakage of the CP-
OFDM by the transmitter filter.

PSD vs Normalized frequency
-10 T T T T

20 W
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40 -

CP-OFDM System
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PSD (dBW/Hz)

-70

80

-90

-100 ! ! ! : '
05 -04 03 02 01 0 0.1 02 03 0.4 0.5

Normalized frequency MHz

Fig. 15. PSD of the H-PTS scheme and the original
signal in the CP-OFDM system, N=128, 16-QAM.
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PSD vs Normalized frequency
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Fig. 16. PSD of the H-PTS scheme and
the original signal in F-OFDM, N=128, 16-QAM.
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Fig. 17. The H-PTS performance comparison with
CP-OFDM and F-OFDM systems, N=128, 16-QAM.

7.3. The H-PTS scheme computational complexity

In this subsection, the mathematical operations of H-PTS are calculated and compared
with PR-PTS and some suggested techniques in the literature. As the CC level of the
PR-PTS, H-PTS, and the proposed algorithms in the literature are the same value in the
TD, the CC in the frequency domain (FD) will be adopted to evaluate the proposed
algorithm and the other methods. Table 2 represents the FD complex addition and
multiplication equations for PR-PTS, H-PTS, and the enhanced PTS methods in the
literature. The related parameters to the CC calculations are: the subcarriers number
N=[64, 128, 256, 512, 1024, 2048, 4096], the SBs number V=4, the concatenated factor
J=2 that related to the Kang’s et al. method [9], the conjugated SBs number SS=1 that
correlated to Wang’s et al. method [16], the length of the DFT block E=N/4 that related
to Fulai’s et al. method [13], and the difference between the IFFT stages and the
intermediate data sequence stages (n-1)=5 that related to Lim’s et al. method [15]. To
avoid complexity, the oversampling dependent factor L, and the cyclic prefixes CP
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number for all equations have been ignored because these values are the same in all
calculations. In addition, it is essential to indicate the transmitter FD complexity
equations with the PTS method.

Table 3 displays the number of operations of the complex multiplication and
addition operations for various methods shown in Table 2. The results show that the CC
of the H-PTS approach is the lowest among the techniques in Table 2, as shown in Figs.
18 and 19. For instance, when N=128 the number of the addition operations in H-PTS
has been reduced by 52.06%, 17.64%, 30%, 57.57%, 62.67%, 48.14%, and 50%
compared with PR-PTS or Chen and Chung [12], Kang et al. [9] or Wang et al. [10],
Hong et al. [11], Fulai et al. [13], Jayashri et al. [14], Lim et al. [15], and Wang et al.
[16], respectively. Besides, the number of the complex multiplications in the H-PTS
algorithm has been reduced by 35.41%, 28%, 25%, 45.45%, 48.57, 33.33%, and 40%
compared with the corresponding methods in Table 3. This improvement in CC is due
to exploitation of the H-PTS algorithm the low complexity feature of the TE-PTS
scheme and the structure of the H-PTS algorithm which combines TE-PTS and PR-
PTS in parallel. Therefore, the H-PTS method is considered an effective algorithm to
enhance the PAPR lessening performance with low CC level.

On the other hand, when V=4 and W=4, the side information bits of the H-PTS
algorithm equal 12 bits per symbol, while the other methods in Table 3 have side
information bits equal 6 bits per symbol. It is clear that the H-PTS algorithm has an
excellent performance regarding of PAPR and CC performances, but this
improvement at the expense of doubling the desired side bits for recovering the
receiver original data.

Table 2. Frequency-domain complexities of H-PTS,
PR-PTS, and the previous proposed approaches in the literature.

Method Cadd Crmult
PR-PTS
or N
Chen and Chung V(N logzN) 4 (5 log, N)
[12]
2| G 1025 + Gloga )
%4 N N N 2|\ 25 U825
H-PTS > [(N logz 5) + (7 log: ﬁ)] L e
* E]
Kang et al. [9] N N N N N
or V[(—logzj) + (N logz—)] V[(—log2]+N)+ (—logz—)]
Wang et al. [10] 4 v zv 2 v
%4
Hong et al. [11] o) [(V_/z log, V_/Z) + (N log, N)] 21\ v/2 N
+ (—logz N)]
E N 2
Fulai et al. [13] VI(E log, E) + (N log, N)] v [(E log, E) + (Elogz N)]
Jayashri et al. [?log2 N-—N+ 1] W+1) [N log N]
5 2
[14] + V(N log, N) 2
Lim et al. [15] "xn)+[2"xV(n—D] @R"Ixn)+ 2"t xV(n-D]
N
Wang[fg]d cee V(N log, N) v [? log, N] +(SS % N)
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Table 3. The frequency-domain computational complexity
of H-PTS and the other PTS methods in the literature, V = 4.
PR-PTS [9]
N [12] H-PTS or [10] [11]
Cadd Crmult Cadd Crmult Cadd Crmult Cadd Crmult
64 1536 768 736 496 832 672 1088 672
128 3584 1792 1792 1152 2176 1600 2560 1536
256 8192 4096 4224 2624 5376 3712 5888 3456
512 18432 9216 9728 5888 12800 8448 13312 7680
1024 40960 20480 22016 13056 29696 18944 29696 16896
2048 90112 45056 49152 28672 67584 41984 65536 36864
4096 196608 98304 108544 62464 151552 92160 143360 79872
N Fulai et al. [13] Jayashri et al. [14] Lim et al. [15] Wang and Cao [16]
Cadd Crmult Cadd Crmult Cadd Crmult Cadd Crmult
64 1792 896 2049 960 1664 832 1536 832
128 4224 2112 4801 2240 3456 1728 3584 1920
256 9728 4864 11009 5120 7168 3584 8192 4352
512 22016 11008 24833 11520 14848 7424 18432 9728
1024 49152 24576 55297 25600 30720 15360 40690 21504
2048 108544 54272 121857 56320 63488 31744 90112 47104
4096 237568 118784 266241 122880 131072 65536 196608 102400
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10° The complex multiplications vs Subcarriers
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Fig. 19. The Comparison of various methods in
Table 3 for various number of complex multiplications.

8. Conclusions

In conclusion, a new hybrid algorithm named H-PTS has been adopted to the CP-
OFDM and F-OFDM systems for enhancing the CC level and the PAPR reduction
capacity. The new algorithm depended on the combination of two types of the SBs
segmentation schemes PR-PTS and TE-PTS in parallel. The new algorithm has been
evaluated based on the CP-OFDM and F-OFDM systems. The simulated results
demonstrate that the PAPR reduction performance of the proposed algorithm
outperforms that of the PR-PTS method by 0.43 dB, while the CC has been reduced
by 52% at the number of subcarriers of 128. Moreover. The BER performance of the
H-PTS algorithm and the original signal is identical. Therefore, the H-PTS algorithm
can be considered the best algorithm in the PTS method for improving the PAPR
reduction capacity with low CC level.

Nomenclatures

B Number of phase factors

cc Computational complexity

FL Filter length

L Oversampling number

N Subcarrier number

\Y Number of subblock

w Number of permissible phase rotation factors
x(n) Discrete baseband OFDM signal

Greek Symbols
a Roll-off factor
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Abbreviations

BER Bit Error Rate
FBMC Filter Bank Multicarrier
IFFT Inverse Fast Fourier Transform

OOBE Out-of-Band Emission
PAPR Peak-to-Average-Power Ratio
UFMC Universal Filtered Multicarrier
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