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Investment of Cyclic Prefix to Reduce the
Peak-to-Average Power Ratio and Recover Original
Phases Blindly
Mohammed I. Al-Rayif

Abstract—When dealing with the phenomenon of unexpected
high peak-to-average power ratio (PAPR) caused by multicarrer
techniques, it is rarely to find a proposed solution that addresses
the most important challenges together, that are; reducing the
PAPR, achieving performance identical, mostly, to the theoretical
curve and a reasonable level of computational complexity. This
paper presents a new proposal that is able to achieve these three
criteria together as the following. First, reducing the PAPR curves
through easy development in the selective mapping (SLM) structure. Second, identifying the original transmitted phase block by
taking advantage of the cyclic prefix structure and its mechanism,
without any explicit side information, while maintaining the
system performance. Lastly, these achievements were obtained
at low computational complexity comparing to the traditional
methods of SLM PAPR reduction schemes. This proposed method
is referred to as; Injected and Extracted Short-SLM to and from
the Cyclic Prefix (IES-SLM-CP). The appropriate short phase
sub-block is injected to a specific locations of CP, and at the
receiver side, this sub-block can be extracted from the CP to
reconstruct the whole original phase block.
Index Terms—Cyclic Prefix, Selective mapping, Peak-toAverage Power Ratio, Non-Linear High-Power Amplifier.

I. I NTRODUCTION

W

HEN reducing an orthogonal frequency division multiplexing peak-to-average power ratio (OFDM-PAPR) to
a certain level, via a specific method, it is necessary to maintain both bit error rate (BER) performance and computational
complexity around an acceptable levels. Achieving these three
factors together (Low PAPR, low BER, and low computational
complexity), undoubtedly, is a real challenge for the developer.
To satisfy these thresholds, a huge number of researches
have been represented, such as, for instance, the distortionless
methods (i.e. selective mapping (SLM) and partial transmit
sequences (PTS) families) [1], [2], [3], companding techniques [4], encoding family schemes[5], tone reservation (TR)
methods [6], clipping and filtering schemes [7], [8], artificial
neural networks (ANN) family [9] and, recently, the chaotic
sequences family [10]. This section, however, will discuss
the recent proposals and those which were, in somehow, able
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to achieve the three factors together (Low PAPR, low BER,
and low computational complexity), especially since this study
satisfies all these factors, proportionally. Besides, this proposal
will focus on studies that use distortionless methods such
as SLM within the cyclic prefix (CP), where is applicable,
which have been relied upon in the construction of this
proposal. Accordingly, based on the survey, Valluri, S. P. et
al. [2] provided a simple side information (SI) cancellation
algorithm using pilots associated with channel estimation
in the presence of DC-biased optical orthogonal frequency
division multiplexing (DCO-OFDM) system. Moreover, AlRayif M. I. et al. [12] represented a novel PAPR reduction
technique in the transmitter DSP of a fiber mobile fronthaul
network, named as iterative selective mapping (I-SLM). The
proposed algorithm uses orthogonal phase vectors construction
to reduce the level of PAPR while recognizing the desired
original phase sequence is recovered without explicit SI. Thota
S. et al. [13] discussed a hybrid method, where the SLM was
combined with PTS, and PTS/SLM techniques were combined
with companding methods (µ-low and A-low) to analyze
its characteristics in terms of PAPR and BER. In addition
to that, probabilistic schemes participated in reducing PAPR
in the presence of UFMC (as a multi-carrier system) like
[11], [1]. The Dcomp-SLM represented by Al-Rayif M. et
al. [11] is capable to reduce PAPR while maintaining the
PSD and BER of the OFDM signal by separating real and
imaginary components of the base-band frames for PAPR
reduction process. While the proposal of Fathy, S. A. et al.
[1] provided a modified SLM (P-SLM) approach to utilize the
linearity
property of the UFMC modulator, while an alternative
√
Uw UFMC waveforms were considered to reduce PAPR.
Furthermore, Hou, J. et al. [14] introduced a multi-objective
quantum inspired evolutionary SLM scheme to resolve the
PAPR combinatorial optimization problem. Besides that Liang,
H. [15] achieved a PAPR reduction by implementing the
structure of Reed-Muller codes to set an adaptive threshold
value to evaluate the characteristics of input signals and select
the optimal produced phase sequences. On the other side, the
PTS technique is employed, by Al-Jawhar, Y. A. et al. [3], to
reduce the high PAPR value of an filtered ODFM (F-OFDM)
system. Also, SLM scheme was employed in Multicarrier
Faster-Than-Nyquist (MFTN) technique, to reduce its high
PAPR, by Cai, B. et al. [16]. Recently, SLM scheme was
applied to serve the information security as well as PAPR
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reduction such as, for example, the proposal of Haroun, M. F.
and Gulliver, t. A. [17]. They represented a PAPR reduction
while securing the transmitted OFDM signal via generating
a random chaotic sequences using Selective Mapping (SLM)
technique. This method depends on the dynamics of the
logistic map which are described by the difference equation
xn+1 = rxn (1 − xn ), where the state variable xi is a number
between zero and one. The parameter r can be given any
value of the region 3.56995 ≤ r < 4. Here, multiple phase
sequences were generated from this logistic map equation and,
then, used it to modify the original phases of the OFDM
sequence. This concept helps to improve the PAPR while
maintaining the performance of BER. Nevertheless a high
computational complexity was introduced due to implementing
FFT and quantization operations on the chaotic sequence,
besides to the complexity which has been obtained during
the SLM scheme and IFFT operations. Moreover, Simsir, S.
and Taspinar, N. [18] provided the directed cuckoo search
selective mapping (DCS-SLM) algorithm to minimize the
PAPR in the presence of OFDM-UFMC scheme. This method
introduced an algorithm that modifies the maximum OFDM
peaks by flipping the generated random phases; hence, the
extra PAPR reduction can be achieved, but at the expense of
the orthogonality of the OFDM system. Also, this proposal
required high computational complexity at many stages of the
processing. For instance, the IFFT process is implemented for
each candidate phase sequence c, for 1 ≤ c ≤ C, and the
square absolute value is accounted for each OFDM subcarrier
n, for 1 ≤ n ≤ N , to identify the maximum peak. This is
besides the rest of operations for the provided algorithm steps,
UFMC, and FFT and recovery processes, which act as an extra
computational complexity.
Despite the previous discussed proposals, various mechanisms of PAPR reduction have been shown for different
types of multicarrier technology (OFDM, F-OFDM, UFMC,
... etc) over a wireless and optical networks, yet none of
them offer PAPR reduction by utilizing the cyclic prefix part
as in this study. To the best of our knowledge, there is no
proposal that provided the same method as presented in this
study except for the research represented by [19], where the
cyclic prefix (CP) is used in optical system for the purpose
of data encryption mechanism. Briefly, they demonstrated that
the current OFDM frame s [n] is used to produce encryption
keys to encrypt and decrypt the next generation OFDM
frame s [n + 1]. In the proposed method, however, a very
short random phase sequence, among U phase sequences.
The one which introduces the lowest PAPR is considered
for transmission and its short copy is modified by a certain
decision metric, then inserted at a specific location inside the
cyclic prefix (CP). At the recovery stage, a short equalizer
is implemented to rebuild the short phase sequence blindly to
recover the OFDM frame to its original phase sequence. In our
proposal, satisfying performances of both BER and PAPR are
obtained while the computational complexity is remarkable,
as will be demonstrated in the following sections.
The reminder of the paper is organized as follows. The
proposed system model is provided in the Section II, followed
by the simulation results and discussions in Section III. Finally,

in Section IV, some concluding remarks are provided.
Notation: sub-vectors/vectors, sub-blocks/blocks, subframes/frames and matrices are boldface small and capital
letters; the transpose, complex conjugate and inverse of
matrix A are denoted by AT , A∗ , A−1 , respectively; k,n, u,
and v indicate the indices of a sequence in frequency domain,
time domain, the candidate phase vector, and the desired
phase vector, respectively; | · | and E{·} denotes the norm
value(amplitude) and statistical expectation, respectively.
II. P ROPOSED S YSTEM M ODEL
In the proposed method, for simplicity, the SLM non
distortion (probabilistic) technique is simulated with a specific
modification in its construction to fit in the proposed concept,
however any other distortionless scheme can be used instead
as long as the conditions of the proposal are considered.
A. OFDM System with SLM Scheme
Assume a typical SISO-OFDM system with N subcarriers, as shown in Fig.1. The OFDM system takes a set of
 a = a0 , a1 , ..., a(N −1) , where ai =
input data bits stream
a1 , a2 , ..., a(log2 M ) is a bit sub-stream, which are modeled
using M −QAM to map onto the complex channel base-band
T
symbol Xk = [X0 , X1 , ..., XN −1 ] , where 0 6 k 6 N − 1
T
and [·] is the transpose operation. Such modulated symbols N
are packed together to form N × 1 parallel complex symbols.
Simultaneously, each complex symbol Xk is multiplied with
the corresponding element of the random candidate phase
element puk ∀u ∈ {0, 1, ..., U − 1}, where U is the overall
generated phase blocks and puk ∈ {−1, 1}, as will be represented in the next subsection. An inverse fast Fourier transform
(IFFT) is applied for each modified U frames, in addition to
the IFFT of the original complex data symbols Xk . Where the
IFFT function can be expressed as follows:
xn =

N −1
kn
1 X
Xk ei2π N ,
N

(1)

k=0

where n ∈ {0, 1, ..., N − 1}. Hereafter, the peak-to-averagepower ratio (PAPR) is accounted for each OFDM outcome
signal as follows:
i
h
2
max |xn |
i .
(2)
P AP R = n h
2
E |xn |
The characteristic of the proposed PAPR reduction is evaluated
by determining the CCDF of the lowest P AP Ru0 obtained for
an OFDM frame of (2) for U + 1 OFDM block copies, where
CCDFP AP R = Pr {P AP R > P AP Rthreshold } and it will
be discussed deeply in subsection (III-A), taking into account
that the extra one indicates the original OFDM symbol.
Consequentially, the u-th OFDM symbol with the minimum
PAPR, xυ , is considered for transmission, that is


υ
u
u
x = x arg min [P AP R ] .
(3)
0≤u≤U

Noting that the over sampling factor is applied, in this proposed method, with value of 4, to make the CCDF-PAPR
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derived performance valid. From this point onward, and for
simplicity, this factor will not be indicated in the following
equations.
B. Proposed SLM Design and Recovery Blindly
In this section we will demonstrate the proposed method of
generating, storing and recovering the desired phase vector
Pv , where v ∈ [0, 1, ..., U − 1], without the need to explicit its side information nor the matrix of the candidate
phase vectors P. Consequently, a phase sub-vector Pu,D is
generated
with length
D << Nc where Pu,d =
 u,0 u,1 randomly

u,2
u,D−1
p , p , p , ..., p
, ∀u ∈ {0, 1, 2, ..., U − 1} and Nc
is the length of cyclic prefix sequence. Each generated phase
sub-vector is repeated N
D + N mod D to match the length N
of the data block (Noting that the values of D is selected in
this proposal such that the reminder N mod D = 0). Hence,
at the end, the designed uth phase vector can be expressed as;


Pu,D
}|
{
z


Pu =  pu,0 , pu,1 , ..., pu,D−1 , ..., pu,0 , pu,1 , ..., pu,D−1  .
|{z} |{z}
| {z }
0

1

N −1

(4)
Same processes are applied to generate the library of U phase
vectors to be used prior to the IFFT operation by multiplying
each element in uth candidate phase block Pu with the corresponding data symbol X as described in the last subsection.
After the IFFT operation, for all U +1 copies of xu , the PAPRu
is calculated, including the original PAPR for which no phases
modifications were applied to the original data sequence, i.e.
U + 1 different values of the PAPR are countable. Last but
not least, the OFDM symbol xυ which introduces the lowest
PAPR will be transmitted. For the process of recovering the
original phase sequence blindly at the receiver, the cyclic
prefix (CP) period has been invested by injecting the desired
phase sub-vector Pv,D inside it at a specific short location.
A certain threshold α = β + jγ is replaced, instead, at
only the correspondence positive ones of the sub-vector Pv,D ,
while the negative ones are unchangeable (in this proposal
β = γ = E {|x [n] |}). The purpose of this modification is to
rebuild the elements of the transmitted phase sub-vector Pυ,D
at the receiver, and to identify, in turn, the whole elements
of the vector Pυ without the need to store the candidate
phase matrix. As a result, a comparable level of computational
complexity is achieved. To expound the concept of investing
CP for the benefit of the proposal, let us review the mechanism
of CP operation. As is well known that the CP is added to the
beginning of the time domain OFDM block to protect it from
the effects of inter-symbol-interference (ISI) and inter-carrierinterference (ICI) resulted from the multipath fading channel
[21]. Depending on the definition of the distribution of the
Rayleigh fading channel, the assumption of large number of
randomly phased components, and the central limit theorem,
the generated channel can be modeled as a complex Gaussian
realization. Hence, the magnitude of the generated channel
(envelope) performs as the same as the distribution of Rayleigh
probability density function (pdf), considering that the channel
mean value equals to zero [22], [23]. On this basis, it can be
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observed that the most impact of the channel is concentrated
around the variance of channel distribution. In other words, the
deep channel fading effect will, mostly, appear in the front
of the cyclic prefix, while the superficial channel effect is
extended to the tail of the cyclic prefix. Therefore, the effect
of multipath fading channel can be resolved at the stage of
getting rid of the CP at the receiver side. From this standpoint,
the transmitted phase sub-block Pυ,D is injected in CP period
within this duration which can be reconstructed at the stage
of removing channel effect, as depicted in Fig.2, assuming
the length of CP is Nc = N4 where Nc  L and L is
the maximum number of fading channel paths, where the
channel in the proposed method has been considered to be
known perfectly at the receiver. It should be noticed that the
location and length of injected phase sub-block will impact
on the system performance. For instance, in the case when
considering the CP tail for injecting the phase sub-block, it
means that the impact of the channel fading will reach the
injected phase sub-block, leading to side information distortion
and high data bit error rate, which indicates that the condition
Nc  L has become useless. Analytically, let the equivalent
discrete-time complex received signal at index n is expressed
as
r[n] = h[n] ∗ x[n] + z[n] =

L−1
X

h[n] · x[n − l] + z[n], (5)

l=0

where, n ∈ {−Nc , −Nc + 1, ..., 0, 1, ..., N − 1}, (∗) denotes
the convolution operation, and z[n] is the additive white
Gaussian noise (AWGN) with zero mean value and variance
σn2 , at index n. Equivalently, in the matrix form, (5) can be
formulated as r = h ∗ x + z, where;






r1
x1
z1

 x2 



r2
z2






r,
 , x ,  ..  , z , 
,
..
..






.
.
.
r(N +Nc −L+1)
xN +Nc
z(N +Nc +L−1)
(6)
While the channel vector h is


h0
 h1 


h ,  . .
(7)
 .. 
h(L−1)
The zero forcing linear equalizer is implemented to detect the
desired phase sub-block Pυ,D . Hence, the (N + Nc + L − 1) ×
(N + Nc ) down-shift columns of the transpose channel matrix
can be expressed as


h0 h1 ... hL−1
0
...
0
 0 h0 ... hL−2 hL−1
...
0 


h0 ,  .
 , (8)
.
..
 ..

0 ···
h0
...
hL−2 hL−1
 0 T
Assuming H = h , accordingly, the ZF equalizer is

−1
H
gZF = H HH H , where (·) represents the complex
conjugate transpose [24]. Note that the range of interest, in
this process, is where the PD -th phase sub-block is located
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• Generate U random phase sub-vectors with length D.
• Repeat the D sub-vector up to N/D for each vector u to
obtain a matrix of phase vectors:
P=[P0, P1, …, PU-1] .

p0,0
Tx

•

S/P
data bit stream
[a]

.

.

.

.

.

.

p0,U-1
ℳQAM /ℳPSK
Modulation

.

x[0]

∑

• x[ʋ] = x[u] for which the
PAPRu is minimum.

.

xN-1,0

• Elements of +1s of the
considered Pʋ,D subblock are
extended to α.

•
.

.

S/P

.

IFFT

XN-1,0

[X]
.

.

•

.

.

pN-1,U-1

∑

.

IFFT

.

x[U ̶ 1]

x[n]

NLPA
[IBO, ρ]

Pʋ,D

subblock is injected
inside the CP within D th
indices.

.

X[N ̶ 1]

•

xN-1,U-1

XN -1,U-1

The U-th generated data
symbol frame

(a) Transmitter.

received data bit
stream a՛

ℳQAM /ℳPSK
De-modulation

X’ [k]

Rx

Inverse FFT
(IFFT) and
phase recovery
(10)

Pʋ

r[n]

Recovery
process
(Algorithm-1)

r’[n]

Zero-Forcing
Equalizer
(ZF) of H (9)

(b) Receiver.
Fig. 1. Block diagram of the proposal at: (a) Transmitter and (b) Receiver.

inside the CP. Therefore, the length of this equalizer can be
shorter. In other words, instead of operating the ZF equalizer
for all N + Nc indices, it is sufficient to implement the
process only for the indices [−Nc , −Nc + 1, · · · , −1] leading
to a lower computational complexity, taking into account that
a trade off between the computational complexity and the
system performance is substantial. Based on that, the resultant
converted subsequence can be expressed as

its original phases after operations of fast Fourier transform
(FFT), channel effect removal and demodulation as follows

rD = gZF · r.

In the proposed method the following assumptions have
been considered for simulation purposes:
1) All N subcarriers of all OFDM samples are active.
2) The matrix of multi-path fading channel h is perfectly
known at the receiver.
3) The threshold value α is equivalent to the mean value
of the transmitted OFDM frame at both the transmitter and
receiver, and it is adjusted as a complex component, i.e. αt =
E {|x [n] |} + jE {|x [n] |} and αr = E {|r [n] |} + jE {|r [n] |},
where αt and αr indicate the transmission and reception
threshold value, respectively.
4) The index D has been reserved to inject the sub-vector Pv
inside the cyclic prefix block Nc , where D  Nc .
5) The index of D is known perfectly at the transmitter and
receiver.
6) Effects of ISI and ICI are completely overcome, where ISI
is due to the OFDM post-transient phase leading to an OFDM
symbols overlap and ICI is due to the pre-transient phase of

(9)

To define the desired phase sub-block Pυ,D , the resultant
vector rD is compared to the threshold |α|, where α =
E {|r[n]|} + jE {|r[n]|} as represented in Algorithm 1.
Algorithm 1 Proposed Algorithm
1:
2:
3:
4:
5:
6:
7:
8:

Input: index D for 0  D  Nc − 1, r0 = |rD |, |α|.
for i = n + 1 : n + D do
if |r0 (i)| ≥ |α| then, pυ (i) = 1,
if |r0 (i)| < |α| then, pυ (i) = −1
end if
end if
end for

Pυ,D = repmat Pυ , 1, N
D

Last but not least, the received signal is converted to

X 0 [k] =

F F T [r[n] | 0 ≤ n ≤ N − 1]
,
Pυ,D [k]

for 0 ≤ k ≤ N −1.
(10)

III. N UMERICAL R ESULTS AND D ISCUSSIONS
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Fig. 2. Block diagram of the cyclic prefix and an example that explains the concept of the proposal at N = 128 subcarriers, Pυ,D = 8 samples and a
threshold α = 2.5 + j2.5.

OFDM symbols.
7) The Solid-State Power Amplifier (SSPA) of C. Rapp [25]
was implemented in this proposal with the following output
amplitude and phase models:
υ|x(n)|
G [x(n)] = 
1 ,

2ρ  2ρ
υ|x(n)|
1+
A0

and Φ [x] ≈ 0, (11)

where,
υ = 1 is the small gain, A0 = υAs and As =
p
IBO · E {|x [n] |2 } is the saturation amplitude with different
linear values of Input-Back-Off (IBO), and ρ = 3 is the knee
factor.
8) Inputs factors are identified in Table-I.
A. CCDF-PAPR Performance
Generally, the CCDF of the PAPR reduction is used to
evaluate the characteristic of a represented scheme in comparison to either the non-PAPR, the theoretical, or another PAPR
reduction technique curves. Theoretically, the complementary
commutative-distribution function (CCDF) of the P AP Rυ is
defined as the probability that the lowest P AP Rυ exceeds a
given threshold P AP R0 . When jointly applying U trails for

TABLE I
I NPUT FACTORS OF THE PROPOSED IES-SLM-CP
Input factor
No. of subcarrier/frame
size of constellation
No. of candidate phase subblock
length (index) of candidate
sub-block
input-back-off (dB)
length of cyclic prefix
number of paths of
Rayleigh channel
Threshold value at [+1]s

MODEL .

Abbreviation
N
M -QAM
U

Value
64, 128, 256
4, 16, 64, 128
4

D

4, 8, 16

IBO
Nc
L

3, 5, 7

α

α = β + jγ

N
4
N
8

the OFDM symbols, and from (2), the following expression
can be approximated:

N U +1
P r {P AP Rυ > P AP R0 } = 1 − 1 − e−P AP R0
,
(12)
where  is a practical approximation [26]. From this point,
Fig.3 illustrates characteristics of the proposed IES-SLM-CP
with respect to the non-PAPR reduction and theoretical CCDFPAPR performances. The figure shows an improvement in
the CCDF-PAPR reduction of the proposal as long as the
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Fig. 3. CCDF-PAPR performance for OFDM frames at different number of
random phase elements/sub-block PD where U = 4 candidate phase vectors,
with N = 128 subcarriers/frame, IBO= 5dB, and 16QAM modulation.

length of the sub-vector D increases. The reason behind this
improvement is the reduction of similarity between the generated sub-vectors Pu,D . Consequently, the correlation between
each designed phase block Pu and another becomes less,
with increasing the duration D, so that the desired PAPR
reduction level is achieved. However, a trade off between this
development and the system performance (BER/SIER) must be
taken into account, as will be discussed in the next subsection.

subcarriers/frame, IBO= 7dB, D = 4 elements/sub-block, and
U = 4 candidate phase block. As can be noticed from the
figure that the performance is identical to theoretical for each
M QAM constellation. On the other side, based on the SIER,
Fig.5 shows characteristics of SIER with respect to SNR,
where the SIE is accounted for the entire side information subblock Pu,D at any occurred error of an element. Accordingly,
the best character is illustrated at the high M QAM, that is
128QAM. In short, the higher the average energy of M QAM
constellation points, the higher α value inside the SI, which
leads to a comparable differences between SI elements and this
helps to elicit and reconstruct elements of SI Pυ,D (taking
into account that the +1s elements inside the SI sub-block
were extended to α, while the −1s elements were unchanged).
In addition to that, Fig.6 represents the SIER of 4QAM,
16QAM, 64QAM, and 128QAM with respect to the length
of equalizer with low and high SNR values, that is SNR= 5
and 35 dB, at N = 64 subcarrier/frame, IBO= 3dB, D = 4
elements/sub-block. Here, it is remarkable that the high SNR
improves the SI performance, which will reflect in the BER
performance as well. This fact is true for all M QAM formats
except 4QAM which shows bad SIER performance even when
increase SNR to the highest level. This is because of the
approximate equivalence between the mean energy of 4QAM
and the α value inside the SI, which causes difficulty in
extracting the latter and errors in its reconstructed elements.

B. Bit and Side-Information Error Rate (BER/SIER) Performances
In this section, we study the attitude of the proposed method
from the perspective of the BER and SIER in comparison to
the theoretical performance of the transmitted M QAM OFDM
signal. In the best of circumstances, since the main source
affecting the performance of any wireless communication
system is the fading originating from the multipath channel,
this theoretical performance will be considered as a reference
for the proposed system performance measure. Knowing that
there are other sources that affect the performance of the
communication system (in relation to our research field), for
example, but not limited to, the effect of a non-linear power
amplifier, which is controlled by the input-back-off (IBO)
of the PA. In addition, depending on the concept of the
proposed IES-SLM-CP, there will be an impact on the system
performance (BER) arising from the process of restoring and
constructing the desired side information, at the receiver side.
Particularly, the recovery error, which is also referred to as
side information error rate (SIER), is produced by the length,
location, and value of the injected phase subblock Pv,D when
exposed to the direct influence of a channel fading, which
in turn is reflected in the overall system performance (BER).
Notice that such a phase sub block is highly sensitive of
channel effect because it has been injected during the CP,
which was initially designed to absorb the effect of multi-path
fading channel. Based on that, results of Fig.4 illustrate the
BER performances for different sizes of QAM constellation,
that is 16QAM, 64QAM, and 128QAM, where N = 256

Fig. 4. Comparisons of BER performance of different sizes of M QAM
constellation with N = 256 subcarrier/frame, D = 4 elements/sub-block,
U = 4 candidate phase block, and IBO= 7dB.

Moreover, from Fig.7, it is observed that performance of
both 16QAM and 64QAM is improved when increasing the
level of linearity of the power amplifier, that is at 7dB inputback-off, where N = 256 subcarrier/frame, D = 4 candidate
elements/sub-block, and U = 4 overall candidate phase blocks.
In other words, the performance becomes worse at low IBO
(i.e. IBO= 5dB) due to the nature of the non-linear PA where a
higher number of OFDM peaks are clipped, and thus a higher
BER is introduced.
Last but not least, when increasing the length of the candidate phase sub-block D, it means that the side information is
located, in somehow, corresponding to the maximum channel
effect. In this case, rising energy of transmitted signal (i.e.
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Fig. 5. Comparisons of SIER performance of different sizes of M QAM
constellation with N = 256 subcarrier/frame, D = 4 elements/subblock,
U = 4 candidate phase block, and IBO= 3dB.

Fig. 6. Comparisons of SIER at different size of constellation mapping
M QAM and SNR(dB) for N = 64 subcarrier/frame, D = 4 elements/subblock, U = 4 candidate phase sequence, IBO = 3dB.

SNR) or the value of α will not keep the transmitted phase subvector Pv,D safe against channel effect. Especially since this
generated phase sub-vector is located inside the cyclic prefix
period, which was essentially designed to absorb the channel
effects, as depicted in Fig.8 which represents the impact of
different length of sub-block D, on both (a) BER and (b)
SIER performances, at 16QAM, N = 64 subcarrier/block,
IBO= 5dB, and U = 4 phase blocks. Noting that the given
factor ∆ was multiplied by the measured α such that the new
value of α is equivalent to ∆α for study purposes, while the ∆
is given any integer number. Consequently, these figures show
that the increase in the value of ∆ (i.e. at ∆ = 3) degrades
further system performance BER, despite the improvement
obtained in the SIER. This means that the increase in the
length of sub-block Pv,D reached the maximum channel fading
region. As a result, a distorted side information and, in turn,
BER is obtained. This concept is confirmed by the obtained
development in the BER performance when rising the length
of the OFDM block N to 128 subcarrier/frame, such that the
length of CP has been increased as well, leading to protecting
the side information stored inside CP from the effect of the
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Fig. 7. BER of a 256 subcarriers OFDM symbol for 16QAM and 64QAM at
different level of IBO, U = 4 candidate phase sequences and D = 4 phase
subsequence.

multipath fading channel. Therefore, as mentioned previously,
a trade off between the PAPR reduction level and BER
performance is necessary to consider the appropriate length of
D. To discuss this phenomenon, a short analytical discussion
of ISI/ICI at a specific element of phase subsequence pυ,D = α
is provided as follows. Hence, a modified formula of (5) can
be represented, after
removing effect of AWGN noise, as:
PL−1
r[n] = h0 xn + l=1 hl xn−l where the component h0 xn
indicates the line of sight signal (LOS) which is considered
as a desired signal Sn . While the rest component represents
the inter-symbol-interference In . Because our interest is at the
side information elements inside the CP duration, specifically
at the considered phase element pυ,D = α which is located at
index nd , where nd ∈ {D|Nc  D  0}, hence the signalto-interference power ratio (SIPR) can be expressed as;


E |Snd |2
|α|2 |h0 |2


SIP R =
=
,
P
L−1
E [|Ind |2 ]
2 (|x
2
2
|h
|
l
n6=nd | ; |α| )
l=1
(13)

where |xn6=nd |2 ; |α|2 indicates both the average energy per
symbol of M QAM constellation and the magnitude of injected
(α) at a specific subcarriers surround nd due to the convolution
operation. Based on that, it is possible to improve the side
information error caused by the multipath fading channel, and
hence the BER performance, by mainly increasing the length
of CP Nc , at a certain D, to take this side information away
from the maximum impact of the channel. On the other hand,
rising the value of α will not improve the SIPR ratio because
the modified α value in the numerator will be equivalent to that
in the denominator of (13), so this update is almost intangible.
This fact is promoted by the results illustrated in Fig.8, which
was previously explained. Accordingly, BER performance at
N = 128 is improved dramatically because the SIPR ratio is
increased, even though ∆ is effectiveness, that is ∆ = 1.
C. Computational Complexity and Increase Energy
It is worth mentioning that the previous results have been
obtained when operating the equalizer in (9) for the entire dimensions of the matrix, i.e.(N + L) × (N · Nc ), which means
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TABLE II
C OMPARISONS OF C OMPUTATIONAL C OMPLEXITY.
Proposals
Proposed
IES-SLM-CP
IQ-SLM1

I-SLM2
Conv-PTS3

(a) BER.

1
2
3

Multiplications
Complexity
D
+ Nc + 
(U +1)N
N
log2 N +
  2
N
log2 N .
2
U l + N (12

 + 3U )
(U +1)N
log2 N +
2
 
N
log
N
.
2
2
N
M log2 N +
2
N 2 (M + 3).
(V + 1) N
log2 N +
2
(Q + 2) N

Summation
Complexity
(N c − 1)+
(U + 1) N log2 N +
N log2 N .
8N (U + 1)+
(U + 1)N log2 N +
N log2 N .
M N log2 N +
2 (N − 1) M .
(V + 1) N log2 N +
U (V − 1) N + 2QN .

l is referred to the number of candidate sub-vector in [11].
M is referred to the number of iterations in [12].
Q is referred to the size of QAM constellation in [20].

both transmitter and receiver. In this section, we will consider
the schemes of SLM/PTS on which the generated phase
vectors Pu are approximately the same. Therefore, same input
parameters have been considered for all represented methods
in order to obtain a fair and realistic comparison, that are
the OFDM N subcarrier/frame, U candidate phase vector, D
phase sub-vector (for this proposal), l = N
U phase sub-vectors
for IQ-SLM, M number of iterations of I-SLM, and Q size
of constellation of conventional PTS. Accordingly, Table II
represents computational complexity comparisons between the
proposed IES-SLM-CP scheme and the IQ-SLM [11], I-SLM
[12] and Conv-PTS [20] proposals.

(b) SIER.
Fig. 8. Comparisons of: (a) BER and (b) SIER, at different length of OFDM
block N and extension factor ∆ when increasing length of phase sub-block
to D = 8 for 16QAM, U = 4 candidate phase block, and IBO= 5.

a full computational complexity of the recovery. However,
when limiting the operation of equalizer only to dimensions
µ1 × µ2 , the recovery computational complexity is reduced
dramatically, where µi can take any integer value such that
µ1 < (N + L) and µ2 < (N · Nc ) (say µ1 = µ2 = Nc or
less), whereas the system performance is negatively affected
by this modification. This negative result can be remedied by
raising the value of α to (∆α) with ∆ > 1, as illustrated
in Fig.9. Knowing that the factor µi was assumed, to reduce
the equalizer matrix dimension, for testing and simulation
purposes only. It must be taken into account that the reduction
in the dimensions of equalizer must be limited to a certain level
for the possibility of recovering all side information elements.
Also, the extension value of α should be considered carefully
to avoid effect of saturation level of the PA. Despite that,
the source of the computational complexity is mainly from
discrete Fourier transform and its inverse operations (IDFT
at the transmitter and DFT at the receiver), however, it is
important to consider the computational complexity caused by
the implemented extra operations of the modified system, at

Fig. 9. BER of a subcarriers OFDM symbol with length N = 128 for
16−QAM at different values of ∆ (i.e. different short lengths of equalizer),
D = 4 elements/sub-block, U = 4 candidate phase block and IBO= 5dB.

Bearing in mind that the extended elements inside D
proposed factor are located at the positive elements only (i.e.
at +1s). However, to study the computational complexity,
the worst case is considered which means that all elements
inside parameter D have been supposed to be extended (i.e.
multiplied by factor α). In addition to that, the recovery
length can be operated below Nc , while it considered here
to be equal to Nc to study the computational complexity
characteristic. Consequently, Fig.10 demonstrates the compu-
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proposal represents an acceptable performances of both PAPR
and BER at low computational complexity comparing to other
samples distortionless techniques which were discussed in this
paper. As a future work, we look forward to considering other
aspects of efficiency and performance standards such as the
block error rate (BLER) and CP length efficiency in the event
that the proposed system is an encrypted system.
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