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Abstract: Orthogonal frequency-division multiplexing (OFDM) is an attractive multicarrier technique
for the simplicity of equalization and high data throughput. However, the transmitted OFDM signal
has a very high peak-to-average power ratio (PAPR), which severely degrades the performance of
practical OFDM systems and reduces the efficiency of high-power amplifiers (HPA). The selected
mapping (SLM) scheme is an effective PAPR reduction method of OFDM signals. However, this
approach usually requires side information (SI) transmission, which increases the difficulty of the
hardware implementation with high complexity and reduces the data transmission rate. In this
paper, based on designing phase rotation vectors in the time domain, a novel blind SLM method with
low complexity is proposed to reduce the PAPR of OFDM signals. At the transmitter, the proposed
method properly designs the phase rotation vectors in the time domain, which can be considered as
an equivalent wireless channel without SI transmission. At the receiver, the effect of phase rotation
vectors can be removed by the conventional channel estimation method, and the data demodulation
processing can be easily performed by the frequency domain equalization. Simulation results show
that the proposed scheme can achieve low complexity in PAPR reduction and has great robustness in
bit error rate (BER) performance compared to the other low-complexity SLM PAPR schemes.

Keywords: orthogonal frequency division multiplexing (OFDM); selected mapping (SLM);
peak-to-average power ratio (PAPR); side information (SI)

1. Introduction

Orthogonal frequency-division multiplexing (OFDM) is an effective technique for multicarrier
systems due to its advantages of simplicity of equalization, high-rate data transmission and robustness
against multipath fading. Currently, OFDM has been widely adopted by many modern wireless
communication systems such as digital video broadcasting (DVB), digital audio broadcasting (DAB),
wireless local area networks (WLAN) IEEE 802.11a, the WiMax standard IEEE 802.16 and long-term
evolution (LTE). However, a high peak-to-average power ratio (PAPR) is one of the major problems
associated with OFDM multicarrier systems, which may cause a severe degradation of bit error rate
(BER) when it passes through a high-power amplifier (HPA) resulting in nonlinear distortion of the
OFDM signal [1].

To deal with the high PAPR problem of the transmitted OFDM signals, many PAPR reduction
techniques have been proposed [2–5]. These techniques include clipping, coding, nonlinear
companding transforms, constellation extension, partial transmit sequences (PTS) and selected
mapping (SLM). Among these techniques, SLM is an effective PAPR reduction technique with
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high performance. However, the conventional SLM PAPR reduction scheme usually requires very
high computational complexity. To reduce the computational complexity of the conventional SLM
PAPR reduction scheme, many modified SLM PAPR reduction schemes have been proposed [6–10],
most of which reduce the computational complexity of the conventional SLM PAPR reduction by
decreasing the number of inverse fast Fourier transforms (IFFTs) involved in generating candidate
signals. For instance, in [6], a modified SLM scheme was proposed to reduce the computational
complexity of the conventional SLM PAPR reduction scheme, where the IFFT computations were
reduced by generating a large number of the candidate signals from some of the remainder generated
by IFFTs. In [7], Wang and Ouyang proposed the conversion matrices method to simplify the IFFT
computations involved in the conventional SLM PAPR reduction scheme. Due to there only being two
conversion matrices, the computational complexity of the conversion matrices method is only about
half that of the conventional SLM PAPR reduction scheme. To further reduce the complexity, a large
number of the conversion matrices were used to replace other IFFTs in [8]. With these conversion
matrices, candidate signals were generated by only one or two IFFT outputs. The complexity in [8] is
very low, but the BER performance is degraded due to the non-constant magnitudes of the frequency
elements of the phase rotation vectors corresponding to the conversion matrices. In order to guarantee
the BER performance of OFDM systems, new conversion matrices are designed in [9] based on the
constant magnitudes of the frequency elements of the phase rotation vectors, but the proposed phase
rotation vectors have a great correlation due to the periodic property, which leads to the performance
loss of PAPR reduction. In [10], the candidate signals were generated by the linear combinations of
the cyclically shifted interleaved partitions of the original OFDM signal. This method can achieve
satisfactory PAPR reduction performance with greatly reduced computational complexity at the
transmitter, but the receiver needs to detect and decode the transmitted side information (SI) with
high computational complexity. However, all of the above SLM PAPR reduction schemes need the
transmission of SI at the transmitter and perform the detection and decoding of SI at the receiver for
correct data demodulation. In practice, the transmission of SI must be protected at the transmitter
by using the channel coding method due to the frequency selective fading channel, and it is very
important to correctly detect and decode the SI at the receiver since an erroneous detection of the SI
will corrupt the entire received OFDM signal. This will further reduce the system throughput and
increase the computational complexity at both the transmitter and receiver. In addition, there are some
blind SLM PAPR reduction schemes [11–14] which do not need the transmission of SI. Unfortunately,
they have huge complexity at both the transmitter and receiver and are not applicable in practical
OFDM systems.

In this paper, we present a low-complexity blind SLM PAPR reduction scheme for OFDM signals.
The proposed method is mainly focused on reducing the computational complexity of the SLM
PAPR reduction scheme while avoiding the transmission of SI. Based on deriving the general time
domain form of the conventional SLM PAPR reduction method, the proposed method properly designs
the phase conversion vectors in the time domain at the transmitter as well as using the equivalent
channel to perform the frequency domain equalization (FDE) at the receiver without SI transmission.
As compared to the conversion vector-based SLM PAPR reduction method in [10], the proposed
scheme has low computational complexity in PAPR reduction without the transmission of SI and
obtains great robustness of BER performance.

The rest of this paper is organized as follows. The OFDM system model is introduced in Section 2.
The new blind SLM PAPR reduction method is presented based on the proposed phase conversion
vectors in the time domain and the computational complexity is analyzed in Section 3. The simulation
results to illustrate the performance of the proposed scheme are presented in Section 4. Finally,
the conclusions are drawn in Section 5.
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2. System Models

Let X = [X(0), X(1), · · · , X(N − 1)]T denote an input OFDM symbol block where X(k) for
0 ≤ k ≤ N − 1 is the complex data transmitted at the kth subcarrier and N is the total number of
subcarriers of OFDM systems. In the OFDM block, there are Np equally spaced pilot subcarriers for
the purpose of channel estimation. By performing the N-point IFFT operation of X, the time domain
signal vector x = [x(0), x(1), · · · , x(N − 1)]T is obtained, which can be represented as

x = FX (1)

where F is the N ×N IFFT matrix whose element is ej2πnk/N/
√

N for 0 ≤ n ≤ N− 1 and 0 ≤ k ≤ N− 1.
The nth element of x can be given as

x(n) =
1√
N

N−1

∑
k = 0

X(k)ej2πkn/N , 0 ≤ n ≤ N − 1 (2)

The PAPR of the transmitted OFDM signal vector x in Equation (1) can be defined as

PAPR(x) =
max

0≤n≤N−1
|x(n)|2

E[|x(n)|2]
(3)

where E[·] denotes the expectation operation.
In the conventional SLM PAPR scheme, the phase rotation vectors can be described as

P(u) = [P(u)(0), P(u)(1), · · · , P(u)(N − 1)]
T

for 0 ≤ u ≤ U − 1, where the kth element of P(u) is
P(u)(k) = ejθ(u)(k) with θ(u)(k) ∈ (−π, π]. Then, the uth candidate signal in the frequency domain is
generated by performing carrier-wise multiplication of the data vector X and the uth phase rotation
vector P(u), and which can be given as

X(u) =
[

P(u)(0)X(0), · · · , P(u)(N − 1)X(N − 1)
]T

= Q(u)X (4)

where Q(u) = diag{P(u)} is a diagonal matrix whose diagonal element is P(u)(k) for k = 0, · · · , N− 1.
For better approximating the true PAPR in the discrete time case, usually G times oversampling

is considered. It was shown in [15] that G = 4 is sufficient to capture the peak information.
To obtain the oversampling vector x in the time domain, N(G− 1) zeros should be inserted
in the middle of the input data vector X to form a GN-dimensional data vector given by
[X(0), · · · , X(N/2− 1), 0, · · · 0, X(N/2), · · · , X(N − 1)]T. Obviously, if G times oversampling is
considered, F is of GN × GN dimensions and P(u) is of GN-dimensional phase rotation vector with

P(u) = [P(u)(0), · · · , P(u)(N/2− 1), C(u)(0), · · ·C(u)((G− 1)N − 1), P(u)(N/2), · · · , P(u)(N − 1)]
T

where C(u)(k) can be an arbitrary value for k = 0, · · · , (G− 1)N− 1. Finally, the uth candidate signal

vectors x(u) = [x(u)(0), x(u)(1), · · · , x(u)(GN − 1)]
T

in the time-domain can be obtained and which
can be expressed as

x(u) = FX(u) = F(Q(u)X) (5)

Among these candidate signals x(u) for 0 ≤ u ≤ U − 1, the one with the lowest PAPR is selected
to be transmitted, which can be given as follows

x(u) = argmin
x(u),0≤u≤U−1

PAPR(x(u)) (6)

To avoid the inter-signal interference caused by the wireless channel, a cyclic prefix (CP) is inserted
at the beginning of each transmitted signal whose length is always assumed to be larger than that
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of the wireless channel. At the receiver, the received discrete time domain signal can be expressed
as follows

y(n) =
L−1

∑
m = 0

h(m)x(u)((n−m))N + w(n), 0 ≤ n ≤ N − 1 (7)

where y = [y(0), y(1), · · · , y(N − 1)]T is the received signal vector, ((·))N denotes a cyclic shift
in the base of N, h = [h(0), h(1), · · · , h(L− 1)]T is the impulse response in the time domain of
the wireless channel, L is the total number of resolvable multi-paths of the wireless channel and
w = [w(0), w(1), · · · , w(N − 1)]T represents the additive white Gaussian noise (AWGN) vector.
Then, after performing a fast Fourier transform (FFT) of y, the received frequency domain data
Y = [Y(0), Y(1), · · · , Y(n− 1)]T can be expressed as

Y = FHy (8)

Therefore, the element on the kth subcarrier is

Y(k) = H(k)P(u) (k)X(k) + W(k), 0 ≤ k ≤ N − 1 (9)

where W(k) is the FFT of the noise sequence w(n) and H(k) denotes the channel frequency response
on the kth subcarrier, which is given by

H(k) =
L−1

∑
l = 0

h(l)e−j 2πkl
N (10)

As we know, the pilot tones can be used to estimate the frequency response of the fading
channel [14]. Based on the estimated channel, FDE can be performed on the received data, and then
transmitted data can be recovered from the received data.

3. Proposed SLM PAPR Scheme

In this section, a novel low-complexity SLM scheme without the transmission of SI is proposed
to reduce the PAPR of OFDM signals. The proposed method properly designs the time domain
conversion vectors based on the equivalent wireless channel and the transmitter does not transmit the
SI. At the receiver, the effect of the carrier-wise multiplication of the phase rotation vector and the data
vector can be removed by using the conventional channel equalization method. Also, it is shown that
the proposed scheme has very low computational complexity.

3.1. Derived General Form of SLM in the Time Domain

From Equation (4), according to the circular convolution property, the nth element of candidate
signal vectors x(u) can be given as follows:

x(u) (n) =
N−1

∑
m = 0

p(u)(m)x((n−m))N , 0 ≤ n ≤ N − 1 (11)

where p(u)(m) is the mth element of p(u) = FP(u).
By comparing Equations (7) and (8), it can be seen that the generated time domain candidate

signals of the SLM scheme is equivalent to passing the original signal through a tap-delayed wireless
channel. Figure 1 shows the equivalent structure in generating candidate signals of the SLM scheme
in the time domain. As shown in Figure 1, the parameter of the related channel in the SLM scheme
depends on the used phase rotation vector P(u) and can be given as

p(u) (n) =
N−1

∑
l = 0

p(u)(l)δ(n− l), 0 ≤ n ≤ N − 1 (12)



Information 2018, 9, 220 5 of 11
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Figure 1. Equivalent structure of SLM in generating candidate signals in the time domain.

It should be pointed out that the wireless channel parameter characterized by Equation (12) does

not exist in most practical cases due to its length N if p(u) = [p(u)(0), p(u)(1), · · · , p(u)(N − 1)]
T

has
relatively small support, i.e., p(u)(n) = 0 for a certain small n. Let the support of p(u) be denoted

as Lu and p(u)′ = [p(u)(0), p(u)(1), · · · , p(u)(Lu − 1)]
T

. If Lu + L − 1 is smaller than the length of CP,
the general form of the SLM scheme in the time domain can be described by Figure 2.
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Figure 2. General form of selected mapping (SLM) scheme in the time domain.

As shown in Figure 2, the final equivalent channel of the SLM scheme can be given as

heq = p(u)′ ⊗ h (13)

where ⊗ is the circular convolution operator. The channel frequency response of heq can be given as

Heq = Q(u)H (14)

where H = [H(0), H(1), . . . , H(N − 1)]T is the original channel frequency response vector.
According to Equation (13), when the support of heq is smaller than the number of pilot subcarriers

in every OFDM symbol, heq can be estimated in the same way as h. In the following, it will be seen
that the general form of the SLM scheme in the time domain can be used to realize low complexity
without SI transmission.

3.2. Proposed Low-Complexity Conversion Vectors

As with the proposed SLM PAPR scheme in [10], the IFFT operation is replaced by the conversion
vectors Ti for i = 1, · · · , U and the candidate OFDM signals are generated by performing circular
convolution of the IFFT of the original OFDM symbol block with the conversion vectors. The basic
architecture of the SLM PAPR reduction scheme using conversion vectors in [10] is shown in Figure 3.
It was indicated that the computational complexity at the transmitter can be greatly reduced, and each
conversion vector requires only 3N complex additions.
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From the previous discussion, we know that when the conversion vectors are properly designed
in the time domain, conversion vectors can be an equivalent channel and the effect of the conversion
matrix can be removed by the channel equalization operation. Based on the conversion vector structure,
in order to implement the low-complexity SLM scheme without SI, the proposed conversion vector
p(u) can be designed according to the following rules:

(1) The support Lu of p(u) is chosen as a small integer to restrict the length of the equivalent channel;

(2) There are few nonzero elements whose number is denoted as K in p(u) to reduce the complexity
in generating the candidate signals with Equation (11);

(3) The real and imaginary parts of each nonzero element in p(u) are chosen in the set {0,±1} to
avoid the complex multiplications in generating the candidate signals (ignoring the constant
factor to maintain the power constraint) [10].

Generally speaking, there are many choices for the exact values of Lu and K. The support Lu in
constraint (1) and the number K may vary depending on the application. Therefore, the proposed
scheme can achieve a flexible compromise between computational complexity and BER performance.
It can be used for any system with the parameters chosen according to the application. For example,
to have comparable complexity with the available works, the values of K can be selected as K = 3 or
K = 4 and the values of Lu can be selected as smaller than eight samples. Given the parameters for K
and Lu, we can properly design the vectors p(u) to generate the candidate signals with low-complexity
without the transmission of SI. To achieve good BER performance, we can design the vectors p(u) with
the following two steps.

In the first step, we construct a set < = {r(1), r(2) . . . , r(V)} with V (V can be much larger than U)
vectors according to the above three rules for the given values of K and Lu by varying the values and
positions of the nonzero elements in r(i), 1 ≤ i ≤ V. One example of generating < used in this paper is
shown in Table 1, where T = {T0, T1, . . . , TK−1} (TK = Lu − 1) is the set of the indices of the nonzero
elements and K is the number of nonzero elements in r(i), 1 ≤ i ≤ V, and a =

{
a(0), a(1), . . . , a(K−1)

}
is the set of the values of the nonzero elements. Clearly, given the parameters of K and Lu, a large
number of vectors r(i) can be generated.

Table 1. Parameters chosen for generating candidate vectors.

Number of Nonzero
Elements Indices of Nonzero Elements Values of Nonzero Elements

K = 3 T = {0, 3, 6}, T = {0, 4, 5},
and T = {0, 2, 7}

a(0) = 1, a(1), a(2) = {±1,±j} and
a(0) = 1− j,a(1), a(2) = {±1,±j}

K = 4 T = {0, 5, 6, 7} and T = {0, 3, 7, 8} a(0) = 1, a(1), a(2), a(3) = {±1,±j}

In the second step, we take the FFT of the V vectors in < to generate V phase rotation
vectors. Then, we choose U-1 phase rotation vectors from them such that the smallest amplitude
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of the elements of each selected phase rotation vector is larger than that of the other vectors.
The corresponding vectors of the selected U-1 phase rotation vectors in < results in the final set
<′ = {p(0), . . . , p(i), p(U−1)

∣∣∣p(i) ∈ <} , where p(0) = [1, 0, . . . , 0]T represents the vector corresponding
to the original signal. Then, with the final set <′ , the candidate signals can be generated by using
Equation (11).

Since the equivalent channel can be expressed by Equation (10), it is easy to see that the length
of the equivalent channel is L′ = Lu + L− 1. Due to the small values of Lu, L′ can also be smaller
than the number of pilot subcarriers used for channel estimation in the OFDM system. Therefore,
the equivalent channel in the proposed SLM scheme can be estimated in the same way as that in the
conventional OFDM system, and the effect of the applied phase rotation vector can be removed in
the equalization procedure. In addition, the coherent bandwidth of the equivalent may be slightly
smaller than that of the conventional OFDM system. It is noted that, in many practical OFDM systems,
the spacing between two consecutive pilot sub-channels is sufficiently small as compared to the
coherent bandwidth of the wireless channel. In such systems, the channel frequency responses can be
obtained simply by linear interpolation between the channel frequency responses at two consecutive
pilot sub-channels.

Remark 1. In the proposed scheme, by making full use of the equivalent channel, the proposed SLM scheme
can easily equalize the received data in the frequency domain as the conventional OFDM systems without SI
detection and decoding. This does not increase the computational load at the receiver.

Remark 2. It is pointed out in [16] that only the simplified SLM scheme [17] can be used in the
point-to-multipoint scenarios. However, by using the equivalent channel, the proposed SLM scheme can
be easily extended to the multiple-input multiple-output (MIMO) systems without special signal processing
algorithms at both the transmitter and receiver.

3.3. Complexity Analysis

The computational complexity of the proposed PAPR reduction method can be evaluated in terms
of the number of complex multiplications (CMs) and complex additions (CAs) required for OFDM
systems. For an OFDM system with N subcarriers and G times oversampling, each IDFT operation
requires (GN/2)log2(GN) CMs and GNlog2(GN) CAs, respectively.

In the conventional SLM PAPR method, the transmitter requires U IDFT operations to generate
U candidate signals. Hence, the conventional SLM method requires (UGN/2)log2(GN) CMs and
UGNlog2(GN) CAs.

At the transmitter, both the proposed method and the SLM Method in [10] use a conversion matrix
to generate (U − 1) different candidate signals after one IDFT operation, and each conversion matrix
only has the number of K nonzero elements. Thus, the computational complexity of the transmitter
is the same for both methods, and the transmitter requires (GN/2)log2(GN) CMs and GNlog2(GN) +
(U − 1)(K − 1)GN CAs.

Table 2 summarizes the computational complexities of the three PAPR schemes at the transmitter.
It is seen that the conventional SLM method requires the greatest number of CMs and CAs of the three
methods. Moreover, it is observed that the SLM scheme in [10] and the proposed method require the
same number of CMs and CAs at the transmitter.

Table 2. Comparisons of computational complexity at the transmitter. PAPR: peak-to-average power
ratio; CM: complex multiplications; CA: complex additions.

PAPR Schemes Number of CMs Number of CAs

Conventional SLM method (UGN/2)log2(GN) UGNlog2(GN)
SLM method in [10] (GN/2)log2(GN) GNlog2(GN) + (U − 1)(K − 1)GN
Proposed method (GN/2)log2(GN) GNlog2(GN) + (U − 1)(K − 1)GN
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The above discussion gives the comparisons of the computational complexity of the three methods
at the transmitter. It should be noted that, as with the conventional SLM method, the SLM method
in [10] needs to transmit SI to indicate which conversion matrix is chosen. If U candidate signals
are generated, log2(U) SI bits are required for the receiver to recover the original transmitter signal.
At the receiver, the decision procedure of SI still requires a number of computational complexities
for the SLM method in [10]. However, the proposed method without SI transmission does not
need additional computational complexity and the effect of the conversion matrix can be removed
by the channel equalization operation. Obviously, the receiver of the SLM scheme in [10] requires
significantly higher computational complexity than that of the proposed method. Thus, the overall
computational complexity of the proposed method is the lowest in the three schemes at the transmitter
and the receiver.

4. Simulation Results

To perform numerical analysis, computer simulations are conducted to verify the performance of
the proposed modified SLM application with the derived general form (denoted as G-MSLM). For the
purpose of comparison, the SLM scheme in [10] is also considered in our simulations. The considered
OFDM system has total subcarriers N = 256 with 16 QAM modulation and its bandwidth is 20 MHz.
The pilot subcarriers are equally distributed every six subcarriers. To evaluate the performance of
PAPR reduction, the oversampling factor is specified as G = 4. The parameters in generating < is
selected as K = 3, Lu = 7 with the set of the indices of the nonzero elements T = {0, 3, 6}, T = {0, 4, 5},
and T = {0, 2, 7}, and K = 3, Lu = 8 with T = {0, 5, 6, 7} and T = {0, 3, 7, 8}.

Figure 4 shows a comparison of PAPR reduction performance between G-MSLM and the SLM
scheme in [10] in terms of complementary cumulative distribution function (CCDF). From this figure,
we can see that, for M = 16, M = 32 and M = 57, respectively, G-MSLM can achieve almost the same
PAPR reduction performance as that of the SLM scheme in [10]. However, it is noted that the G-MSLM
scheme can avoid the transmission of SI, and therefore it has the potential of using more candidate
signals without reducing the transmission data rate, such as the case for M = 114. As compared to the
original OFDM systems, the gains in PAPR of G-MSLM are 3.7 dB and 4.2 dB, respectively, for M = 57
and Pr[PAPR ≥ PAPR0] = 10−3 and Pr[PAPR ≥ PAPR0] = 10−4.

Figure 5 shows the BER performance of G-MSLM in wireless channels with the exponential-decay
power-delay profile (PDF) without considering the nonlinearity of HPA. From this figure, it can be seen
that the BER performance of G-MSLM becomes slightly worse with the increase of M. In addition, there
is a small BER performance loss comparing the G-MSLM with the original OFDM signal. Since the
length of the equivalent channel is slightly larger than that of the real wireless channel, the proposed
G-MSLM method will increase the frequency selectivity of the compared with that of the original
wireless channel.

Figure 6 shows the BER performance of G-MSLM in the same channel as that in Figure 5
considering the nonlinearity of HPA. To take the nonlinear HPA into account at the transmitter,
the amplitude of transmitted signal is adjusted (with the peak amplitude normalized to be 1 as that
in [18]), in which case nonlinear distortions will rarely occur. From this figure, we can see that G-MSLM
can achieve better BER performance than the original OFDM system. It has about 3 dB improvement
over the original OFDM system. The improvement of G-MSLM over the original OFDM system is due
to the fact that G-MSLM can achieve much lower PAPR, which allows a higher level of the transmitted
signal. In addition, it can be seen that the BER performance of G-MSLM for M = 114 is slightly better
than that for M = 57 due to its better PAPR reduction performance. Note that since the transmitted
signals are normalized with peak amplitude to be 1, the x-axis is 1/N0 where N0 is the single-sided
power spectral density of the additive white noise.
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5. Conclusions

In this paper, novel phase rotation vectors are designed based on deriving the general form of
a conventional SLM PAPR reduction scheme in the time domain, and then a novel blind SLM PAPR
reduction method is proposed with low complexity. At the transmitter, the phase rotation vector can
be considered as an equivalent wireless channel without SI transmission. At the receiver side, it does
not need to detect the SI and the effect of phase rotation vectors can be removed by a conventional
channel estimation method. Therefore, the proposed scheme has the advantage of being transparent
to the receiver, which avoids the transmission of SI and does not increase the data demodulation
complexity of the convectional OFDM system. In addition, the proposed scheme has the flexibility of
choosing parameters according to practical application. Since the proposed scheme can achieve good
PAPR reduction performance without the transmission of SI, the proposed PAPR reduction scheme
can be also used in other applications such as the single-carrier frequency-division multiple access
(SC-FDMA) system [19] and OFDM-based wavelength division multiplexing (WDM) systems [20,21].
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