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Abstract: The high peak-to-average power ratio (PAPR) of the transmitted signal is a major drawback of multicarrier
transmission such as orthogonal frequency-division multiplexing OFDM. A plethora of PAPR reduction techniques has
been reported in the literature. Some of the techniques modify the phase and/or amplitude of symbols in the original
symbol alphabet (SA) such as selected mapping and partial transmit sequences techniques. However, such methods
have shortcomings of a heavy computational burden caused by required multiple inverse fast-Fourier transform (IFFT)
operations and bit error rate performance degradation due to side information (SI). In this study, a low-complexity
PAPR reduction framework is proposed to jointly modify phase and amplitude values of the original symbols in the
alphabet. This framework utilises only one IFFT/FFT operator pair for transmultiplexing of symbols without any SI. The
merit of the proposed method to design a SA modifier matrix (SAM) for PAPR reduction is shown through
performance comparisons for the application scenarios presented in this study.

1

Introduction

Multicarrier transmission such as orthogonal frequency-division
multiplexing (OFDM) has been successfully used in various
wireless communication technologies. The OFDM system brings
the advantages of avoiding frequency selective fading, narrow band
interference and inter-symbol interference [1, 2]. The easy
implementation of this system, by using fast Fourier transform
(FFT), is also quite attractive. However, the OFDM signal is a sum
of orthogonal frequency modulated subcarriers. When subcarriers
weighted with the corresponding symbol values are added
coherently, the resulting high peak-to-average power ratio (PAPR)
becomes a major drawback of the OFDM systems due to reduced
power efﬁciency in radio frequency power ampliﬁer (PA) and
digital-to-analogue converter (DAC) modules. High PAPR prevents
the PA from operating within its linear region, causes additional
interference, and induces bit error rate (BER) performance
degradation. Moreover, it demands a wider dynamic range in DAC
to accommodate the large peaks of the OFDM frame (signal). Such
a situation leads to inefﬁcient ampliﬁcation and increases the cost
of the system. Therefore, PAPR reduction techniques play an
essential role to improve power efﬁciency in the OFDM systems.
There has been a variety of PAPR reduction methods emphasising
different aspects proposed in the literature [3]. One typical technique
of these approaches modiﬁes the original symbol alphabet (SA)
through phase rotation and/or amplitude change pre- or
post-inverse FFT (IFFT) operator in order to reduce PAPR. The
representational techniques such as partial transmit sequences
(PTS) [4, 5], selective mapping (SLM) [6, 7] and Walsh–
Hadamard transform (WHT) [8] methods have been widely used
for such a task. Although the PTS and SLM methods provide
PAPR reduction, their computational complexity and
implementation cost with utilisation of multiple IFFT operators are
relatively high. In addition, for a set of OFDM signal candidates
used in the PTS and SLM methods, some bits of side information
(SI) must be transmitted error-free to the receiver along with the
OFDM frame in the system. There are extensions of SLM [9–12]
and PTS [13, 14] that also modify power levels of symbols in the
alphabet in order to reduce PAPR [10, 11] or to eliminate SI
[14–17]. The WHT method improves PAPR without any power
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increase and SI requirement in a low-complexity system, but with
a less PAPR reduction compared to the SLM and PTS methods.
The trade-off for PAPR reduction in the existing methods is either
increased average power and/or added computational complexity. A
new PAPR reduction scheme is proposed in this paper that
implements a pre-designed SA modiﬁer (SAM) matrix to change the
amplitude and phase values of the original data symbols prior to the
IFFT operation of an OFDM system at the transmitter. The receiver
can recover original data symbols by employing the corresponding
inverse SAM after FFT without BER degradation. The proposed
method is a marked departure from the existing ones and offers a
simple framework devised to be independent of original data
symbols, formulates PAPR reduction problem elegantly and
outperforms PTS, SLM and WHT precoded OFDM (WHT-OFDM)
signiﬁcantly for the communication scenarios considered in this paper.
The PAPR in OFDM communication systems and popular PAPR
reduction methods are brieﬂy reviewed in Section 2. The motivation
and design procedure of the proposed method are described in
Section 3. The performance comparisons of various methods are
presented in Section 4. Then, the concluding remarks of the paper
are given Section 5.

2

PAPR in OFDM communications

An OFDM frame is generated by the multiplexing of independent
symbols modulated with orthogonal frequency subcarriers. The
incoming data bit stream is modulated into a sequence of symbols
from the predeﬁned SA of M-ary phase-shift keying (M-PSK) or
M-ary quadrature amplitude modulation (M-QAM) that populate
the symbol vector X = [X (0), X (1), . . . , X (N − 1)]T , where [ · ]T
denotes a transpose operator, N is the number of subcarriers
employed. M is the power of 2 such as 4 (QPSK), 8 (8-PSK), 16
(16-QAM) and so on. The continuous-time baseband multicarrier
signal is the summation of N subcarriers weighted by symbols and
expressed as [3]
−1
1 N
X (k )ej2p fk t , 0 ≤ t , Nts .
x(t) = √
N k=0

(1)

1

Subcarriers are orthogonal
where fk = kΔf, Δf = 1/Nts, ts is the symbol
√
period and j = −1. Then, the discrete-time OFDM frame is the
sampled version of (1) at the Nyquist rate t = nts and written as

1 N−1
X (k)ej2pkn/N , n = 0, 1, . . . , N − 1.
x(n) = √
N k=0

(2)

Let x = [x(0), x(1), . . . , x(N − 1)]T denotes the resulting
discrete-time OFDM frame in a vector form. The PAPR of an
OFDM frame due to signal amplitude ﬂuctuation is deﬁned as

2
max x(n)
n=0,1,...,N −1

,
PAPR =
2 
E x(n)

(3)

where E[ · ] denotes the expectation operator.
The complementary cumulative distribution function (CCDF) is a
commonly used measure to evaluate PAPR performance [18]. The
CCDF of the PAPR indicates the probability that the PAPR of a
signal exceeds a given threshold, i.e. Pr{PAPR > PAPR0}.
The PTS and SLM techniques are a probabilistic algorithm to
reduce the possibility of high PAPR by generating several
candidate OFDM frames representing the same symbol vector and
selecting the one with the lowest PAPR prior to transmission. In
the SLM method, duplicates of original data symbols (symbol
vector components) are symbol-wisely multiplied with
U different
u
phase-shifting sequences (phase modiﬁers) Bu = eju , θ u ∈ [0, 2π),
where phase sequence has the same length of data symbols. After
going through IFFT operators individually, the modiﬁed OFDM
frame with the minimum PAPR among all candidates is identiﬁed
and transmitted to the receiver [6]. In the PTS method, similar to
the SLM, a set of V sub-blocks partitioned from the original data
symbol vector are ﬁrst multiplexed by the IFFTs individually.
Then, the lowest PAPR signal is generated by optimally
combining these sub-blocks with phase shifting coefﬁcients
selected from W complex elements [5]. Therefore, a set of IFFT
operators are required for all candidate OFDM frames at the
transmitter both in the SLM and PTS methods. Moreover, SI per
OFDM frame are demanded to be sent to the receiver in an
error-free fashion for the purpose of recovering original data
symbols with the corresponding phase-shifting sequence/
coefﬁcients by receiving SI correctly. There are extensions of the
SLM technique which modify phase and also amplitude in the
original SA [9–11]. An extended SLM technique, without SI,
jointly utilising modiﬁed phase and amplitude with sequence
u
P u = (Dejp )p , p u ∈ {0, 1} and D as a magnitude extension
factor, was proposed in [9]. This amplitude modiﬁed SLM
(A-SLM) technique recognises the selected phase sequence by
calculating Hamming distance to estimate the location of
magnitude extension factors. However, this method increases the
total transmit signal power. In the WHT-OFDM system [8], the
original symbol vector is transformed by WHT before passing
through the IFFT block at the transmitter without increasing
power. However, its PAPR performance is inferior to the SLM
and A-SLM methods.

(DFT) matrix A−1
DFT that can map a symbol vector into an OFDM
frame with constant amplitude components. Here superscript ‘−1’
is used to indicate the inverse matrix such that all matrices
designed at the transmitter are identical to the denotation of the
inverse DFT matrix A−1
DFT and implied to be invertible, vice versa
at the receiver. Hence, it is necessary to deﬁne the design
constraints such that the matrix C −1 must be invertible at the
receiver and factorable to the A−1
DFT matrix which served as the
frequency selective orthogonal multiplexer. The design steps are
explained as follows:
(a) First, deﬁne an N × N transform matrix C −1 as

 

C −1 = cn (k) = ak,n · ejwn (k) ,

k, n = 0, 1, . . . , N − 1,

(4)

where amplitudes of matrix elements αk, n ∈ ℝ+, k and n denote for
column and row indices of a matrix. Then, the OFDM frame is
expressed as
x(n) =

N
−1


cn (k)X (k),

n = 0, 1, . . . , N − 1,

(5)

k=0

and the amplitude of each component is calculated as


−1


 N

x(n) = 
cn (k)X (k).

 k=0

(6)

Then, by inspection, we force the equality of arbitrary two
components in an OFDM frame as the following relationship
 


 
x(m) = ejDfm,n · x(m) = x(n)
x(n) =

N
−1


cm (k)ejDfm,n · X (k)

(7)

k=0

m, n = 0, 1, . . . , N − 1, m = n,
where Δfm,n denotes the phase difference between the nth and the
mth components of OFDM frame vector. From (7), an intuitive
design of the nth and the mth rows of matrix C −1 is as follows
cn (k) = cm (k) · ejDfm,n ,

n = m, k = 0, 1, . . . , N − 1

⇒ ak,n · ejwn (k) = ak,m · ejwm (k) · ejDfm,n
⇒ ak,n = ak,m = ak ,
wn (k) = wm (k) + Dfm,n = w(k) + Dfn ,

(8)

where Δfn = Δf0,n, j(k) = j0(k) is the phase of the kth element in the
ﬁrst row (m = 0) of the matrix C −1.
(b) Now, we can express C −1 as


 
C −1 = cn (k) = ak · ej(w(k)+Dfn ) k, n = 0, 1, . . . , N − 1,

(9)

where αk ∈ ℝ+, j(k) and Δfn ∈ [0, 2π), Δf0 = Δf0,0 = 0. Note that
the matrix C −1 is a constant modulus matrix when αk = 1.

3

Symbol alphabet modifier method

We herein introduces a low complexity PAPR reduction method for
the OFDM systems that jointly modiﬁes phase and amplitude of the
original SA such as M-PSK and M-QAM.
The difference between peak power and mean power that is
expressed as maxn=0,1,...,N−1 |x(n)|2 − E[|x(n)|2 ] should be
minimised by any PAPR reduction method. In the ideal case, all
components of OFDM frame vector x having the same amplitude
can make the PAPR to be 1 and the power difference to be zero.
The design motivation for a proper SAM is ﬁrst to ﬁnd such an
N × N matrix C −1 instead of the inverse discrete Fourier transform

Such a transform matrix can always map or multiplex any original
symbol vector into a constant modulus OFDM frame vector.
However, this matrix is not invertible because the rank of such a
matrix is 1, and the data symbol vector cannot be recovered at the
receiver [19]. In order to make the matrix C −1 invertible, we
adjust the diagonal elements of the matrix C −1 to be constant but
non-unit amplitude α, and the remaining elements to have another
amplitude β such that it has the full rank N. Moreover, if all rows
or columns of such a matrix are permutated, it still maintains the
full rank property [20]. The PAPR of the OFDM frame vector also
remains the same. Accordingly, the modiﬁed matrix C −1 can be
IET Commun., pp. 1–7
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designed in different permutation forms of the initial adjusted matrix
that provides many possible transformation sets as presented in part
(c).
After modiﬁcation on the amplitudes of the matrix C −1, those data
symbols generated from the M-PSK can be transformed into a
constant modulus OFDM frame when setting β to be zero.
Although the M-QAM modiﬁed symbols cannot be multiplexed
into a constant modulus OFDM frame, a signiﬁcant improvement
on the PAPR compared to the PTS, SLM and WHT still can be
shown as follows.
(c) Deﬁne a given permutation Ñ with N elements that
Ñ :{0, 1, . . . , N − 1}  {0, 1, . . . , N − 1} [21]. For example, the
permutated order may be Ñ :{2, 0, 3, 1} when N = 4. We employ
−1
the modiﬁed matrix C̃ that is invertible as follows
c̃n (k) =

a · ej(w(k)+Dfn )
b · ej(w(k)+Dfn )

k = Ñ (n) k, n = 0, . . . , N − 1
k = Ñ (n)

of all components in an OFDM frame vector are


−1


  jDf N

I
(k)
1−I
(k)
j
w
(k)
x(n) = e n
a Ñ (n) · b Ñ (n) · X (k) · e 


k=0



N−1



=
aIÑ (n) (k) · b1−IÑ (n) (k) · X (k) · ejw(k) 

 k=0
⎧

N−1
⎪
⎨   aIÑ (n) (k) · X (k) · ejw(k)  b = 1

=  k=0
.
 

⎪
⎩


a X Ñ (n)
b=0
Suppose the permutation Ñ (n) = k1 , Ñ (m) = k2 , k1 ≠ k2 for the nth
and the mth components of the OFDM frame. Based on the
theorem [23] ||a| − |b|| ≤ |a − b|, the amplitude difference between
these two components is derived as


 
     
x(n) − x(m) = S  − S  ≤ S − S 
1
2
1
2

 

  
 
= Ŝ 1 − Ŝ 2  = a − b X k1 ejw(k1 ) − X k2 ejw(k2 ) ,

(10)

= aIÑ (n) (k) · b1−IÑ (n) (k) · ej(w(k)+Dfn ) ,
where α ∈ (0, ∞), β ∈ [0, ∞), α > β, j(k) and Δfn ∈ [0, 2π), Δf0 =
0, let j(k) = j(0) + Akπ for simplicity and Ak ∈ ℤ. In(k) is called
indicator function [22], having the value 1 for element k equals to
element n and the value 0 for element k different than n, which is
deﬁned as
In (k) =

1 if k = n
.
0 if k = n
−1

n=0

S2 = diag c and a real matrix
⎛
⎜
G=⎝

a
b

..

b
.

⎞
⎟
⎠

a

,

(12)

N ×N

with its arbitrarily permutated columns as
⎛

b ... a ...
⎜b ... ... b
⎜
⎜
G = ⎜ ... a . . . . . .
⎜
⎝b ... ... a
a b ... ...

where
 
S1 = a · X k1 ejw(k1 ) +

⎞
b
a⎟
⎟
.. ⎟
.
.⎟
⎟
⎠
b
b N×N

(13)

 
S2 = a · X k2 ejw(k2 ) +

−1

= S1 GS2 .

c̃n (k) = ãIÑ (n) (k) · ej(w(k)+Dfn ) ,

(14)

here ã = a/b. For readability, we still use α instead of ã. In case 2
−1
where β is zero, the matrix C̃
becomes a constant modulus
diagonal matrix

a · ej(w(k)+Dfn ) k = Ñ (n)
0
k = Ñ (n)
k, n = 0, . . . , N − 1.

Due to the property imposed in the design of matrix C̃

N
−1

(15)
−1

, amplitudes
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(18)

b · X (k)ejw(k) ,

and
 
 
Ŝ 1 = a · X k1 ejw(k1 ) + b · X k2 ejw(k2 )
 
 
Ŝ 2 = a · X k2 ejw(k2 ) + b · X k1 e jw(k1 ) .

(19)

The original symbol vector X = [X (0), X (1), . . . , X (N − 1)]T is
generated from an M-point SA constellation such as M-PSK or
M-QAM. Here, since j(k) = j(0) + Akπ such that {X(k)ejj(k), k = 0,
1, …, N − 1} ∈ {M-PSK or M-QAM shifted by j(0)}. Therefore,
|X(k1)ejj(k1) − X(k2)ejj(k2)| has no more than M possible values in
the SA modulation. Note that when α is large, those components
amplitudes will be dominated by and approximately equivalent to
the largest symbol in each summation function of (16).
Accordingly, for case 1 (β = 1) the difference between arbitrary
two components will be
  
   

||x(n)| − |x(m)|| ≃ aX k1 ejw(k1 )  − aX k2 ejw(k2 ) 
     
= aX k  − X k .

Therefore, there are two possible cases that can be pursued.
Namely, case 1 where amplitude β is positive real number, the
−1
matrix C̃ can be normalised to

c̃n (k) =

b · X (k)ejw(k)

k=0,k=k2

1

Then, the inverse matrix C̃

N
−1
k=0,k=k1

(11)

To express the modiﬁed matrix C̃ more intuitively, let vector

N −1
T
jDfn
hT = [ejw(k) ]N−1
, matrix S1 = diag h ,
k=0 , vector c = e

(17)

(20)

2

As a result, this is approximately the same as case 2 (β = 0). Due to
the axial symmetry in the M-point SA constellation, the amplitude
value of the OFDM component yields no more than M/4 possible
values for M-QAM and only one value for M-PSK with α times
value increase on the original constellation. After the
normalisation for case 2, the parameter α = 1. From (17), it is
observed that the PAPR performance is independent of the phase
−1
vector c in matrix C̃ , and also independent of the phase vector
h in (20).
Compared to the original OFDM frame which is multiplexed by
the inverse DFT matrix, the amplitude values of the OFDM frame
have many more possibilities. The amplitudes of the OFDM frame
modiﬁed by the inverse
DFT (original OFDM frame) and the
−1
proposed matrix C̃ in the time domain are shown in Fig. 1 (α =
100 is taken for case 1 and α = 1 in case 2). It is seen that
−1
amplitudes of OFDM frame modiﬁed by the proposed matrix C̃
are more concentrated and less ﬂuctuating in the time domain.
Accordingly, the PAPR performance is signiﬁcantly improved.

3

utilisation of the IFFT operator. The invertible matrix B −1 is
called symbol alphabet modiﬁer matrix and is expressed as
C̃

−1

B

−1

−1
= A−1
DFT · B

= ADFT · C̃

−1

=I

−1

=I

C̃ · C̃

−1

B·B

,

(21)

where B −1 is derived as


B−1 = b̃k (n) SAM ,
b̃k (n) =

N−1


k, n = 0, 1, . . . , N − 1

e−j2pkl/N · c̃n (l)

l=0

=

N−1


(22)

a

IÑ (n) (l)

·b

1−IÑ (n) (l)

·e

j(w(l)+Dfn −2pkl/N )

,

l=0

b = {0, 1}.
In case 2, the SAM matrix B −1 is an orthogonal matrix. In case 1, the
SAM matrix B −1 is not a constant modulus matrix which modiﬁes
the amplitude as well as average power of the original symbols.
One can normalise the power of the modiﬁed symbols close to the
original ones before
 the IFFT
√ operator by dividing with a factor of
Frobenius norm B−1 F / N [24]. We rewrite the SAM matrix
B −1 as
⎡

⎤

b̃k (n)
⎢
⎥
B−1 = ⎣
2 ⎦
N −1 N −1 

k=0
n=0 b̃k (n) /N

(23)

SAM

Fig. 1 Amplitudes of the OFDM frame for

k, n = 0, 1, . . . , N − 1.

a) QPSK and
b) 16-QAM

The estimation of received data symbols can be obtained as
Since this method allows OFDM frame vector elements to get
their amplitude values from an M/4-valued SA, it reduces PAPR.
−1
Moreover, it provides an invertible matrix C̃ and its inverse is
used at the receiver. Also note that while α goes to inﬁnity, the
−1
matrix C̃ becomes identical to case 2: as a constant modulus
diagonal matrix or permutated ones. Under case 2, all constant
power symbols, e.g. M-PSK, will be transformed into constant
modulus OFDM frames that meet the design objectives.
−1

(d) Now, we factor C̃ into an inverse DFT matrix A−1
DFT and a
matrix B −1 since the OFDM system needs to be built up with

Y = B · B−1 X + B · W 0 = I · X + B · W 0 ,

(24)

where W0 denotes complex additive white Gaussian noise (AWGN)
vector with zero mean and variance s2w0 .
At the receiver, after passing through the inverse SAM matrix
H
H
2
H
(orthogonal), E[(W H
0 B )(BW 0 )] = E[W 0 W 0 ] = sw0 I, where [ · ]
denotes the Hermitian conjugate operator, I is the identity matrix,
the noise vector BW0 has the same mean and variance as AWGN
vector W0. Accordingly, the proposed SAM matrix will not cause
BER degradation in AWGN channel which can be shown in the

Fig. 2 Block diagram of the OFDM system with the proposed PAPR reduction method
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Table 1 Average power variations of SAM in two cases, PTS, SLM,
A-SLM and WHT for QPSK and 16-QAM with N = 64
N = 64
WHT
PTS
SLM
A-SLM
SAM1 α > 103
SAM1 α = 100
SAM2

Power varied (QPSK), dB

Power varied (16-QAM), dB

0
0
0
2.5
<10−3
0.03
0

0
0
0
4.2
<10−3
0.1
0

following section. Fig. 2 displays the block diagram of the proposed
OFDM system.
Remark: It is observed that when B −1 is a constant modulus diagonal
matrix, it represents one of the phase sequences in the ordinary SLM
technique. Moreover, the matrix factorisation in (21) leads to the
generalised DFT (GDFT) framework reported in [25] as follows


−1
−1
= ej2pkn/N · gk,n ejuk,n
A−1
GDFT = ADFT · G
k, n = 0, 1, . . . , N − 1.

4

Fig. 3 Computational complexity of the proposed SAM (two cases),
WHT-OFDM, PTS and ordinary SLM methods

(25)

PAPR and BER performance comparisons

The performance simulation results are presented in this section.
Table 1 tabulates the average power ﬂuctuation (in dB) of the
proposed SAM in two cases (superscripts 1 and 2 denote for case
1 and case 2, respectively), WHT, PTS, SLM, A-SLM methods
for QPSK and 16-QAM with N = 64 subcarriers. In the A-SLM,
the number of amplitude modiﬁed symbols in each sequence is
uniformly distributed in the interval [0, Smax] where parameters
Smax = 6, D = 2.4 with QPSK and D = 4.4 with 16-QAM, were
used as suggested in [9]. As seen from the table: in case 1, when
the value of α is larger, the power ﬂuctuation of OFDM frame is
approaching zero. In case 2, the SAM matrix B −1 is orthogonal,
so the power of the original symbols will not be changed with
power normalisation. The OFDM system simulations were
performed for both cases (choose α = 100 in case 1, α = 1 in case
2) of the proposed SAM method with j(0) ∈ [0, 2π) as selected
randomly, and choosing j(l ) = j(0) + lπ, Δfn = nπ/4 in function
(22), where the permutation Ñ is arbitrarily generated.
The complexities of various methods considered in this paper are
tabulated in Table 2. In PTS and SLM techniques, U and V IFFT
operations are required. Also, SI bits are used. On the other hand,
the proposed SAM needs only one IFFT operation and no SI
bits are required at the receiver. The DFT of the modiﬁed matrix
−1
C̃ yields the SAM matrix as shown in (21). In the calculation of

N −1

N−1
−1
totally requires
C̃ , hT = ejw(l) l=0 and cT = ejDfn
n=0

2N multiplications and zero additions. When j(l ) = Δfn = 0, zero
multiplications and additions are needed. Matrix Γ requires
N multiplications and 2N–1 additions for case 1 (where β = 1),

Fig. 4 PAPR performance of the proposed SAM in two cases for QPSK,
16-QAM, 64-QAM and N = 128 in the OFDM system

and no multiplications and additions for case 2 (where α = 1, β =
0). In addition, FFT operation requires N /2 log2 (N )
multiplications and N log2 (N ) additions. Apparently, the proposed
method has much lower computational complexity than the other
methods as also plotted in Fig. 3.
Fig. 4 displays the PAPR performance of the proposed method
along with different parameter values for two cases. Figs. 5 and 6
illustrate the CCDFs performance of the proposed SAM,
WHT-OFDM, PTS, ordinary SLM and A-SLM methods. For
QPSK and subcarriers N = 128, the OFDM candidates in the
SLM and A-SLM have U = 8 and 64, Smax = 12, D = 2.4, while

Table 2 System complexity of SAM, PTS, SLM and WHT methods for the OFDM system
N = 64

Number of complex multiplications

Number of complex additions

SI, bit

Number of IFFTs

N
log2 (N)
2

N log2 (N)

no

1

N
log2 (N) + N 2
2
VN
log2 (N) + VW V −1
2
UN
log2 (N) + UN
2

N log2 (N) + N(N − 1)

no

1

VN log2 (N)

yes

V

UN log2 (N)

yes

U

SAM

1

N log2 (N) + N

2N log2 (N) + 2N − 1

no

1

SAM

2

N log2 (N)

2N log2 (N)

no

1

original
WHT
PTS
SLM
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Fig. 5 PAPR performance of the proposed SAM in two cases,
WHT-OFDM, PTS, ordinary SLM and A-SLM methods for QPSK and
N = 128

Fig. 8 BER performance comparisons of the proposed SAM in two cases,
WHT-OFDM, PTS, ordinary SLM and A-SLM methods for 16-QAM and
N = 256 over multi-path fading channel

subblocks V = 8 and 32, phase coefﬁcients W = 2 are used for PTS.
Also U = 8 and 128, Smax = 25, D = 4.4, V = 8 and 64, W = 2 for
16-QAM and N = 256, respectively. The CCDFs are simulated by
randomly generating 100,000 OFDM frames for each method.
Figs. 7 and 8 display the BER performance comparisons over the
AWGN channel and the multipath fading channel with high PA
(HPA). The multipath fading channel is assumed to be a three-path
Rayleigh fading channel with equal power. The HPA is modelled
as Rapp’s solid state PA (SSPA) given as [26], the output signal
of the SSPA is deﬁned as
rout =

Fig. 6 PAPR performance of the proposed SAM in two cases,
WHT-OFDM, PTS, ordinary SLM and A-SLM methods for 16-QAM and
N = 256

2p
1 + rin

1/2p

,

(26)

where rin and rout denote the amplitude of input and output signals,
respectively, choose p = 2 to approximate a practical HPA [26].
These performance results conﬁrm that the proposed SAM
method signiﬁcantly outperforms PTS, SLM and WHT techniques
in PAPR reduction. Case 2 as the ultimate form of case 1, at the
CCDF rate of 10−3 as a threshold, yields a PAPR of 0 dB for
QPSK and 3 dB for 16-QAM. Case 1 yields 0.8 dB for QPSK and
3.9 dB for 16-QAM, whereas the original OFDM signal is 10.2
and 11.1 dB, respectively. An outstanding PAPR improvement is
achieved by the proposed SAM method especially in case 2 that
offers the best performance in PAPR reduction without BER
degradation. Hence, the OFDM system with the proposed SAM
method reduces power consumption of HPA and avoids BER
degradation caused by in-band interference. Note that the PTS and
SLM methods require SI bits to be transmitted without any error
tolerance such that the receiver can recover the original data
without failure. On the other hand, the SAM method does not
need to reserve bits for the transmission of the SI, resulting in the
increase of the data rate, and simple to implement.

5

Fig. 7 BER performance comparisons of the proposed SAM in two cases,
WHT-OFDM, PTS, ordinary SLM and A-SLM methods for 16-QAM and
N = 256 over AWGN channel

rin

Conclusions

In this paper, a new PAPR reduction method is proposed based on
the phase and amplitude modiﬁcations in the SA, only utilising a
predesigned SAM matrix along with a single IFFT/FFT pair in the
OFDM system. The SAM technique provides a dramatic reduction
in PAPR performance and outperforms the WHT, PTS and
SLM-based methods, especially for case 2 implementation that
forms an orthogonal SAM matrix. Moreover, the proposed method
has low-complexity to implement and does not require any SI.
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