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Abstract—This paper discusses a method for Peak to
Average Power Ratio (PAPR) reduction in Orthogonal
Frequency Division Multiplexing (OFDM). A Combination
of  Selective Mapping (SLM) and Hadamard
Transformation (HT) as a simple and computational
efficient technique for PAPR reduction in Orthogonal

Frequency Division Multiplexing (OFDM) system is
presented. In the proposed approach, Hadamard
transformation was used in order to reduce the

autocorrelation of data symbols which in turn reduces the
resulting PAPR. Selective Mapping (SLM) was used to
select an OFDM symbol with minimum Peak to Average
Power Ratio (PAPR). The simulation results show that at
the Complementary Cumulative Distribution Function
(CCDF) of 4 x 1073, the PAPRof the proposed scheme is
5.84 dB. This marks an improvement of 4.26 dB when
compared with PAPR of the original OFDM which is
10.10dB. On the other hand, the performance of our
proposed scheme shows no significant Bit Error Rate (BER)
deviation from that of the original data.

Keywords—Hadamard transform, Orthogonal Frequency
Division Multiplexing (OFDM), Peak to Average Power
Ratio (PAPR), selective mapping, Bit Error Rate (BER)

|l. INTRODUCTION

The Orthogonal Frequency Division Multiplexing
(OFDM) as a multicarrier modulation scheme has found
many applications especially in the field of wireless
communication. Its ability to mitigate multipath and
Doppler effects at high data rate transmission has made it
a dependable Technology in wireless communication
including the latest Digital Audio Broadcasting (DAB)
systems. However, the major problem with OFDM
among others is that it has high Peak to Average Power
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Ratio (PAPR). High peak to average power ratio leads to
poor performance of High-Power Amplifiers (HPA) as it
causes HPA to be operated outside their linear region and
therefore cause signal distortion. Digital Audio
Broadcasting (DAB) as a technology of interest in this
article represents one of the modern forms of terrestrial
radio broadcasting. It is a complex of technological
innovations developed in the late 1980s as a part of the
European Commission's investment program Eureka 147
[1]. DAB is intended to give good experience to listeners
by giving quality audio sounds approximately to that of
CDs and therefore replacing the existing Amplitude
Modulation (AM) and Frequency Modulation (FM)
audio broadcast services in future. It started with the
traditional DAB and an improved version called DAB+
was introduced in February 2007. DAB+ is more
efficient thanks to the use of a new audio codec (HE-
AACV2 instead of MP2) and more robust thanks to the
use of additional Reed-Solomon error correction coding
[2]. DAB/DAB+ systems both are designed to cope with
the problem of inter symbol interference caused by long
echoes through the use of Orthogonal Frequency
Division Multiplex (OFDM) as a multicarrier scheme.
Orthogonal Frequency Division Multiplexing (OFDM) is
a Frequency Division Multiplexing (FDM) of its own
kind in which a single continuous large channel is
divided into several narrow equally spaced parallel sub-
channels each of them carrying low data rate stream on
an orthogonal subcarriers [3]. OFDM is considered as
trustworthy method for several wireless communication
applications and obtained a lot of research interests [4].
This scheme has been adopted as a key technology for
high data rate transmissions in many wireless
applications and standards, e.g., Digital Audio Broadcast
(DAB), Digital Video Broadcasting-Terrestrial (DVB-T),
Digital Video Broadcasting Handheld (DVB-H),
Wireless Local Area Network (WLAN), Worldwide
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Interoperability for Microwave Access (WiMAX), Long
Term Evolution (LTE) and the Fifth Generation (5G)
New Radio (NR), due to advantages of high spectral
efficiency and immunity to multipath fading [5].

The rest of this paper is structured as follows: Section
Il gives a Literature survey. In Section Ill, an overview
of OFDM is presented. Section IV presents the concept
of PAPR in OFDM. The proposed technique for this
article is discussed in Section V and Results are
discussed in Section VI while Section VII gives the
general conclusion.

Il. LITERATURE SURVEY

In spite of trustworthy and usefulness of OFDM
scheme, one of the most cited drawbacks is that of
having high Peak to Average Power Ratio (PAPR). High
PAPR leads to inefficiency of the wireless
communication system [6]. PAPR is the ratio of
maximum power of a sample in an OFDM symbol to
mean power of that OFDM symbol [3].

There are various methods proposed by different
researchers in literature for OFDM PAPR reduction.
Some of the popular methods used for OFDM PAPR
Reduction are Iterative Clipping and Filtering (ICF) [7,
8], Coding Techniques [9, 10], Partial Transmit
Sequence (PTS) [11], Selective Mapping (SLM) [12],
Tone Injection (TI), Active Constellation Extension
(ACE) [13], Tone Reservation (TR) and among others.
Each of these methods has its strength and weakness
especially when evaluated in terms of spectral and
computational efficiencies.

The ICF is one of the popular and efficient PAPR
reduction method where clipping and filtering
mechanisms are iteratively applied to obtain the desired
PAPR behavior [14]. In this method, signal with
amplitude beyond a certain threshold is clipped. However,
clipping process results into harmonic distortion caused
by nonlinear input output characteristics of high-power
amplifiers at higher signal power levels. Therefore,
Filtering is applied to lower the amount of this distortion
caused by clipping process. Another popular method for
OFDM PAPR reduction is Selective Mapping (SLM).
This technique is also widely used in OFDM systems to
reduce PAPR as is known to have low signal distortion
[11]. In this method, data symbols are multiplied with
different phase vectors and then evaluated for PAPR. An
OFDM symbol with lowest PAPR in the sample is
selected for transmission. The phase vector
corresponding to the selected symbol is also transmitted
as Side Information (SI). The major drawback of SLM is
that it needs transmission of Side Information (SI) (phase
vector) to enable the receiver to decode the information.
Transmission of Side Information (SI) leads to spectral
inefficiency of the method. Also, the erroneous of SI will
have strong effect to BER performance at the receiver
[15].

Partial Transmit Sequence (PTS) [16] method and its
improved version in [4] is also among of the well-known
techniques for OFDM PAPR reduction without signal
distortion.The basic idea of partial transmit sequence

267

algorithm is to divide the original OFDM sequence into
several sub-sequences and each sub-sequence multiplied
by different weights until an optimum value is chosen
[17]. An input data block is divided into many disjoint
sub-blocks. Then, the IFFT for each sub-block is
separately performed and then weighted by a
corresponding complex phase factor [14]. The early
proposed PTS methods involved the transmission of Sl
for recovery of information. However, a study in [11],
proposed a method to eliminate the transmission of SI.
The proposed method embeds Sl into the rotating phase
vectors shifted by a known offset. However, this method
has intensive computation and this leads to its
inefficiency. Another method is Frequency-Selective
PAPR Reduction method for OFDM which is proposed
in [18]. In this scheme, an efficient and more flexible
PAPR reduction solution known as Iterative Clipping and
Error Filtering (ICEF) was envisaged. This method
allows for control of noise resulted from clipping process.
Different from the earlier ICF method, the new proposed
ICEF method is basically based on explicitly separating
the clipping noise in frequency domain, within the
overall iterative procedure and adopting a frequency
domain mask to control the noise power [18]. In this
scheme, a subset of sub carriers marked active
( Ngctive < N) are used and in turn, this reduces the
spectral efficiency of OFDM.

TABLE I. COMPARISON OF PAPR REDUCTION TECHNIQUES IN OFDM
SYSTEM

Reduction Technique Name of Parameters

Signal Power Data rate
Distortion Increase Reduction
Clipping and Filtering Yes No No
Coding No No Yes
Partial Transmit No No Yes
Sequence (PTS)
Selective Mapping No No Yes
(SLMm)
Interleaving No No Yes
Tone Reservation (TR) No Yes Yes
Tone Injection No Yes No

Also, a Peak-to-Average Power Ratio Reduction
Using New Swarm intelligence algorithm in OFDM
system was earmarked in [19]. In this algorithm, the PTS
scheme is optimized in terms of phase search and Sl is
transmitted for to be used for data recovery at the
receiver. This method suffers the same issue of Sl
transmission as the former PTS although, the algorithm is
less complex and converges fast as compared to that of
normal PTS. Musabe et al. [19] proposed another new
PAPR reduction method based on advanced peak
windowing and clipping techniques [20]. Also a New
Nonlinear Companding Algorithm Based on Tangent
Linearization Processing for PAPR Reduction in OFDM
Systems was proposed in Ref. [21]. Each of the proposed
technique in the literate has its advantages and
disadvantages and using any of the technique, PAPR will
be reduced at certain level. A comparative study of
different PAPR reduction techniques based on signal
distortion, power increase and data rate loss was done in
[22] and the results is as shown in Table I.
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Among of the above-mentioned methods for PAPR
reduction, SLM and PTS are widely used methods [23].
Traditional SLM algorithm is a better performance
algorithm in probability technology, and it is an
algorithm for reducing PAPR without distortion [24]. In
this paper, a combination of Selective Mapping (SLM)
and Hadamard Transformation is presented.

I1l. AN OVERVIEW OF OFDM

Orthogonal Frequency Division Multiplexing (OFDM)
is a multicarrier modulation in which a single large
stream of data is subdivided and transmitted using
several narrowband overlapping subcarriers which are
orthogonally closely spaced as illustrated in figure 1. The
bandwidth of the subcarriers is small compared with the
coherence bandwidth of the channel and therefore the
individual subcarrier experience flat fading which allows
for simple equalization. This technique offers high
spectral efficiency and is robust against multipath and
Doppler effects. The high data rate stream in OFDM
system is split into several equally spaced lower data rate
stream which are then transmitted simultaneously over a
larger number of sub carriers [25]. OFDM is a very
attractive technique for wireless Communications [26].
Due to its numerous advantages, it offers, OFDM has
drawn major attention to researchers in the area of
broadband wireless communication. In order to obtain an
OFDM symbol for transmission, data inputs are passed
through some signal conditionings like source and
channel coding and interleaving in order to obtain robust
signal against channel impairments. Various multicarrier
modulation schemes like QAM, PSK among others are
used to modulate each subcarrier at low symbol rates.
The modulated symbols are then converted from serial to
parallel and fed into the inverse discrete Fourier
transform which is done using IFFT. Afterward, a cyclic
prefix is added to produce an OFDM symbol as
illustrated in the block diagram in Figs. 1-2.
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For N—subcarriers, an OFDM symbol s(t) generation is
given by the Eq. (1):

XkejZn'nk/N (1)
where x, is the nth sample of an OFDM symbol in time
domain, Xx (0 < k < N — 1) are statistically independent
signals modulated by Quadrature amplitude modulation
(QAM) scheme on different subcarriers in frequency
domain and N is the total number of subcarriers [27].
OFDM Symbol duration (Ts) is given by Eq. (2).

T,=T,+T,

— 1 yN-1
Xn = TNZk:o

@

where Ty is the useful symbol duration and Ty is the
guard band duration (cyclic prefix duration).

IV. PAPR IN OFDM SYSTEMS

Peak to Average Power Ratio (PAPR) is the ratio of
maximum power to average power of samples in an
OFDM symbol. The peak amplitude and hence the peak
power in the output is resulted when different modulated
sub-channels align up coherently [28, 29]. When the
IFFT sum in time domain is performed, it may result into
high peak amplitude relative to average amplitude of all
symbols. This leads to a very high value of PAPR
resulting in distortions of the output signal when passing
through High Power Amplifier (HPA) [23]. HPA
operates more efficient and smoother in its linear region
and this minimizes signal distortion, out-of-band noise
and BER degradation. A large Peak-to-Average Power
Ratio (PAPR) can cause the Power Amplifiers (PAs) to
operate in the nonlinear regime, and therefore lead to
signal distortion and data rate degradation[30]. Besides
that, high PAPR needs Digital to Analogue Converter
(DAC) with high resolution to contain the maximum
amplitude level and this may lead to inefficiency
operation of DAC too.

Mathematically, PAPR of OFDM signal is determined
by the ratio between the peak power and its average
power as given in Eq. (5). A sample of OFDM symbol in
time domain is given in Eq. (3) and average power of
samples is given in Eq. (4).

N-1
1 Z .
X, = X e]Znnkft
n ,—N L 14

n=012.,N-1 ©)

From Eq. (3), the average power of OFDM sample is
calculated using Eq. (4).

(4)

Peak to average power in Eq. (5) is given as the ratio
of maximum power to average power Eq. (4) of OFDM
samples.

1 — i 2
E(|x,]?) = £ Zi23| X el k|

PAPR = 10 log ["=50]

Els(0)|?

®)

where x, are Time domain symbols
Xy are Frequency domain symbols
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In this article, PAPR is evaluated by Complementary
Cumulative Distribution Function (CCDF) tool which is
normally used to illustrate any reductions in PAPR. The
CCDF of PAPR defines the probability that the PAPR of
an OFDM frame exceeds a given reference value PAPRo
[29, 31]. The complementary cumulative distribution
function is expressed as in Eq. (6).

ccdf(x)=1—-(1—-e™) (6)

The probability distribution function for PAPR greater
than a certain threshold (x) is therefore expressed as in

Eq. (7).

P(PAPR>x)=1—(1—e )N @)

OFDM PAPR reduction has remained an active area of
research for long time and many alternatives aimed at
reducing PAPR have been proposed in the literature but
each method has its own advantages and disadvantages.
Different applications chooses different methods for
PAPR reduction that best suit them when the benefits
outweigh the drawbacks [32].

V. PROPOSED SLM-HT METHOD

In this study, we propose a combination of Hadamard
Transformation and Selective Mapping (SLM-HT)
Technique. Hadamard Transform matrix (H) is a standard
square matrix of order N in which all elements in the
matrix are 1 and —1 only. The use of Walsh Hadamard
transform in PAPR reduction was proposed in the paper
by Park et al. [32] where Hadamard transform scheme
was used to reduce the occurrence of the high peaks. The
reason for using Hadamard transform is to reduce the
autocorrelation of input sequence in order to reduce the
peak to average power problem and this does not require
side information to be transmitted to the receiver [33]. By
taking the number of OFDM subcarriers as the order N of
Hadamard transform we can use the matrix for producing
less correlated symbols. For instance, the Hadamard
matrix of order 4 is as shown in Eq. (8).

1
11

V4|1
1

111
-1 1-1
H, 1-1-1 (8)
-1-1 1
On the other hand, Selective Mapping (SLM) as
discussed earlier is a promising technique for PAPR
reduction in OFDM system. When combined with
Hadamard Transform gives promising results in PAPR
reduction. Figs. 3-4 shows how Selective Mapping
(SLM) and Hadamard Transform (HT) can be combined
together. The basic idea of SLM is to produce large but
finite number of alternatives transmit sequences from the
same data source and finally select signal which exhibits
the lowest PAPR for transmission. In our proposed
method, the input data streams are process as follows:
The input data undergoes serial to parallel
conversion to produce data symbol X =
(X0, X1, ..., Xy_1) with N data points.

The parallel data symbol stream X =
(Xo, X1, ..., Xy_1) are multiplied by V independent
phase sequence P = (Pgy, P4, ..., Py_1) to produce
V alternative data symbols with the same
information.

Xsim = Xp.xB,,n=01,..,N—-1

The resulting V alternative symbols Xg, =
X, XL, XN-1) are multiplied by Hadamard
transform matrix Hy. (Xy = Hy * X1,,,)

The N-point IFFT is then performed to all V
symbols with the same information to produce time
domain symbol xg;y—pr = IFFT (Xspp—ur)-

PAPR is calculated for all V sets of xg;p_pr. Lastly,
the PAPR of independent data blocks [34] will be
compared and the candidate with the lowest
evaluated PAPR will be selected for transmission.

X1
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PAPR

Selection

DATA |
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Fig. 3. Basic principle of PAPR reduction using a combination selective
mapping and Hadamard transform.
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Fig. 4. Proposed block for OFDM symbol generation at the transmitter
side.
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VI. RESULTS AND DISCUSSION

Since DAB system is intended for both mobile and
fixed receivers, both additive white Gaussian Noise
Channel (AWGN) and Rayleigh Fading channel
environments were considered and evaluated. The
proposed method was evaluated both in terms of PAPR
reduction and BER performance using simulation
parameters in Table Il as discussed in part 5.1 to 5.3.

TABLE Il. SIMULATION PARAMETERS

SIN Parameter Value
1 No of subcarriers (N) 1024
2 Modulation QAM
3 QAM Level (M) 4,16 and 64
4 Data symbols 10240
5 Guard interval 10% of N
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A. Results on PAPR Reduction

The proposed method involves the use of Selective
Mapping and Hadamard transform methods. Selective
mapping technique was chosen because is widely used
technique in OFDM systems to reduce PAPR as it has
less signal distortion. Also, Hadamard Transform was
chosen due to its ability to reduce autocorrelation
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between symbols which is the desirable effect upon
reducing PAPR among symbols. The analysis of the
proposed technique was done using Complementary
Cumulative Distribution Function (CCDF) in Eq. (7).
The results in PAPR reduction performance of the
proposed SLM-HT method were compared with the other
techniques as shown in Figs. 5-7 using 16 using different
QAM levels.
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and 64 subcarriers.
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From Fig. 5 for instance, it can be seen that the
proposed scheme (SLM-HT) achieves a PAPR reduction
of 5.84dB. This is an improvement of 4.26dB from that
of the original OFDM. The achievable peak to average
power ratio results at the probability of 0.004 from
different reduction methods using 4-QAM and 64
subcarriers are summarized in the Table I11.

TABLE Ill. ACHIEVABLE PAPR AT THE PROBABILITY OF 0.004

SIN Reduction Achievable Improvement

Method PAPR (dB) (dB)

1 Original 10.10 0

2 HT 8.05 2.05

2 SLM (pv=4) 7.18 2.92

3 SLM (pv=8) 6.55 3.55

4 Proposed (pv=4) 6.40 3.70

5 Proposed (pv=8) 5.84 4.26

B. BER Performance in AWGN and Rayleigh Fading
Channel

The study went further onto comparing the BER of the
proposed (SLM-HT) PAPR reduction method against the
original OFDM in additive white Gaussian noise
(AWGN) and Rayleigh channel. BER performance was
plotted by varying the channel Signal to Noise Ratio
(SNR) from 10dB to 20dB against Bits Error Rates. Figs
8-10 present the results of BER against SNR in an
Additive White Gaussian Noise (AWGN) channel. From
these figures it can be observed that there is no
significant degradation in BER of our proposed scheme
when compared to that of original OFDM. Figs. 9-11
presents the results of BER against SNR in a channel
which combine both AWGN and Rayleigh fading effects.
The result shows an expected improvement of BER of
our proposed scheme as compared to that of the original
OFDM.
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C. Comparison with other Techniques

Table IV shows a comparison of the proposed PAPR
reduction technique with other available methods. The
comparison was done by looking on whether or not the
techniques introduce costs in the areas of signal
distortion, power utilization, BER, complexity and data
rate loss.

TABLE IV. COMPARISON OF THE PROPOSED AND OTHER DIFFERENT
PAPR REDUCTION TECHNIQUES IN OFDM

Reduction Name of Parameters

Technique Signal BER Tx and Rx Data

Distortion Increase Complexity rate

loss

Clipping and Yes Yes No No
Filtering

Partlal_ No No Yes No
Transmit
Sequence
(PTS)

Selective No No Yes No
Mapping
(SLM)

Proposed No No Yes No
Scheme

The proposed PAPR reduction method which

combines a SLM with Hadamard transform is expected
to have added complexity at both transmitter and receiver
sides as compared to SLM. This is due to the added
computations of Hadamard matrices at both transmitter
and receiver sides. In spite that the proposed technique
gives better reduction of PAPR, its performance price is
reflected on the increased execution time as shown in
Table V. However, these values may change depending
on the computation speed of the machine (Transmitter
and Receiver) used.

TABLE V. EXECUTION TIME OF DIFFERENT PAPR REDUCTION

TECHNIQUES
Reduction Technique Execution Time
(Seconds)
Selective Mapping (SLM) 0.001045
Hadamard Transform (HT) 0.215717
Proposed SLM with HT 0.217067

VII. CONCLUSION

In this paper a combination of Selective Mapping and
Hadamard Transformation (SLM-HT) scheme s
presented and examined for performance in terms of
PAPR reduction and bits error rates. The proposed
scheme was evaluated using MATLAB software
employing 4, 16 and 64QAM symbol mapping which is
used in DAB systems. The plot of complementary
cumulative distribution function against peak to average
power ratio and BER against SNR of each method was
done as presented in the results discussion section. From
the results, it can be seen that, the proposed scheme gives
an improved results in terms of PAPR reduction and
BER. However, further study is recommended to reduce
the execution time of the proposed scheme.
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