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ABSTRACT

This paper presents a new hybrid PAPR reduction technique for the OFDM signal, which
combines a multiple symbol representations method with a signal clipping method. The
clipping method is a nonlinear PAPR reduction scheme, where the amplitude of the signal is
limited to a given threshold. Considering the fact that the signal must be interpolated before
A/D conversion, a variety of clipping methods has been proposed. Some methods suggest the
clipping before interpolation, having the disadvantage of the peaks re-growth. Other methods
contributed that the clipping after interpolation, having the disadvantage of out-of-band power
production. In order to overcome this problem different filtering techniques have been
proposed. Filtering can also cause peak re-growth, but less than the clipping before
interpolation. Another clipping technique supposes that only subcarriers having the highest
phase difference between the original signal and its clipped variant will be changed. This is the
case of the partial clipping method.
To further reduce the PAPR, the dynamic of the clipped signal can be compressed. Linear
methods like partial transmit sequence or selective mapping has been proposed for the
reduction of PAPR as well. Another PAPR reduction method is the tone reservation. It uses
tones on which no data is sent to reduce the transmitted signal peaks. Derivatives of this
method with lower computation complexity and improved performance have been proposed:
One-Tone One-Peak and one by-one iteration. A similar PAPR reduction method is the
multiple symbol representations, where alternative signalling points are used to represent one
symbol. The simulation results highlight the advantages of the proposed PAPR reduction
method.

Keywords: Orthogonal Frequency Division Multiplexing (OFDM), Peak-to-Average Power

Ratio (PAPR), Complementary Cumulative Distribution Function (CCDF), Partial Transmit
Sequence (PTS), Tone Reservation (TR).
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CHAPTER – I

INTRODUCTION
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INTRODUCTION
Orthogonal Frequency Division Multiplexing (OFDM), essentially identical to Coded
Orthogonal Frequency Division Multiplexing (COFDM) and Discrete Multi-Tone (DMT)
modulation is a Frequency Division Multiplexing (FDM) scheme used as a digital Multi
Carrier Modulation (MCM) method [1].
OFDM is a method of digital modulation in which a signal is split into several
narrowband channels at different frequencies. The OFDM technology was first conceived
in the 1960s and 1970s during the research into minimizing interference among the
channels near each other in frequency [2].
The main idea behind the OFDM is that since low-rate modulations are less
sensitive to multipath, the better way is to send a number of low rate streams in parallel
than sending one high rate waveform[9],[10]. This can be exactly done in OFDM. The
OFDM divides the frequency spectrum into sub-bands small enough so that the channel
effects are constant (flat) over a given sub-band. Then a classical IQ modulation (BPSK,
QPSK, M-QAM, etc) is sent over the sub-band. If designed correctly, all the fast
changing effects of the channel disappear as they are now occurring during the
transmission of a single symbol and are thus treated as flat fading at the received [3].
A large number of closely spaced orthogonal subcarriers are used to carry data.
The data is divided into several parallel data streams or channels, one for each subcarrier.
Each subcarrier is modulated with a conventional modulation scheme such as Quadrature
Amplitude Modulation (QAM) or Phase Shift Keying (PSK) at a low symbol rate. The
total data rate is to be maintained similar to that of the conventional single carrier
modulation scheme with the same bandwidth [1].
OFDM is a promising technique for achieving high data rate and combating
multipath fading in Wireless Communications. OFDM can be thought of as a hybrid of
Multi Carrier Modulation (MCM) and Frequency Shift Keying (FSK) modulation. Multi
Carrier Modulation (MCM) is the principle of transmitting data by dividing the stream
into several parallel bit streams and modulating each of these data streams onto individual
carriers or subcarriers [7]. Frequency Shift Keying (FSK) modulation is a technique
whereby data is transmitted on one carrier from a set of orthogonal carriers in each
symbol duration [4].
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The primary advantage of the Orthogonal Frequency Division Multiplexing
(OFDM) systems over the single carrier schemes is its ability to cope with several
channel conditions like attenuation of high frequencies in a long copper wire, narrowband
interference and frequency selective fading due to multipath fading without complex
equalization filters [1].
OFDM is a multiplexing technique that became more popular in the recent years
due to the development of Digital Signal Processors (DSPs) that can handle its heavy
digital processing requirements. The OFDM system is being implemented in Broadband
Wireless Access Systems as a way to overcome wireless transmission problems and to
improve bandwidth. OFDM is used in wireless digital radio, TV transmissions,
particularly in Europe, also used in wireless Local Area Networks (LANs) as specified by
the IEEE 802.11, IEEE 802.16, IEEE 802.20 and the European Telecommunications
Standards Institute (ETSI) HiperLAN/2 standards [4].
OFDM system is a Multi-Carrier Modulation (MCM) scheme in which many
parallel data streams are transmitted at the same time over a channel, with each
transmitting only a small part of the total data rate. With OFDM, a high-speed digital
message is divided into a large number of separate carrier waves. The receiving system
reconstructs the message from the separate carriers. The technique is a coding and
transport scheme comparable to the way that Code Division Multiple Access (CDMA) is
a coding scheme [5].
The orthogonality of the carriers means that each carrier has an integer number of
cycles over a symbol period. Due to the number of cycles, the spectrum of each carrier
has a null at the center frequency of each of the other carriers in the system that results in
no interference between the carriers, allowing then to be spaced as close as possible. The
problem of overhead carrier spacing required in Frequency Division Multiple Access
(FDMA) can be recovered [4].
The word orthogonal indicates that there is a precise mathematical relationship
between the frequencies of the carriers in the system. In a normal frequency-division
multiplex system, many carriers are spaced apart in such a way that the signals can be
received using conventional filters and demodulators. In such receivers, guard bands are
introduced between the different carriers and in the frequency domain, which results in a
lowering of spectrum efficiency [6].
3

If the dot product of two deterministic signals is equal to zero, these signals are
said to be orthogonal to each other. Orthogonality can also be viewed from the standpoint
of stochastic processes. If two random processes are uncorrelated, then both are
orthogonal to each other. If the random nature of signals in a communications system is
known, then the probabilistic view of orthogonality provides an intuitive understanding of
the implications of orthogonality in OFDM [4].
Orthogonal Frequency Division Multiplexing (OFDM) system uses the spectrum
much more efficiently by spacing the channels much closer together. The efficient use of
the spacing is achieved by making all the carriers orthogonal to one another, preventing
interference between the closely spaced carriers [4].
An Orthogonal Frequency Division Multiplexing (OFDM) carrier signal is the
sum of a number of orthogonal sub-carriers, with baseband data on each sub-carrier being
independently modulated commonly by using some type of QAM or PSK. The composite
baseband signal is typically used to modulate a main RF carrier [1], [3].
The Orthogonal Frequency Division Multiplexing (OFDM) systems have been
popularly developed for the Wideband Digital Communication Systems, whether wireless
or over copper wires, used in the applications such as Digital Television (D-TV), Digital
Audio Broadcasting (DAB), Digital Video Broadcasting (DVB), Broadband Internet
Access and Wireless Networking [1].

1.1

OFDM Transmitter
The block diagram of Orthogonal Frequency Division Multiplexing (OFDM)

transmitter is shown in the figure 1 [1].

Figure 1: Block Diagram of OFDM Transmitter
4

S[n], a serial stream of binary digits is the input to the Orthogonal Frequency
Division Multiplexing (OFDM) transmitter. By inverse multiplexing, the serial stream of
binary digits is converted into N parallel streams, as any programmable IC will take the
input parallely. The N parallel streams are converted into the state space components by
using modulation techniques like Quadrature Amplitude Modulation (QAM) and Phase
Shift Keying (PSK).
Quadrature Amplitude Modulation (QAM) is a combination of simple Amplitude
Modulation (AM) and simple Phase Modulation, which helps to transmit more data over
the same bandwidth as that of simple Amplitude Modulation alone or Phase Modulation
alone. Hence, QAM increases the efficiency of transmission of the data for radio
communication systems.
Phase Shift Keying (PSK) is a digital modulation scheme that conveys the data by
changing or modulating the phase of the reference signal or the carrier wave. PSK uses a
finite number of phases each assigned with a unique pattern of binary digits. The various
forms of the Phase Shift Keying (PSK) are Binary Phase Shift Keying (BPSK),
Quadrature Phase Shift Keying (QPSK), 8-Phase Shift Keying (8-PSK) and 16-Phase
Shift Keying (16-PSK) as shown in figure 2 [1].

Figure 2: Input Random Signal Generation and Sub- Carrier Generation
5

An Inverse Fast Fourier Transform (IFFT) is computed on each set of symbols,
giving a set of complex time-domain samples. The time-domain samples are
then quadrature mixed to pass band in the standard way. The real and imaginary
components are first converted to the analog domain by using Digital-to-Analog
Converters (DACs). The analog signals are then used to modulate cosine and sine waves
at the carrier frequency, fc respectively. These signals are then summed up to give the
transmission signal, S(t) [1].

1.2

OFDM Receiver
The block diagram of Orthogonal Frequency Division Multiplexing (OFDM)

receiver is shown in the figure 3 [1].

Figure 3: Block Diagram of OFDM Receiver
The received signal, r(t) is the input to the Orthogonal Frequency Division
Multiplexing (OFDM) receiver.
The received signal is quadrature mixed down to baseband signals by using cosine and
sine waves at the carrier frequency fc. The frequency of the baseband signals is equal to
twice that of the carrier frequency i.e, 2fc, so Low Pass Filters (LPFs) are used to
attenuate the frequency which is greater than the carrier frequency (fc) in figure 4 [1].
The baseband signals are then sampled and digitized by using Analog-to-Digital
Converters (ADCs). A forward Fast Fourier Transform (FFT) is used to convert back into
the frequency domain. The frequency domain signals are then converted to N parallel
streams, each of which is converted to a binary stream using an appropriate

6

symbol detector. The binary streams are then recombined into a serial stream, denoted by
Ŝ[n] which is an estimate of the original binary stream at the transmitter [1].
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1.3

Applications of OFDM
The Orthogonal Frequency Division Multiplexing (OFDM) transmission scheme

has the following applications [7], [8], [9], [10], [11], [12], [13], [14], [15], [16]:


Worldwide Interoperability for Microwave Access (WiMAX).



Terrestrial Digital Audio Broadcasting (DVB-T).



Wireless Metropolitan Area Network (WMAN).
 IEEE 802.16d).



Wireless Local Area Network (WLAN).
 ETSI HiperLAN 2.
 IEEE.11a.



Digital Audio Broadcasting (DAB).



Digital Video Broadcasting (DVB).



High Definition Television (HDTV).



Broadband Internet Access.



Wireless Networking.
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1.4

Advantages of OFDM
The Orthogonal Frequency Division Multiplexing (OFDM) transmission scheme

has the following key advantages [7], [12], [17], [18], [19].


OFDM is computationally efficient by using FFT techniques to implement the
modulation and demodulation functions.



By dividing the channel into narrowband flat fading sub channels, OFDM is
more resistant to frequency selective fading than single carrier systems.



By using adequate channel coding and interleaving, the symbols lost can be
recovered, due to the frequency selectivity of the channel.



OFDM is a bandwidth efficient modulation scheme and has the advantage of
mitigating ISI in frequency selective fading channels.



Channel equalization becomes simpler than by using adaptive equalization
techniques with single carrier systems.



In conjunction with differential modulation, there is no need to implement a
channel estimator.



OFDM provides good protection against co-channel interference and
impulsive parasitic noise.



OFDM can easily adapt to severe channel conditions without complex timedomain equalization.



OFDM eliminates Inter Symbol Interference (ISI) through the use of a cyclic
prefix.



OFDM is less sensitive to sample timing offsets than the single carrier
systems.

1.5



OFDM provides greater immunity to multipath fading and impulse noise.



OFDM makes efficient use of the spectrum by allowing overlap.



OFDM eliminates the need for equalizers.

Disadvantages of OFDM
The Orthogonal Frequency Division Multiplexing (OFDM) transmission scheme

is an attractive technology but has the following disadvantages [1], [3], [7].


OFDM is more sensitive to carrier frequency offset and drift than single
carrier systems, due to leakage of the Discrete Fourier Transform (DFT).
8



OFDM is sensitive to frequency synchronization problems.



OFDM is sensitive to Doppler Shift.



The OFDM signal has a noise like amplitude with a very large dynamic
range; therefore it requires RF power amplifiers with a high Peak-to-Average
Power Ratio (PAPR).



The high PAPR increases the complexity of the Analog-to-Digital (A/D) and
Digital-to-Analog (D/A) converters.



1.6

The high PAPR also lowers the efficiency of power amplifiers.

PAPR Reduction Techniques
The high Peak-to-Average Power Ratio (PAPR) or Peak-to-Average Ratio (PAR)

or Crest Factor of the Orthogonal Frequency Division Multiplexing (OFDM) systems can
be reduced by using various PAPR reduction techniques namely [7], [8], [9], [11], [12],
[13].


Tone Reservation (TR).



Constellation Shaping.



Phase Optimization.



Tone Injection (TI).



Block Coding.



Multiple Signal Representation Techniques.
 Partial Transmit Sequence (PTS).
 Selective Mapping (SLM).
 Interleaving.



Active Constellation Extension Methods.
 Clipping-Based Active Constellation Extension (CB-ACE) Algorithm.
 Adaptive Active Constellation Extension (Adaptive ACE) Algorithm.



Companding Transforms.
 Exponential Companding Transform.
 New Companding Transform.

1.7

Existing Techniques
9

The existing techniques for reducing the high Peak-to-Average Power Ratio
(PAPR) or Peak-to-Average Ratio (PAR) or Crest Factor of the Orthogonal Frequency
Division Multiplexing (OFDM) systems are [26], [27].
1. Clipping-Based Active Constellation Extension Algorithm.
2. Exponential Companding Transform.

1.7.1 Clipping-Based Active Constellation Extension (CB-ACE) Algorithm
The first existing algorithm used for reducing the major drawback of the
Orthogonal Frequency Division Multiplexing (OFDM) systems i.e., the high Peak-toAverage Power Ratio (PAPR) or Peak-to-Average Ratio (PAR) or Crest Factor, is named
as the Clipping-Based Active Constellation Extension (CB-ACE) Algorithm.
The basic principle of the Clipping-Based Active Constellation Extension (CBACE) algorithm involves the switching between the time domain and the frequency
domain. Filtering and applying the ACE constraint in the frequency domain, after
clipping in the time domain, both require iterative processing to suppress the subsequent
regrowth of the peak power in figure 5 [27].
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Figure 5: Spectral and Frequency Domain Signal Inputs for both Real and Imaginary part

The clipping of the peak signal is the simplest method but results to the distortion of the
original OFDM signal. The distortion of the original OFDM signal can be assumed as the
noise or an unwanted signal, which results to an unreliable communication between the
10

transmitter and the receiver. The distortion caused by clipping the original OFDM signal
is categorized into two types, namely [20].


In-Band Distortion.



Out-of-Band Distortion.

The basic idea of the Clipping-Based Active Constellation Extension (CB-ACE)
algorithm is to generate the anti-peak signal for Peak-to-Average Power Ratio (PAPR)
reduction by projecting the clipping in-band noise into the feasible extension area while
removing the Out-of-Band Interference (OBI), also called as Out-of-Band Distortion with
filtering. Thus, the CB-ACE algorithm is considered as a Repeated-Clipping and Filtering
(RCF) process [27].
However, the Clipping-Based Active Constellation Extension (CB-ACE)
algorithm has a low clipping ratio problem, which means, the minimum Peak-to-Average
Power Ratio (PAPR) cannot be achieved when the target clipping level is set below an
initially unknown optimum value. Moreover, the determination of the optimal clipping
level at the initial stage is difficult, because of many factors, such as the initial PAPR and
signal constellation have an impact on the optimal clipping level determination [27].

1.7.2 Exponential Companding Transform
The second existing algorithm used for reducing the major drawback of the
OFDM systems i.e., the high Peak-to-Average Power Ratio (PAPR) or Peak-to-Average
Power (PAR) or Crest Factor, is named as the Exponential Companding Transform. The
Exponential Companding Transform is also named as the Nonlinear Companding
Transform [12].
The idea of companding comes from the use of companding in the Speech
Processing. Since, the OFDM signal is similar to that of the speech signal, in the sense
that large signals occur very infrequently, the same companding technique can be used to
improve the OFDM transmission performance in figure 6 [16], [26].
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Figure 6: Pulse Shaping Output for Digital to Analog with Adjacent Partitions

The process of companding enlarges the amplitudes of the small signals, while the peaks
remain unchanged. Therefore, the average power is increased and thus the Peak-toAverage Power Ratio (PAPR) of the OFDM systems can be reduced, which in turn helps
in increasing the efficiency of the power amplifiers and also reduces the complexity of the
Analog-to-Digital Converter (ADC) and Digital-to-Analog Converter (DAC) [12].
The key idea of the exponential companding transform is to effectively reduce the
Peak-to-Average Power Ratio (PAPR) of the transmitted Orthogonal Frequency Division
Multiplexing (OFDM) signals by transforming the statistics of the amplitudes of these
signals into uniform distributed or companded signals. The uniform distribution of the
signals can be obtained by compressing the peak signals and expanding the small signals
[12].
The Exponential Companding Transform can also eliminate the Out-of-Band
Interference (OBI), which is a type of distortion caused by clipping the original OFDM
signals. The other advantage of the companding transform is that, it can maintain a
constant average power level [13].
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The Exponential Companding Transform can reduce the Peak-to-Average Power
Ratio (PAPR) of the OFDM system causing less spectrum side-lobes for different
modulation formats and sub-carrier sizes without increasing the system complexity and
signal bandwidth [12].

1.8

Proposed Techniques
The proposed techniques used to reduce the Peak-to-Average Power Ratio

(PAPR) in Orthogonal Frequency Division Multiplexing (OFDM) systems such that all
the limitations or drawbacks of the existing techniques namely Clipping-Based Active
Constellation Extension Algorithm and Exponential Companding Transform can be
lowered by [26], [27].


Adaptive Active Constellation Extension Algorithm.



New Companding Transform.

1.8.1 Adaptive Active Constellation Extension (Adaptive ACE) Algorithm
The first proposed algorithm used for reducing the major drawback of the
Orthogonal Frequency Division Multiplexing (OFDM) systems i.e., the high Peak-toAverage Power Ratio (PAPR) or Peak-to-Average Ratio (PAR) or Crest Factor, is named
as the Adaptive Active Constellation Extension (Adaptive ACE) algorithm.
The proposed algorithm combines a Clipping-Based algorithm with an adaptive
clipping control, which helps in finding the optimal clipping level [27], [29], [30].
The basic principle of the Clipping-Based algorithm involves the switching
between the time domain and the frequency domain. Filtering and applying the ACE
constraint in the frequency domain, after clipping in the time domain, both require
iterative processing to suppress the subsequent regrowth of the peak power [27] [30].
The main objective of the Adaptive Active Constellation Extension (Adaptive
ACE) algorithm is to control both the clipping level and convergence factor at each and
every iteration or step and to iteratively minimize the peak power signal greater than the
target clipping level [27].
The ACE technique is used in downlink for reducing the Peak-to-Average Power
Ratio (PAPR) in Orthogonal Frequency Division Multiplexing (OFDM) systems. The
ACE allows the reduction of high peak signals by extending some modulation
constellation points towards the outside of the constellation without any loss of data rate
[27].
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1.8.2 New Companding Transform
The second proposed algorithm used for reducing the major drawback of the
OFDM systems is the high Peak-to-Average Power Ratio (PAPR) or Peak-to-Average
Ratio (PAR) or Crest Factor, is named as the New Companding Transform.
The idea of companding comes from the use of companding in the Speech
Processing. Since, the Orthogonal Frequency Division Multiplexing (OFDM) signal is
similar to that of the speech signal, in the sense that large signals occur very infrequently,
the same companding technique can be used to improve the OFDM transmission
performance [26], [29].
The process of companding enlarges the amplitudes of the small signals, while the
peaks remain unchanged. Therefore, the average power is increased and thus the Peak-toAverage Power Ratio (PAPR) of the Orthogonal Frequency Division Multiplexing
(OFDM) systems can be reduced, which in turn helps in increasing the efficiency of the
power amplifiers and also reduces the complexity of the Analog-to-Digital Converter
(ADC) and Digital-to-Analog Converter (DAC) [12].
The proposed transform appears to be the most attractive technique among various
Companding Transforms like µ-Law Companding Transform, Exponential Companding
Transform or Nonlinear Companding Transform because of its simplicity and
effectiveness [13], [29].
Among all the Peak-to-Average Power Ratio (PAPR) reduction techniques, the
simplest solution is to clip the transmitted signal when its amplitude exceeds a desired
threshold. The clipping is a nonlinear process that produces significant Out-of-Band
Interference (OBI). The Companding is the good remedy for the OBI. The companding
introduces minimum amount of Out-of-Band Interference (OBI) if the companding
function is infinitely differential [13], [29], [28], [30].
The proposed transform evaluates the Companding Transform by using the special
airy function, with which the Bit Error Rate (BER) is improved and OBI is minimized, in
the process of reducing the Peak-to-Average Power Ratio (PAPR) effectively [29].
The New Companding Transform can also eliminate the Out-of-Band Interference
(OBI), which is a type of distortion caused by clipping the original OFDM signals. The
other advantage of the proposed companding transform is that, it can maintain a constant
average power level [29], [28], [30].
14

The New Companding Transform can reduce the Peak-to-Average Power Ratio
(PAPR) of the Orthogonal Frequency Division Multiplexing (OFDM) system causing less
spectrum side-lobes for different modulation formats and sub-carrier sizes without
increasing the system complexity and signal bandwidth [29].

1.9

Literature Survey
Orthogonal Frequency Division Multiplexing (OFDM), also known as

Multicarrier transmission or Discrete Multi-Tone (DMT), is a technique with a long
history that has recently seen rising popularity in wireless and wire line applications [7],
[17], [22], [14].
Orthogonal Frequency Division Multiplexing (OFDM) has the following
advantages [9], [11], [12], [19], [16].


Efficient implementation by using Fast Fourier Transform (FFT).



Immunity to the frequency selective fading channels.



Tuned sub-channel receiver filters are not required



Low sensitivity to time synchronization errors.



Robustness against Multipath Interference.



Eliminates Inter Symbol Interference.



Lower implementation complexity.



High spectral efficiency.

Therefore, OFDM is believed to be a suitable technique for Broadband Wireless
Communications and has been used in many wireless standards, such as Digital Audio
Broadcasting (DAB), Terrestrial Digital Video Broadcasting (DVB-T), the ETSI
HIPERLAN/2 standard and the IEEE 802.11a standard for Wireless Local Area Networks
(WLAN), and the IEEE 802.16a standard for Wireless Metropolitan Area Networks
(WMAN).
Orthogonal Frequency Division Multiplexing (OFDM) has been attracting
substantial attention, due to its excellent performance under severe channel condition.
The rapidly growing applications of OFDM include Worldwide Interoperability for
Microwave Access (WiMAX), Digital Audio Broadcasting (DAB), Digital Video
Broadcasting (DVB), Internet Access, Wireless Networking and 4G wireless systems.
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The Orthogonal Frequency Division Multiplexing (OFDM) signal has a noise like
amplitude with a very large dynamic range; therefore OFDM requires RF power
amplifiers with a high Peak-to-Average Power Ratio (PAPR). The high Peak-to-Average
Power Ratio (PAPR) in Orthogonal Frequency Division Multiplexing increases the
complexity of Analog-to-Digital Convertor (ADC) & Digital-to-Analog Converter (DAC)
and also lowers the efficiency of power amplifiers.
Jiang Y (2010) has defined the Peak-to-Average Power Ratio (PAPR) of an
Orthogonal Frequency Division Multiplexing (OFDM) transmit signal as shown in
equation 1.1 [29] and figure 7 [29].

PAPR = 10

|

|

∫ |

|

dB

---------- Eq. 1.1

Where, PAPR – Peak-to-Average Power Ratio
– Baseband Representation of the OFDM Symbol
T

– Duration of the OFDM Symbol
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Figure 7: Pulse Shaping Output for both Real and Imaginary Part

The baseband representation of the Orthogonal Frequency Division Multiplexing
(OFDM) symbol is given as in equation 1.2 [29].
√

Where,

∑

----------- Eq. 1.2

– Number of Subcarriers
– Data Sequence
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Over the past decade, various techniques like Partial Transmit Sequence (PTS),
Selective Mapping, Tone Reservation, Tone Injection, Block Coding, Clipping-Based
Active Constellation Extension (CB-ACE) Algorithm, µ-Law Companding Transform,
Exponential Companding Transform etc., have been proposed for reducing PAPR.
Han S H and Lee J H (2005) have proposed Clipping-Based Active Constellation
Extension (CB-ACE) algorithm, a simplest technique for PAPR reduction. The CB-ACE
algorithm reduces the PAPR by amplitude clipping. The amplitude clipping limits the
peak envelope of the input signal to a predetermined value and causes distortion. The
distortion caused by the amplitude clipping can be viewed as a source of noise. The noise
caused by the amplitude clipping may be categorized into two namely – in-band radiation
and out-of-band radiation.
The in-band distortion cannot be reduced by filtering and results in error
performance degradation, while the out-of-band radiation reduces the spectral efficiency.
Filtering after clipping can reduce the out-of-band radiation, but also causes some peak
regrowth so that the signal after clipping and filtering will exceed the clipping level at
some points.
To reduce the overall peak regrowth, a repeated clipping and filtering operation
can be used. Generally, repeated clipping and filtering takes many iterations or steps to
reach a desired amplitude level, which increases the computational complexity.
Wang L and Tellambura C (2006) have also proposed Clipping-Based Active
Constellation Extension (CB-ACE) algorithm.
The CB-ACE algorithm uses both clipping and filtering for reducing the PAPR in OFDM
systems. In each iteration or step, the time domain signal

is first clipped. The clipped

OFDM signal, denoted by ̅ , is given by the equation 1.3,[37].

, | |

̅
,
Where,

| |

---------- Eq. 1.3

– The Predefined Threshold

̅ – Clipped OFDM Signal
– Time Domain Signal
Φn – Phase of
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The clipping noise produced by the clipped Orthogonal Frequency Division
Multiplexing (OFDM) signal, denoted by fn, is given by the equation 1.4.

fn =

̅ ---------- Eq. 1.4

Where, fn – Clipping noise
– Time Domain Signal
̅ – Clipped OFDM Signal
The clipping noise is converted to the frequency domain by a Discrete Fourier
Transform (DFT) operation to obtain Fk. The out-of-band terms of Fk are set to zero and
the in-band terms are adjusted to obtain ̅ . An Inverse DFT (IDFT) is applied to ̅ in
order to obtain the modified clipping noise.
The modified clipping noise, ̅ is scaled by a factor β and is subtracted from

,

to

obtain a PAPR reduced OFDM signal, denoted by ̅ . The PAPR reduced OFDM signal
is given by the equation 1.5.
̅ =

̅ ---------- Eq. 1.5

Where, ̅ – PAPR Reduced OFDM Signal
– Time Domain Signal
β – Scaling Factor
̅ – Modified Clipping Noise
The clipping and filtering processes are to be repeated for all the iterations, which
increases the computational complexity [25].
Jiang T and Wu Y (2008) have also proposed Clipping-Based Active
Constellation Extension (CB-ACE) algorithm, a simplest and most widely used technique
for reducing the Peak-to-Average Power Ratio (PAPR) in OFDM systems.
The CB-ACE algorithm, basically clips the parts of the signals that are outside the
allowed region. Generally, clipping is performed at the transmitter. However, the receiver
needs to estimate the clipping that has occurred and to compensate the received OFDM
symbol accordingly. Typically, at most one clipping occurs per OFDM symbol, and thus
the receiver has to estimate two parameters namely location and size of the clip.
However, it is difficult to get the information. Therefore, clipping method introduces both
in band distortion and out of band radiation into OFDM signals, which degrades the
system performance including BER and spectral efficiency.
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Filtering can reduce out-of-band radiation after clipping, although the filtering
cannot reduce in-band distortion. However, clipping may cause some peak regrowth so
that the signal after clipping and filtering will exceed the clipping level at some points. To
reduce peak regrowth, a repeated clipping-and-filtering operation can be used and thereby
to obtain a desirable PAPR but at a cost of computational complexity increase [28].
Bae K et al., (2010) have also proposed a PAPR reduction technique namely
Clipping-Based Active Constellation Extension (CB-ACE) algorithm.
The basic idea of the CB-ACE algorithm is to generate the anti-peak signal for
PAPR reduction by projecting the clipping in-band noise into the feasible extension area
while removing the out-of-band distortion with filtering. Thus, the CB-ACE method is
considered as a Repeated Clipping and Filtering (RCF) process.
(i)

The clipping signal, denoted by cn , can be obtained by using the equation 1.6.
(|

|

,

|
0,

Where,

|
|

|

---------- Eq. 1.6

c(i)
n – Clipping Sample
A – Predetermined Clipping Level
(i)

θn – arg(- x n ) ; i – th iteration of clipping sample (Clipping Pulse)
The existing CB-ACE algorithm cannot achieve the minimum PAPR for low
target clipping ratios, because the reduced power by low clipping decreases the PAPR
reduction gain in ACE [27].
The clipping method suffers from the three major problems like in-band
distortion, out-of-band radiation & peak regrowth after digital to analog conversion as
shown in figure 8 [22].
Wang X et al., (1999) have proposed another technique, named as, Companding
Technique for reducing the Peak-to-Average Power Ratio (PAPR) in the Orthogonal
Frequency Division Multiplexing (OFDM) systems.
The Companding Technique is a simple, but effective technique used for reducing
the PAPR of OFDM signals. The idea comes from the use of companding in speech
processing. Since, OFDM signal is similar to speech signal in the sense that large signals
only occur very infrequently, the same companding technique can be used to improve
OFDM transmission performance. The amplitudes of small signals are enlarged while the
19

peaks remain unchanged after companding. Therefore, the average power is increased and
thus the PAPR is reduced.
Upconverter and FFT for subcarriers and PSD of input signal
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Figure: 8 Up converter and FFT for Sub-carriers and Power spectral density of Input
Signal

The companding technique improves the quantization resolution of small signals
at the price of the reduction of the resolution of large signals since small signals occur
more frequently than large ones. However, as the companding increases the number of
the quantization intervals far small signals, the number of the quantization intervals
available for large signal will inevitably be reduced since the total number of the
quantization intervals remains unchanged after companding. Therefore, there exists an
optimal companding coefficient [26], [31], [32].
Jiang T and Zhu G (2004) have proposed a Nonlinear Companding Transform for
reducing the Peak-to-Average Power Ratio (PAPR) of the Orthogonal Frequency
Division Multiplexing (OFDM) signals.
The Nonlinear (Exponential) Companding Transform effectively reduces the
PAPR by compressing the peak signals and expanding the small signals, while
maintaining the average power unchanged by properly choosing the transform
parameters. The fact that the companding scheme is described by a single-valued function
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allows to be transformed before amplification and to be restored the signals at the
receiver. The companding transform can be applicable with any modulation formats and
subcarriers.
The key idea of the Nonlinear Companding Transform is to exploit statistical
distribution of OFDM transmit signals, which is well modeled by Gaussian distribution
for large number of sub-carriers. For OFDM systems, the proposed companding scheme
transforms the distribution of the transmitted signals into quasi-uniform distribution. The
nonlinear characteristics of the Nonlinear Companding Transform, denoted by Y, are
given by the equation 1.7.

Y=

erf(

)---------- Eq. 1.7

Where, Y – Nonlinear Characteristics of the Nonlinear Companding Transform

erf( ) – An Error Function,
– Positive Number
– Positive Number
The Error Function used in the nonlinear characteristic of the Nonlinear
Companding Transform is given by the equation 1.8.

erf ( X ) =

√

∫

dt ---------- Eq. 1.8

Where erf( ) – Error Function
The companding scheme can be implemented with low complexity, without any
iterative computations, comparing with coding, partial transmit and selective mapping
schemes, in which either delay due to coding or extra overheads to synchronize
transmitter and receiver are required. In short, the proposed companding transform
method is feasible to be incorporated with OFDM systems and more suitable for real time
applications.
Jiang T et al., (2005) have proposed a new Nonlinear Companding Transform
called as Exponential Companding Transform for Peak-to-Average Power Ratio (PAPR)
reduction in Orthogonal Frequency Division Multiplexing (OFDM) systems.
The scheme based on exponential companding technique adjusts both large and
small signals and can keep the average power at the same level. By transforming the
*original OFDM signals into uniformly distributed signals (with a specific degree), the
exponential companding schemes can effectively reduce PAPR for different modulation
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formats and sub-carrier sizes. Moreover, many PAPR reduction schemes, such as µ-law
companding scheme, cause spectrum side-lobes generation, but the exponential
companding schemes cause less spectrum side-lobes.
The Exponential Companding Transform can effectively transform the original
Gaussian-distributed OFDM signals into uniform-distributed i.e., companded signals
without changing the average power level. Unlike the µ-law companding scheme, which
mainly focuses on enlarging small signals, our exponential companding schemes adjust
both small and large signals without bias, so that the companding transform is able to
offer better performance in terms of Peak-to-Average Power Ratio (PAPR) reduction,
Bit-Error-Rate (BER) and phase error for Orthogonal Frequency Division Multiplexing
(OFDM) systems.
The Exponential Companding Transform can effectively reduce the PAPR of
transmitted i.e., companded OFDM signals by transforming the statistics of the
amplitudes of these signals into uniform distribution. The new scheme also has the
advantage of maintaining a constant average power level in the nonlinear companding
operation.
The companding transform maintains the same average power level as that of the
original OFDM signals and can also adjust the amplitudes of both large and small input
signals, while maintaining the average power unchanged by properly choosing the
transform parameters, so as to make the output signals have an uniform distribution [29].
Jiang T et al., (2007) have proposed the Nonlinear Companding Transform for
reduction in Peak-to-Average Power Ratio (PAPR) of Multi-Carrier Modulation (MCM)
signals, which can enable the original MCM signals to be transformed into the desirable
distribution.
The novel Nonlinear Companding Transform can effectively reduce the Peak-toAverage Power Ratio (PAPR) of the MCM signals by transforming the statistics of the
amplitudes or power of the original MCM signals into uniform distribution. These novel
schemes also have the advantage of maintaining a constant average power level in the
nonlinear companding operation.
The Nonlinear Companding Transform is the most attractive scheme due to its
good system performance and simplicity, also effectively reduces Peak-to-Average Power
Ratio (PAPR) for different modulation formats and subcarrier sizes without any
complexity increase and bandwidth expansion [31] [32].
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After surveying the literature in depth, the following drawbacks are found in the
existing techniques namely Clipping-Based Active Constellation Extension Algorithm
and Exponential Companding Transform,


Minimum PAPR cannot be achieved, when the target clipping level is set
below an initially unknown optimum value i.e., low clipping ratio problem.



Peak regrowth after Digital-to-Analog (D/A) conversion.



Out-of-Band Interference.



Increase in the BER.



In Band Distortion.

Hence, the following techniques have been proposed, to improve the above said
limitations or drawbacks,
 Adaptive Active Constellation Extension Algorithm.
 New Companding Transform Algorithm.

1.10 Formulation Of The Problem
1.10.1

Objectives

The objectives of the proposed project in order to reduce the Peak-to-Average
Power Ratio (PAPR) in the Orthogonal Frequency Division Multiplexing (OFDM)
systems are:
1. To study and evaluate the existing technologies namely Clipping-Based
Active Constellation Extension Algorithm and Exponential Companding
Transform for reducing PAPR and its limitations.
2. To study and evaluate the proposed technique namely Adaptive Active
Constellation Extension Algorithm for reducing PAPR.
3. To study and evaluate the other proposed technique namely New Companding
Transform for reducing PAPR.
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CHAPTER – II

INTRODUCTION TO PAPR
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PEAK-TO-AVERAGE POWER RATIO
2.0

Introduction
The Peak-to-Average Power Ratio (PAPR) is a measurement of a waveform,

calculated from the peak amplitude of the waveform divided by the Root Mean
Square (RMS) value of the waveform. The Peak-to-Average Power Ratio (PAPR) is
given by the equation 2.1 [13].

C=

| |

---------- Eq. 2.1

Where, C – Peak-to-Average Power Ratio

| |

– Peak Amplitude of the Waveform
– RMS Value of the Waveform

The Peak-to-Average Power Ratio (PAPR) is also named as the Peak-to-Average
Power (PAR) or the Crest Factor. The PAPR of the original OFDM signals is
approximately equal to 12 dB.
Upconverter and FFT for subcarriers and PSD output signals
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Figure 9: Up converter and FFT for Sub-carriers and Power spectral density of Output
Signal

2.1

Calculation of PAPR and CCDF of Original OFDM Signal

2.1.1 Peak-to-Average Power Ratio (PAPR)
The Peak-to-Average Power Ratio (PAPR) of the original Orthogonal Frequency
Division Multiplexing (OFDM) signals can be calculated by using the equation 2.2.
25

|

PAPR(X) ̃

[|

|

| ]

---------- Eq. 2.2

Where, PAPR – Peak-to-Average Power Ratio
– Oversampled OFDM signal
|
[|

| ]

|

- Peak Power

- Average Power
FFT of Pulse Shaped Output
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Figure 10: Fast Fourier Transform of Pulse Shaped Output
The oversampled Orthogonal Frequency Division Multiplexing signal, denoted by
xn, is the Inverse Discrete Fourier Transform (IDFT) of the complex data symbols. The
oversampled OFDM signal is obtained with the help of the modulation techniques like
Quadrature Amplitude Modulation (QAM) or Phase Shift Keying (PSK) at the kth
subcarrier. The oversampled OFDM signal is given by the equation 2.3 & figure 10 [13].

=
Where,

√

∑

n = 0, 1, 2 ….. N-1---------- Eq. 2.3

– Oversampled OFDM Signal
N – Number of Subcarriers
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– Complex Data Symbols using PSK or QAM at the kth Subcarrier
The Peak-to-Average Power Ratio (PAPR) of the Orthogonal Frequency Division
Multiplexing (OFDM) systems in dB is given by the equation 2.4.

PAPR in dB = 10

---------- Eq. 2.4

Where, PAPR – Peak-to-Average Power Ratio
The Peak-to-Average Power Ratio (PAPR) of any OFDM signal is to be
calculated in terms of the Complimentary Cumulative Distribution Function (CCDF) as
the CCDF is one of the most frequently used performance measures for the PAPR
reduction techniques [13].
2.1.2 Complimentary Cumulative Distribution Function (CCDF)
In Probability Theory and Statistics, the Cumulative Distribution Function (CDF),
or just Distribution Function, describes the probability that a real valued random variable,
denoted by X with a given probability distribution will be found at a value less than or
equal to x. Cumulative Distribution Functions (CDFs) are also used to specify the
distribution of multi-variate random variables. For every real number x, the Cumulative
Distribution Function (CDF) of a real valued random variable, denoted by X is given by
the equation 2.5.

(X) = P(X

---------- Eq. 2.5

Where, the right-hand side of the equation 2.5 represents the probability that the random
variable X takes on a value less than or equal to x.
The Cumulative Distribution Function (CDF) of X can be defined in terms of
the Probability Density Function, f as given in the equation 2.6.

F( )=∫

---------- Eq. 2.6

Where, F(x) – Cumulative Distribution Function
f(t) – Probability Density Function
The Complimentary Cumulative Distribution Function (CCDF) describes the
probability that a real valued random variable, denoted by X with a given probability
distribution will be found at a value greater than x. The Complimentary Cumulative
Distribution Function (CCDF) of X is given by the equation 2.7.

( ) = P(X

)=1

---------- Eq. 2.7

Where, Fc(X) – Complimentary Cumulative Distribution Function
F(x) – Cumulative Distribution Function
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In other words, the Complimentary Cumulative Distribution Function (CCDF) of
the Peak-to-Average Power Ratio (PAPR) denotes the probability that the PAPR or PAR
or Crest Factor of a data block exceeds a given threshold in figure 11 [13].
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Figure 11: Up converter and FFT for Sub-carriers in Time Domain

2.2 Calculation of SNR and BER of Original OFDM Signal
The Signal-to-Noise Ratio (SNR) and Bit Error Rate (BER) are the other two
important parameters to be calculated for the original Orthogonal Frequency Division
Multiplexing (OFDM) signal. The SNR and BER can be easily calculated by passing the
OFDM signal in to the Additive White Gaussian Noise (AWGN) channel, where noise or
an unwanted signal gets added to the original OFDM signal.
2.2.1 Additive White Gaussian Noise (AWGN) Channel
Additive White Gaussian Noise (AWGN) channel is a channel model in which the
only impairment to communication is a linear addition of wideband or white noise with a
constant spectral density (expressed as watts per hertz of bandwidth) and a Gaussian
distribution of amplitude. The AWGN channel does not account for fading, frequency
selectivity, interference, nonlinearity or dispersion. The wideband Gaussian noise comes
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from many natural sources such as the thermal vibrations of atoms in conductors, shot
noise, black body radiation from the earth and celestial sources such as the Sun.
The Additive White Gaussian Noise (AWGN) channel is a good model for
many satellite and deep space communication links. The channel is not a good model for
most terrestrial links because of multipath, terrain blocking and interference. However,
for terrestrial path modeling, AWGN is commonly used to simulate background noise of
the channel under study, in addition to multipath, terrain blocking, interference, ground
clutter & self-interference the modern radio systems encounter terrestrial operation.

2.2.2 Signal-to-Noise Ratio (SNR)
Signal-to-Noise Ratio (often abbreviated as SNR or S/N) is a measure used in
science and engineering to quantify how much a signal has been corrupted by noise.
Signal-to-Noise Ratio (SNR) is defined as the ratio of signal power to the noise power
corrupting the signal. A ratio higher than 1:1 indicates more signal than noise.
Signal-to-Noise Ratio (SNR) is sometimes used informally to refer to the ratio of
useful information to false or irrelevant data in a conversation or exchange. For example,
in online discussion forums, off-topic posts, spam and other online communities are
regarded as the noise that interferes with the signal of appropriate discussion.
Signal-to-Noise Ratio (SNR) is defined as the power ratio between a signal i.e., a
meaningful information or data and the background noise i.e., an unwanted signal. The
SNR is given by the equation 2.8.

SNR =

---------- Eq. 2.8

Where, SNR – Signal-to-Noise Ratio
Psignal – Signal Power
Pnoise – Noise Power
In non-technical terms, Signal-to-Noise Ratio (SNR) compares the level of a
desired signal (such as music) to the level of background noise. The higher the Signal-toNoise Ratio, the less obtrusive the background noise is.
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2.2.3 Bit Error Rate (BER)
The Bit Error Rate or Bit Error Ratio (BER) is defined as the number of bit errors
divided by the total number of transferred bits during a studied time interval. BER is a
unit less performance measure, often expressed as a percentage number.
In a Communication System, the receiver side BER may be affected by the
transmission channel noise, interference, distortion, bit synchronization problems,
attenuation, wireless multipath fading etc. The BER may be improved by choosing strong
signal strength or by choosing a slow and robust modulation scheme or by line coding
scheme or by channel coding schemes.
The transmission Bit Error Rate (BER) is the number of detected bits that are
incorrect before error correction, divided by the total number of transferred bits
(including redundant error codes). The information Bit Error Rate (BER), approximately
equal to the decoding error probability, is the number of decoded bits that remain
incorrect after the error correction, divided by the total number of decoded bits (the useful
information). Normally the transmission BER is larger than the information BER. The
information BER is affected by the strength of the forward error correction code.

2.3

Conclusions
From the study [38] and [39] of the Peak-to-Average Power Ratio (PAPR) defined

as the ratio of peak power to the average power is equal to 11.8 dB (approximately 12 dB)
with a Complimentary Cumulative Distribution Function (CCDF) of 10-2 or 0.01 for the
original Orthogonal Frequency Division Multiplexing (OFDM) signal. and the Signal-toNoise Ratio (SNR) is calculated to be equal to 16 dB for a Bit Error Rate (BER) of 10-1 or
0.1 i.e., only 1-bit is in error when a stream of 10-bits are transmitted via a
communication channel or medium, when the original Orthogonal Frequency Division
Multiplexing (OFDM) signal is transmitted through an Additive White Gaussian Noise
(AWGN) channel.
The Peak-to-Average Power Ratio (PAPR) of 11.8 dB is very high, which is a
major limitation or drawback of the original Orthogonal Frequency Division Multiplexing
(OFDM) signals. The high Peak-to-Average Power Ratio (PAPR) increases the
complexity of the Analog-to-Digital Convertors (ADCs) and Digital-to-Analog
Convertors (DACs) and also lowers the efficiency of the power amplifiers.
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The high Peak-to-Average Power Ratio (PAPR) of the original Orthogonal
Frequency Division Multiplexing (OFDM) signal can be reduced by using various
reduction techniques like [27], [29], [26], [32].
1. Clipping Based Active Constellation Extension (CB-ACE) Algorithm.
2. Exponential Companding Transform.
3. Adaptive Active Constellation Extension (Adaptive ACE) Algorithm.
4. New Companding Transform.

31

CHAPTER – III

EXISTING METHOD

32

THE REDUCTION OF PEAK-TO-AVERAGE POWER RATIO
3.0

Introduction
The existing techniques for reducing the high Peak-to-Average Power Ratio

(PAPR), which is a major limitation or drawback in the Orthogonal Frequency Division
Multiplexing (OFDM) systems are,
1. Clipping-Based Active Constellation Extension (CB-ACE) Algorithm
2. Exponential Companding Transform

3.1

Clipping - Based Active Constellation Extension Algorithm
The basic idea of the Clipping-Based Active Constellation Extension (CB-ACE)

Algorithm is to generate the anti-peak signal for reducing the Peak-to-Average Power
Ratio (PAPR) by projecting the flipping in-band noise into feasible extension area while
removing the out-of-band distortion with filtering.
The basic principle of Clipping-Based Active Constellation Extension (CB-ACE)
algorithm involves switching between the time domain and the frequency domain.
Filtering and applying the ACE constraint in the frequency domain, after clipping in the
time domain, both require iterative processing to suppress the subsequent regrowth of the
peak power [27], [29], [30].
The CB-ACE algorithm is first used to clip the peak amplitude of the original
Orthogonal Frequency Division Multiplexing (OFDM) signal. The clipping sample
(i)

obtained after clipping the peak signals, denoted by c n , is given by the equation 3.1.
(|

|

,

|

0,
Where,

|
|

|

---------- Eq. 3.1

– Clipping Sample of the ith iteration
– Oversampled OFDM signal
A – Predetermined Clipping Level
θn – arg(- x (i)
n )
The equation 3.1 says that the clipping sample is reduced to a value equal to zero

when the peak amplitude of the original OFDM signal is less than or equal to the
predetermined clipping level, A. If the peak amplitude of the original OFDM signal is
greater than the predetermined clipping level, then the clipping sample is given by
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, where the predetermined clipping level is subtracted from the

|

(|

oversampled OFDM signal an is then multiplied by an exponential value.
The predetermined clipping level, denoted by A, is related to the target clipping
ratio, γ and is given by the equation 3.2, figure 12 and figure 13 [27], [28].
{|

---------- Eq. 3.2

| }

Where, γ – Target Clipping Ratio
A – Predetermined Clipping Level
xn – Oversampled OFDM signal
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The clipping of the peak signal results to distortion of the original OFDM signal. The
distortion of the original signal can be assumed as the noise, which results to an unreliable
communication between the transmitter and the receiver. The distortion caused by
clipping the original OFDM signal is categorized into two types, namely,


In-Band Distortion.



Out-of-Band Distortion.

The in-band distortion results in the system performance degradation and cannot
be reduced, while, the out-of-band distortion can be minimized by filtering the clipped
signals. The signal obtained after filtering the clipped signal is given by the equation 3.3

̃ ---------- Eq. 3.3
Where,

c(i) – Anti-Peak Signal at the ith iteration
µ – Positive Real Number (µ varies from 0.1 to 1)
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The anti-peak signal at the ith iteration generated for the PAPR reduction, denoted
by

c(i) , is given by the equation 3.4 [27], [31].
̃

Where,

=

---------- Eq. 3.4

c(i) – Anti-Peak Signal at the ith iteration
T(i) – Transfer Matrix at the ith iteration
C(i) – Peak Signal above the Pre-Determined Level
The transfer matrix at the ith iteration, denoted by

,used for generating the

anti-peak signal is given by the equation 3.5 and figure 14 [27], [31], [32].

̂

̂

---------- Eq. 3.5

– Transfer Matrix at the ith iteration

Where,

̂

– Transpose conjugate of constellation Order

̂

– Constellation order
Upconverter and FFT for subcarriers and PSD of input signal
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Fig: 14 Up converter and FFT for Sub-carriers and Power spectral density of Input Signal
Though, the process of filtering completely eliminates the distortions caused by
the clipping process, it introduces peak regrowth at some of the peak signals of the
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OFDM signal. The peak regrowth can be reduced by repeating the filtering process,
which may again introduce some distortions. Therefore, the clipping and filtering
processes are to be repeated until the peak signals are completely reduced. Hence, the
Clipping-Based Active Constellation Extension (CB-ACE) Algorithm is also named as
the Repeated Clipping and Filtering (RCF) process.
3.1.1

Calculation of PAPR and CCDF by using CB-ACE Algorithm

The Peak-to-Average Power Ratio (PAPR) by the Clipping-Based Active
Constellation Extension (CB-ACE) algorithm is to be calculated for the Orthogonal
Frequency Division Multiplexing (OFDM) signal which is obtained after filtering the
clipped signal i.e., the PAPR is to be calculated for the equation 3.3 by using the
equations 2.2, 2.3 and 2.4.
The Complimentary Cumulative Distribution Function (CCDF) by the ClippingBased Active Constellation Extension (CB-ACE) algorithm is to be calculated for the
Orthogonal Frequency Division Multiplexing (OFDM) signal which is obtained after
filtering the clipped OFDM signal.
3.1.2

Calculation of SNR & BER by using CB-ACE Algorithm

The clipped and filtered Orthogonal Frequency Division Multiplexing (OFDM)
signal given by equation 3.3, which is obtained by using Clipping Based Active
Constellation Extension (CB-ACE) algorithm, is to be transmitted via an Additive White
Gaussian Noise (AWGN) channel, in order to calculate the Signal-to-Noise Ratio (SNR)
and Bit Error Rate (BER).
3.1.3

Advantages of CB-ACE Algorithm

The Clipping Based Active Constellation Extension (CB-ACE) Algorithm
reduced the Peak-to-Average Power Ratio (PAPR) of the Orthogonal Frequency Division
Multiplexing (OFDM) systems by 3.8 dB for target clipping ratio of 4 dB, 3.3 dB for
target clipping ratio of 2 dB and 1.8 dB for target clipping ratio of 0 dB, at
Complimentary Cumulative Distribution Function (CCDF) of 10-2 .

3.1.4

Limitations of CB-ACE Algorithm

The Peak-to-Average Power Ratio (PAPR) of the Orthogonal Frequency Division
Multiplexing (OFDM) signal is reduced by using Clipping-Based Active Constellation
Extension (CB-ACE) Algorithm but has the following limitations or drawbacks


Peak regrowth after Digital-to-Analog (D/A) conversion.
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Increase in the Bit Error Rate (BER).



Out-of-Band Interference (OBI).



Low clipping ratio problem.

3.2 Exponential Companding Transform
The Exponential Companding Transform is also named as the Nonlinear
Companding Transform. The idea of companding comes, from the use of companding in
Speech Processing. Since, the Orthogonal Frequency Division Multiplexing (OFDM)
signal is similar to that of the speech signal, in the sense that large signals occur very
infrequently, the same companding technique can be used to improve the OFDM
transmission performance.
The key idea of the Exponential Companding Transform is to effectively reduce
the Peak-to-Average Power Ratio (PAPR) of the transmitted or the companded
Orthogonal Frequency Division Multiplexing (OFDM) signals by transforming the
statistics of the amplitudes of these signals into uniform distribution. The uniform
distribution of the signals can be obtained by compressing the peak signals and expanding
the small signals. The process of companding enlarges the amplitudes of the small
signals, while the peaks remain unchanged. Therefore, the average power is increased and
thus the Peak-to-Average Power Ratio (PAPR) can be reduced.
The Exponential Companding Transform can also eliminate the Out-of-Band
Interference (OBI), which is a type of distortion caused by clipping the original OFDM
signals. The other advantage of the companding transform is that, it can maintain a
constant average power level. The proposed scheme can reduce the PAPR for different
modulation formats and sub-carrier sizes without increasing the system complexity and
signal bandwidth. The Exponential Companding Transform also causes less spectrum
side-lobes.

3.2.1

Companding of Original OFDM Signal by using Exponential
Companding Transform

The original Orthogonal Frequency Division Multiplexing (OFDM) signal is
converted into the companded signal by using the Exponential Companding Transform.
The companded signal obtained by using the Exponential or Nonlinear Companding
Transform is given by the equation 3.6.
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h ( ) = sgn ( ) √

[

]---------- Eq. 3.6

Where, h(x) – Companded Signal obtained by Exponential Companding Transform
sgn(x) – Sign Function
α – Average Power of Output Signals
x – Original OFDM Signal
Upconverter and FFT for subcarriers and PSD output signals
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Figure 15: Up converter and FFT for Sub-carriers and Power spectral density of Output
Signal
The average power of the output signals, denoted by α, is required in order to maintain
the average amplitude of both the input and output signals at the same level. The average
power of the output signals is given by the equation 3.7 and figure 15 [32].

[|
[ √[

(

| ]
|

---------- Eq. 3.7
|

] ]

)
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Where, α – Average Power of Output Signals
d – Power of the amplitude of the Companded Signal

3.2.2

Calculation of PAPR & CCDF by using Exponential Companding
Transform

The Peak-to-Average Power Ratio by using the Exponential Companding
Transform is to be calculated for the Orthogonal Frequency Division Multiplexing
(OFDM) signal which is obtained after compressing the peak signals and expanding the
small signals i.e., PAPR is to be calculated for the equation 3.6 by using the equations
2.2, 2.3 and 2.4.

3.2.3

Calculation SNR & BER by using Exponential Companding
Transform

The companded Orthogonal Frequency Division Multiplexing (OFDM) signal
given by equation 3.6, which is obtained by using Exponential Companding Transform, is
to be transmitted via an Additive White Gaussian Noise (AWGN) channel where noise or
an unwanted signal gets added to the original Orthogonal Frequency Division
Multiplexing (OFDM) signal, in order to calculate the Signal-to-Noise Ratio (SNR) and
Bit Error Rate (BER).
3.2.4

Advantages of Exponential Companding Transform

The Exponential Companding Transform reduced the Peak-to-Average Power
Ratio (PAPR) of the Orthogonal Frequency Division Multiplexing (OFDM) systems by
7.3 dB at a Complimentary Cumulative Distribution Function (CCDF) of 10 -2. The major
advantages of the Exponential Companding Transform are
PAPR or PAR can be effectively reduced for different modulation formats and
subcarrier sizes.


Average power is maintained at the same level.



Causes less spectrum side lobes.



Improved Bit Error Rate.



Distortion less.

3.2.5

Limitations of Exponential Companding Transform

The Peak-to-Average Power (PAPR) of the Orthogonal Frequency Division
Multiplexing (OFDM) systems is reduced by using Exponential Companding Transform
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but has the only limitation of the transform is the increase in the Bit Error Rate when
compared with the original OFDM signal.

3.3 Conclusions
The existing techniques namely Clipping Based Active Constellation Extension
(CB-ACE) Algorithm and Exponential Companding Transform reduced the high Peak-toAverage Power Ratio (PAPR) of the Orthogonal Frequency Division Multiplexing
(OFDM) systems.
The Peak-to-Average Power Ratio (PAPR) of the Orthogonal Frequency Division
Multiplexing (OFDM) system is equal to 11.8 dB (approximately 12 dB) without using
any algorithm. The high PAPR results to the increase in the complexity of Analog-toDigital Convertor (ADC) and Digital-to-Analog Convertor (DAC), also lowers the
efficiency of power amplifiers.
The Peak-to-Average Power Ratios (PAPR) for the target clipping ratios of 4 dB,
2 dB and 0 dB are 8.0 dB, 8.5 dB and 10.0 dB respectively by using Clipping Based
Active Constellation Extension (CB-ACE) Algorithm. Though, the PAPR is reduced by
using CB-ACE algorithm, the minimum PAPR cannot be achieved for low target clipping
ratios.
The Signal-to-Noise Ratio (SNR) of the Orthogonal Frequency Division
Multiplexing (OFDM) signal obtained by the Clipping-Based Active Constellation
Extension (CB-ACE) algorithm is equal to 12 dB at a Bit Error Rate (BER) of 10-0..4 for
different constellation orders like 4-Quadrature Amplitude Modulation (4-QAM), 16Quadrature Amplitude Modulation (16-QAM) and 64-Quadrature Amplitude Modulation
(16-QAM). Here, the Bit Error Rate of 10-0.4 or 0.398, that means a total of 398-bits are in
error when 1000-bits are transmitted via a communication channel or approximately 4bits are in error when 10-bits are transmitted via a communication channel, which is high
when compared to that of the original Orthogonal Frequency Division Multiplexing
(OFDM) signal.
The other problems faced by the Clipping-Based Active Constellation Extension
(CB-ACE) algorithm are Out-of-Band Interference (OBI) and peak regrowth. Here, the
Out-of-Band Interference (OBI) is a form of noise or an unwanted signal, which is caused
41

when the original Orthogonal Frequency Division Multiplexing (OFDM) signal is clipped
for reducing the peak signals which are outside of the predetermined area and the peak
regrowth is obtained after filtering the clipped signal. The peak regrowth results to,
increase in the computational time and computational complexity.

The Peak-to-Average Power Ratio (PAPR) is reduced to 4.5 dB by using the
Exponential Companding Transform after the original OFDM peak signals are
compressed and the small signals are expanded.

The Signal-to-Noise Ratio (SNR) of the companded Orthogonal Frequency
Division Multiplexing (OFDM) signals obtained by using the Exponential Companding
Transform is equal to 12 dB at a Bit Error Rate (BER) of 10-0.9 for 16-Quadrature
Amplitude Modulation (16-QAM). Here, the Bit Error Rate of 10-0.9 or 0.126, that means
a total of 126-bits are in error when 1000-bits are transmitted via a communication
channel or approximately 2-bits are in error when 10-bits are transmitted via a
communication channel or medium.
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CHAPTER - IV

PROPOSED METHOD
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THE REDUCTION OF PEAK-TO-AVERAGE POWER RATIO

4.0 Introduction
The proposed technique for reducing the high Peak-to-Average Power Ratio
(PAPR) in the Orthogonal Frequency Division Multiplexing (OFDM) systems and also to
minimize the limitations of the existing technique namely Clipping-Based Active
Constellation Extension (CB-ACE) algorithm is “Adaptive Active Constellation
Extension (Adaptive ACE) Algorithm” and New Companding Transform Algorithm.

4.1 Adaptive Active Constellation Extension Algorithm
The main objective of the Adaptive Active Constellation Extension (Adaptive
ACE) algorithm for reducing the Peak-to-Average Power Ratio (PAPR) is to control both
the clipping level and the convergence factor at each step and thereby minimize the peak
power signal whichever is greater than the initial target clipping level.
The Adaptive Active Constellation Extension (Adaptive ACE) algorithm can be
initialized by selecting the parameters namely the target clipping level, denoted by A and
the number of iterations, denoted by i. In the first step, the iteration is taken as two i.e.
i = 2 and the initial target clipping level is to be taken as A.
The predetermined clipping level, denoted by A, is related to the target clipping
ratio, γ and given is by the equation 4.1 [27], [28], [30], [31].
{|

| }

---------- Eq. 4.1

Where, γ – Target Clipping Ratio
A – Predetermined Clipping Level
xn – Oversampled OFDM signal

44

Output random signals generation and subcarrier generation

Amplitude

50

0

-50
0

0.2

0.4

0.6
Time in sec

0.8

1

1.2
-6

x 10

Output random signals generation and subcarrier generation
150
Amplitude

100
50
0
-50
-100

0

0.2

0.4

0.6
Time in sec

0.8

1

1.2
-6

x 10

Figure 16: Output Random Signal Generation and Sub- Carrier Generation
The clipping of the peak signal results to distortion of the original OFDM signal. The
distortion of the original signal can be assumed as the noise, which results to an unreliable
communication between the transmitter and the receiver. The distortion caused by
clipping the original OFDM signal is categorized into two types, namely:


In-Band Distortion.



Out-of-Band Distortion.

The in-band distortion results in the system performance degradation and cannot
be reduced, while, the out-of-band distortion can be minimized by filtering the clipped
signals. The signal obtained after filtering the clipped signal is given by the equation 4.2
[27], [28], [30].

̃ ---------- Eq. 4.2
Where,

c(i) – Anti-Peak Signal at the ith iteration
µ – Convergence Factor
The Convergence Factor (CF), denoted by µ can be estimated by using the

equation 4.3 [27], [31].
45

μ=

〈

〉]
̃

[〈
̃

〉

---------- Eq. 4.3

Where, µ – Convergence Factor

 – Real Part
C(i) – Peak Signal above the Pre-Determined Level

c(i) – Anti-Peak Signal at the ith iteration
, – Complex Inner Part

The anti-peak signal at the ith iteration generated for the PAPR reduction, denoted
by

c(i) , is given by the equation 4.4 [27], [32].
̃

=

---------- Eq. 4.4

c(i) – Anti-Peak Signal at the ith iteration

Where,

T(i) – Transfer Matrix at the ith iteration
C(i) – Peak Signal above the Pre-Determined Level
The transfer matrix at the ith iteration, denoted by T (i), used for generating the antipeak signal is given by the equation 4.5 [27] [32].

̂

̂

---------- Eq. 4.5

– Transfer Matrix at the ith iteration

Where,

̂

– Transpose conjugate of constellation Order

̂

– Constellation order

The original Orthogonal Frequency Division Multiplexing (OFDM) signal,
denoted by xn, is to be clipped in order to reduce the peak signals. The clipping signal is
given by the equation 4.6 [27], [30].

(|

|

, |

|

0, |

|
---------- Eq. 4.6

Where,

c(i)
n

– Clipping Sample

A – Predetermined Clipping Level
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θn – arg(- x (i)
n )
The clipping level, denoted by A, for the next iteration is given by the equation 4.7.
---------- Eq. 4.7
Where, A(i+1) – Next Iteration Level
A(i) – Present Iteration Level
µ – Convergence Factor

 A – Gradient with respect to A
The gradient with respect to the target clipping ratio, denoted by  A , is given by
the equation 4.8 [27], [30].
∑

=

|

|

---------- Eq . 4.8

Where,  A – Gradient with respect to A
Np – Number of peak samples larger than A
The Peak-to-Average Power Ratio (PAPR) is to be calculated to the signal
obtained by the equation 4.2, which reduces the PAPR than the PAPR calculated for the
original OFDM signal or PAPR obtained of the OFDM signal obtained by using the
Clipping-Based Active Constellation Extension (CB-ACE) algorithm.
4.1.1

Calculation of PAPR & CCDF by using Adaptive ACE Algorithm

The Peak-to-Average Power Ratio by the Adaptive Active Constellation
Extension (Adaptive ACE) algorithm is to be calculated for the Orthogonal Frequency
Division Multiplexing (OFDM) signal which is obtained after filtering the clipped signal
i.e., PAPR is to be calculated for the equation 4.2 by using the equations 2.2, 2.3 and 2.4.
4.1.2

Calculation of SNR & BER by using Adaptive ACE Algorithm

The clipped and filtered OFDM signal given by equation 4.2, which is obtained by
using Adaptive Active Constellation Extension (Adaptive ACE) algorithm, is to be
transmitted via an Additive White Gaussian Noise (AWGN) channel, in order to calculate
the Signal-to-Noise Ratio (SNR) and Bit Error Rate (BER).
4.1.3

Advantages of Adaptive ACE Algorithm

The Adaptive Active Constellation Extension (Adaptive ACE) Algorithm reduced
the Peak-to-Average Power Ratio (PAPR) of the Orthogonal Frequency Division
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Multiplexing (OFDM) systems by 3.2 dB, 1.7 dB and 1.2 dB for target clipping ratio of 4
dB, 2 dB and 0 dB respectively, at Complimentary Cumulative Distribution Function
(CCDF) of 10-2 [26], [27], [29]. Therefore, the problem of low target clipping ratios faced
by the Clipped-Based Active Constellation Extension (CB-ACE) Algorithm is resolved.
4.1.4

Limitations of Adaptive ACE Algorithm

The Peak-to-Average Power (PAPR) of the Orthogonal Frequency Division
Multiplexing (OFDM) systems is reduced by using Adaptive Active Constellation
Extension (Adaptive ACE) Algorithm but the limitation of the transform is the increase in
the Bit Error Rate (BER) when compared with the original OFDM signal. The other
major limitation of the Adaptive ACE Algorithm is the decrease in the Signal-to-Noise
Ratio (SNR).

THE REDUCTION OF PEAK-TO-AVERAGE POWER RATIO

4.2 New Companding Transform
The New Companding Transform technique is the mu-law companding, which is
based on the speech processing algorithm -law, and it has shown better performance than
that of clipping method [33] .Here, mu-law mainly focuses on enlarging signals with
small amplitude and keeping peak signals unchanged, and thus it increase the average
power of the transmitted signals and possibly results in exceeding the saturation region
of HPA to make the system performance worse. In fact, this transform method is also a
special clipping scheme. The differences between the clipping and new companding
transform can be summarized as:
1) Clipping method deliberately clips large signals when the amplitude of the
original OFDM signals is larger than the given threshold, and thus the clipped signals
cannot be recovered at the receiver. However, new companding transforms compand
original OFDM signals using the strict monotone increasing function. Therefore, the
companded signals at the transmitter can be recovered correctly through the
corresponding inversion of the nonlinear transform function at the receiver.
2) New companding transform method enlarge the small signals while
compressing the large signals to increase the immunity of small signals from noise,
whereas clipping method does not change the small signals. Therefore, clipping method
suffers from three major problems: in-band distortion, out-of-band radiation and peak
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regrowth after digital analog conversion. As a result, the system performance degradation
due to the clipping may not be optimistic. However, New companding transform can
operate well with good BER performance while keeping good PAPR reduction [34]. The
design criteria of nonlinear companding transform has also been given in [34]. Since the
distribution of the original OFDM signals has been known, such as Rayleigh distribution
of the OFDM amplitudes written in [3], we can obtain the new companding
transform function through theoretical analysis and derivation according to the desirable
distribution of the companded OFDM signals. First, we define the data block as a vector,
X= [X0 X1 …. XN-1] T. Then, partition X into M disjoint sets, represented by the vectors
{Xm, m = 1, 2, …, M}. Here, we assume that the clusters consist of a contiguous set of
subcarriers and are of equal size. The objective is to optimally combine the M clusters
=∑
Where { , m = 1, 2, …, M} are weighting factors W and are assumed to be pure
rotations. In the time domain
……Eq.(4.10)

=∑
Where

, the IFFT of

, is called the partial transmit sequence. The phase factors are

chosen to minimize the PAPR of

. Each sample is multiplies with the phase factor then

find the sample which having least PAPR depends on the optimal phase factor. Now the
selected sample having least PAPR is further sent to NCT block, where companding
function given in [35] will compress the signal amplitude by setting all the parameters
given in [35].
The companding function f(x) of the transform is given in (4.11)
f(x)=β.sign(x).[airy(0)-airy(α.|x|)]……… Eq. (4.11)
Where, airy(.) is the airy function of the first kind [40] and α is the parameter that controls
the degree of companding and finally PAPR. β is the factor adjusting the average output
power of the compander to the same level as the average input power as given in (4.12)

√

[| | ]
[|

| | | ]

Where, E[.] denotes the expectation.
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The decompanding function is the inverse of f(x) as given in (4.13)
f-1(x)=

.sign(x).airy-1[airy(0) -

| |

]

……Eq. (4.13)

Notice that the input to the decompander is a quantized signal with finite set of values.
We can therefore numerically pre-compute inverse of f(x) and use table look-up to
perform the decompanding in practice. In the below figure Companding and
decompanding profile is given [34], [35].

Figure 17: Companding and Decompanding for both Input and Output in practice
Obviously, this new companding transform belongs to the exponential
companding scheme. Based on this design criteria, two types of new companding
transform, which are based on error function and exponential function, respectively,
have been proposed in figure 18 [35], [36]. It is well-known that original OFDM signals
have a very sharp, rectangular-like power spectrum as shown in Fig: 4.17. This good
property will be affected by the PAPR reduction schemes, e.g. slower spectrum rolloff, more spectrum side-lobes, and higher adjacent channel interference. Many PAPR
reduction schemes cause spectrum side-lobes generation, but the new companding
transforms cause less spectrum side-lobes. The error and exponential companding
transforms have much less impact on the original power spectrum comparing to the mulaw companding scheme. It is the major reason that the error and exponential
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companding schemes not only enlarge the small amplitude signals but also compress
the large amplitude signals, while maintain the average power unchanged by properly
choosing parameters, which can increase the immunity of small amplitude signals from
noise.
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Figure 18: Baseband Signal for Filter response Waveform in Time Domain

However, the mu-law companding transform increases the average power level
and therefore requires a larger linear operation region in HPA. New companding
transform is a type of nonlinear process that may lead to significant distortion and
performance loss by companding noise. Companding noise can be defined that the
noises are caused by the peak regrowth after DAC to generate in-band distortion and
out-band noise, by the excessive channel noises magnified after inverse nonlinear
companding transform etc. For out-of-band noise, it needs to be filtered and
oversampled. For in-band distortion and channel noises magnified, they need to iterative
estimation. Unlike Additive White Gaussian Noise (AWGN), companding noise is
generated by a process known and that can be recreated at the receiver, and
51

subsequently be removed. In figure 19 [36], the framework of an iterative receiver has
been proposed to eliminate commanding noise for companded and filtered OFDM
system. From simulation result in Section 4, we can verify the PAPR reduction and
improved BER performance.
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Figure 19: Baseband Signal for Filter response Waveform in Time Domain

4.2.1 Advantages of New Companding Transform Algorithm
One of the most attractive schemes is new companding transform due to its good system
performance including PAPR reduction and BER, low implementation complexity
and with no bandwidth expansion.
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4.3 Conclusions
The proposed technique namely Adaptive Active Constellation Extension
(Adaptive ACE) Algorithm reduced the high Peak-to-Average Power Ratio (PAPR) of
the Orthogonal Frequency Division Multiplexing (OFDM) systems.
The Peak-to-Average Power Ratio (PAPR) is equal to 6.8 dB for the target
clipping ratios of 4 dB, 2 dB and 0 dB by using Adaptive Active Constellation Extension
(Adaptive ACE) Algorithm. Thus, the minimum PAPR can be achieved for low target
clipping ratios.
The Signal-to-Noise Ratio (SNR) of the Orthogonal Frequency Division
Multiplexing (OFDM) signal obtained by the Adaptive Active Constellation Extension
(Adaptive ACE) algorithm is equal to 1.2 dB at a Bit Error Rate (BER) of 10-0..4 for
different constellation orders like 4-Quadrature Amplitude Modulation (4-QAM), 16Quadrature Amplitude Modulation (16-QAM) and 64-Quadrature Amplitude Modulation
(16-QAM). Here, the Bit Error Rate of 10-0.4 or 0.398, that means a total of 398-bits are in
error when 1000-bits are transmitted via a communication channel or approximately 4bits are in error when 10-bits are transmitted via a communication channel, which is high
when compared to that of the original Orthogonal Frequency Division Multiplexing
(OFDM) signal.
The other problems faced by the Adaptive Active Constellation Extension
(Adaptive ACE) algorithm are Out-of-Band Interference (OBI) and peak regrowth. Here,
the Out-of-Band Interference (OBI) is a form of noise or an unwanted signal, which is
caused when the original Orthogonal Frequency Division Multiplexing (OFDM) signal is
clipped for reducing the peak signals which are outside of the predetermined area and the
peak regrowth is obtained after filtering the clipped signal. The peak regrowth results to,
increase in the computational time and computational complexity.
In this paper, we have proposed a PAPR reduction scheme to improve the bit
error rate performance by applying companding transform technique. Hence, 1-1.5 dB
reduction in PAPR with this Non-companding technique is achieved. In Future, We
can accept to implement the same on Rician and Rayleigh channels.
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RESULTS & DISCUSSION
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5.1 Results
The Peak-to-Average Power Ratio (PAPR) of the Orthogonal Frequency Division
Multiplexing (OFDM) system is equal to 11.8 dB (approximately 12 dB) without using
any algorithm i.e., by using the basic formula of PAPR for the original OFDM signal.
The existing techniques for reducing the high Peak-to-Average Power Ratio (PAPR) of
the OFDM systems are Clipping-Based Active Constellation Extension (CB-ACE)
Algorithm and Exponential Companding Transform.
The Clipping-Based Active Constellation Extension (CB-ACE) Algorithm uses
clipping and filtering process in order to generate an anti-peak signal. Then, the PAPR
basic formula is used for different values of target clipping ratios (γ = 4, 2, 0). The Peakto-Average Power Ratios (PAPR) for the target clipping ratios of 4 dB, 2 dB and 0 dB are
8.0 dB, 8.5 dB and 10.0 dB respectively. From the PAPR values for different target
clipping ratios, it is very clear that the PAPR increases when the value of the target
clipping ratio is reduced, which results to low clipping ratio problem. The low clipping
ratio problem means minimum PAPR cannot be achieved for low target clipping ratios.
The Exponential Companding Transform compands the original OFDM signal
i.e., compresses the peak signals and expands the small signals. Then the PAPR basic
formula is applied on the companded signal. The Peak-to-Average Power Ratio (PAPR)
is reduced to 4.5 dB by using the Exponential Companding Transform.
The proposed method i.e., the Adaptive Active Constellation Extension (Adaptive
ACE) algorithm reduced the Peak-to-Average Power Ratio (PAPR) to 6.8 dB for all the
target clipping ratios, which says that the low target clipping ratio problem faced by the
CB-ACE algorithm is eliminated completely. Further, for the New Companding
Transform Algorithm the PAPR is approximately 2.9 dB which is better than any other
above techniques used. PAPR vs CCDF and SNR vs BER Simulation results (figure 20 30) are shown as discussed below (page 59 - 69).
From the table 5.1 below, the Peak-to-Average Power Ratio of the Orthogonal
Frequency Division Multiplexing systems is reduced or minimized by using the existing
methods namely Clipping-Based Active Constellation Extension (CB-ACE) Algorithm,
Exponential Companding Transform and the proposed method namely Adaptive Active
Constellation Extension (Adaptive ACE) Algorithm at a Complimentary Cumulative
Distribution Function of 10-2.
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Table 5.1 – Comparison of PAPR (in dB) and CCDF for different techniques
Different Techniques
Original OFDM Signal

PAPR (in dB)

CCDF

11.8

10-2

Clipping-Based Active Constellation

10.0 (For γ = 0 dB)

Extension (CB-ACE) Algorithm

8.5 (For γ = 2 dB)

10-2

8.0 ((For γ = 4 dB)
Exponential Companding Transform

4.5

Adaptive Active Constellation

6.8

Extension (Adaptive ACE) algorithm

10-2

(For γ = 0 dB, 2 db or 4 dB)

10-2

2.9

10-3

New Companding Transform

Further following below table 5.2, the Signal-to-Noise Ratio (SNR) of the original
Orthogonal Frequency Division Multiplexing (OFDM) signal is equal to 16 dB at a Bit
Error Rate of 10-1.
The Signal-to-Noise Ratio (SNR) of the Orthogonal Frequency Division
Multiplexing (OFDM) signal obtained by the Clipping-Based Active Constellation
Extension (CB-ACE) Algorithm is 12 dB at a Bit Error Rate of 10-0.8.
The Signal-to-Noise Ratio (SNR) of the companded Orthogonal Frequency
Division Multiplexing (OFDM) signal obtained by the Exponential Companding
Transform is 12 dB at a Bit Error Rate of 10-0.9.
The Signal-to-Noise Ratio (SNR) of the Orthogonal Frequency Division
Multiplexing (OFDM) signal obtained by the Adaptive Active Constellation Extension
(Adaptive ACE) Algorithm is 1.2 dB at a Bit Error Rate of 100.7.
From the below table 5.2, the Signal-to-Noise Ratio (SNR) of the OFDM signal is
reduced by using the PAPR reduction techniques like Clipping-Based Active
Constellation Extension (CB-ACE) Algorithm and Exponential Companding Transform
but the SNR is drastically reduced by using the Adaptive Active Constellation Extension
(Adaptive ACE) Algorithm.
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Table 5.2 – Comparison of SNR (in dB) and BER for different techniques
Different Techniques

SNR

BER

(in dB)
16

10-1

(CB-ACE) Algorithm

12

10-0.8

Exponential Companding Transform

12

10-0.9

(Adaptive ACE) Algorithm

1.2

100.7

New Companding Transform Algorithm

14

10-5

Original OFDM Signal
Clipping-Based Active Constellation Extension

Adaptive Active Constellation Extension

From the above table 5.2, the Bit-Error Rate (BER) of the OFDM signal is drastically
increased by using the PAPR reduction techniques like Clipping-Based Active
Constellation Extension (CB-ACE) Algorithm and Adaptive Active Constellation
Extension (Adaptive ACE) Algorithm but the BER is slightly increased by using the
Exponential Companding Transform, when compared with the original OFDM signal.
Coming to the New Companding Transform Algorithm provides better BER as compared
to other schemes or techniques. The SNR of proposed scheme is approximately 14 dB
which is 2 dB higher than original signal and 2.9 dB better than other schemes at BER of
10-5.

5.2 Conclusions
Orthogonal frequency Division Multiplexing (OFDM) has been popularly developed for
the applications of the Wideband Digital Communication Systems such as Digital Audio
Broadcasting (DAB), Digital Video Broadcasting (DVB), Wireless Networking,
Broadband Internet Access and Worldwide Interoperability for Microwave Access
(WiMAX).
The major drawback of the Orthogonal Frequency Division Multiplexing (OFDM)
system is the high Peak-to-Average Power Ratio (PAPR) or Peak-to-Average Ratio
(PAR) or Crest Factor. The high PAPR results to the increase in the complexity of
Analog-to-Digital Convertors (ADCs) & Digital-to-Analog Convertors (DACs) and also
reduces the efficiency of the power amplifiers.
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The Peak-to-Average Power Ratio (PAPR) or Peak-to-Average Ratio (PAR) or
Crest Factor of the original OFDM signal is equal to 11.8 dB (approximately 12 dB) at a
Complimentary Cumulative Distribution Function (CCDF) of 10-2 or 0.01.
The Signal-to-Noise Ratio (SNR) and Bit-Error Rate (BER) are the other two
important parameters for evaluating the PAPR reduction techniques. The Signal-to-Noise
Ratio (SNR) of the original OFDM signal is equal to 16 dB at a Bit Error Rate of 10-1.
The high Peak-to-Average Power Ratio (PAPR) or Peak-to-Average Ratio (PAR)
or Crest Factor can be reduced by using various reduction techniques like Clipping-Based
Active Constellation Extension (CB-ACE) Algorithm, Exponential Companding
Transform, Adaptive Active Constellation Extension (Adaptive ACE) Algorithm and
New Companding Transform.
The Clipping-Based Active Constellation Extension (CB-ACE) Algorithm
reduces the high Peak-to-Average Power Ratio (PAPR) by clipping and filtering the
original OFDM signal. The CB-ACE Algorithm results to peak regrowth, Out-of-Band
Interference (OBI), low clipping ratio problem, increase in the Bit Error Rate (BER) and
decrease in the Signal-to-Noise Ratio (SNR).
The Active Constellation Extension (ACE) Algorithm provides the minimum
Peak-to-Average Power Ratio (PAPR), even when the initial target clipping ratio is set
below the unknown optimum clipping point. Hence, the proposed algorithm avoids the
problem of low clipping ratio, which is caused in the process of reducing the PAPR by
using the Clipping-Based Active Constellation Extension (CB-ACE) Algorithm.
The Exponential Companding Transform improves the Bit Error Rate (BER) and
minimizes the Out-of-Band Interference (OBI) in the process of reducing the Peak-toAverage Power Ratio (PAPR) effectively by compressing the peak signals and expanding
the small signals. The improved BER transmits the data via a transmission channel with
fewer errors, while the minimized OBI reduces the effects caused by clipping.
Further the proposed New Companding Transform Algorithm provides better
BER as compared to other schemes or techniques. The SNR of proposed scheme is high
with better BER. Both theoretical analysis and simulation plots show that the algorithm
offers improved performance in terms of BER and OBI while reducing PAPR effectively.

Hence, by reducing the Peak-to-Average Power Ratio (PAPR), the complexity of
the Analog-to-Digital Converter (ADC) and Digital-to-Analog Converter (DAC) can be
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reduced. The reduced Peak-to-Average Power Ratio (PAPR) also increases the efficiency
of the Power Amplifiers.

PAPR SIMULATION- RESULTS:

Figure 20: PAPR VS CCDF by using CB-ACE Algorithm

59

Figure 21: SNR & BER by using CB-ACE Algorithm
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Figure 22: Companding of OFDM Signal by using Exponential Companding Transform
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Figure 23: PAPR VS CCDF by using Exponential Companding Transform
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Figure 24: SNR VS BER by using Exponential Companding Transform
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Figure 25: PAPR VS CCDF by using Adaptive ACE Algorithm
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SNR Vs BER by using Adaptive ACE Algorithm
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Figure 26: SNR VS BER by using Adaptive ACE Algorithm
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Figure 27: PAPR VS CCDF by using NEW COMPANDING TRANSFORM Algorithm
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Figure 28: SNR VS BET by using NEW COMPANDING TRANSFORM Algorithm
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Figure 29: M-QAM Scatter Plot for Transmitter
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Figure 30: M-QAM Scatter Plot for Receiver
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