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Abstract

Multi-carrier systems such as orthogonal frequency division multiplex-

ing (OFDM) are significantly affected by peak-to-average-power ratio

(PAPR). Unfortunately, the high PAPR inherent to OFDM signals en-

velopes will occasionally drive high power amplifiers (HPAs) to operate

in the nonlinear region of their characteristic curve. The nonlinearity of

the HPA exhibits amplitude and phase distortions, which cause loss of

orthogonality among the subcarriers (SCs), and hence, inter-carrier in-

terference (ICI) is introduced in the transmitted signal. The ICI power

is proportional to the amplitude of the signal at the amplifier input and

it may cause a considerable bit error rate (BER) degradation.

A plethora of research has been devoted to reduce the performance degra-

dation due to the PAPR problem inherent to OFDM systems. Some of

the reported techniques such as amplitude clipping have low-complexity;

on the other hand, they suffer from various problems such as in-band

distortion and out-of-band expansion. Signal companding methods have

low-complexity, good distortion and spectral properties; however, they

have limited PAPR reduction capabilities. Advanced techniques such as

coding, partial transmit sequences (PTS) and selected mapping (SLM)

have also been considered for PAPR reduction. Such techniques are effi-

cient and distortionless, nevertheless, their computational complexity is

high and requires the transmission of several side information (SI) bits.

In this thesis, a new low-complexity scheme is proposed based on the

PTS that employs two inverse fast Fourier transforms (IFFTs) and two

circulant transform matrices, in order to reduce complexity and improve

the system performance. Furthermore, the low-complexity scheme is

simplified by omitting one of the circulant transform matrices in order

to reduce both the computational complexity and the number of SI bits

at the cost of a small reduction in PAPR and BER performance.



It is well known that, accurate PAPR estimation requires oversampling

of the transmitted signal, which in turn results in increased complexity.

More importantly, minimising the PAPR does not necessarily minimise

the distortion produced by the nonlinearity of the HPA. Therefore, min-

imising PAPR does not necessarily imply that the BER will be minimised

too. Efficient and less complex schemes for BER reduction of OFDM sys-

tems in the presence of nonlinear HPA and/or carrier frequency offset

(CFO) are proposed. These proposed techniques are based on predicting

the distortion introduced by the nonlinearity of HPA and/or CFO. Sub-

sequently, techniques such as the PTS and SLM are invoked to minimise

the distortion and BER. Three distortion metrics are adopted in this

thesis: inter-modulation distortion (IMD), peak interference-to-carrier

ratio (PICR) and distortion-to-signal power ratio (DSR). Monte Carlo

simulations will confirm that the DSR and PICR are more reliable than

the PAPR and IMD for selecting the coefficients of the PTS and SLM

to minimise the BER. Furthermore, complexity analyses demonstrate

that the proposed schemes offer significant complexity reduction when

compared to standard PAPR-based methods.

A closed form solution for accurate BER for the OFDM signals perturbed

by both the HPA nonlinearity and CFO was derived. Good agreement

between the simulation results and the theoretical analysis can be ob-

tained for different HPA parameters and CFOs.

Finally, efficient approaches to reduce the impact of nonlinear power am-

plifiers with respect to the BER of OFDM systems are proposed. These

are approaches based on: the well-established PAPR schemes, a power

amplifier model and a simple single point cross correlator. The optimum

phase sequence within the proposed approaches is selected by maximis-

ing the correlation between the input and output of the power amplifier

model. Simulation results have confirmed that the BER using the pro-

posed approaches is almost identical to the DSR, while the complexity

is reduced significantly for particular system configurations.
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Chapter 1

Introduction

1.1 Background

Satellite communication systems comprising fixed and mobile systems are currently

utilised to provide high data rate transmissions for broadcasting and multimedia

services by employing efficient modulation schemes such as quadrature amplitude

modulation (QAM). The main motivations for using QAM in mobile satellite sys-

tems are the power and spectral efficiencies. Consequently, QAM deployed in third-

generation (3G) systems has become a robust candidate for fourth-generation (4G)

wireless transmission systems [1]. In such applications, the performance of the satel-

lite system is mainly dominated by the additive white Gaussian noise (AWGN).

Thus, transmitting QAM symbols using single carrier systems is a reasonable ap-

proach. However, for emerging satellite technologies such as digital video broad-

casting satellite services to handhelds (DVB-SH) [2], the mobility of the receiver

causes time varying multipath propagation that requires high complexity receivers

to combat its effects. To overcome this problem, multicarrier techniques such as or-

thogonal frequency division multiplexing (OFDM) have been adopted [2]. Although

OFDM proved to be efficient for combating the multipath distortion introduced by

the land mobile satellite (LMS) channels, other limitations such as the peak-to-

average-power ratio (PAPR) may reduce the gain that can be achieved by using

OFDM due to the use of high power amplifiers (HPAs) such as the travelling wave

tube amplifier (TWTA). The nonlinearity of the TWTA exhibits AM/AM ampli-

tude and AM/PM phase distortion, which cause loss of orthogonality among the

subcarriers (SCs), and hence, inter-carrier interference (ICI) is introduced in the
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transmitted signal [3]. The ICI power is proportional to the amplitude of the signal

at the amplifier input and it may cause a considerable bit error rate (BER) degra-

dation. On the other hand, quadrature phase shift keying (QPSK) modulation is

utilised for low data rate communication due to its robustness against the nonlinear

distortion caused by the amplifier, therefore the BER degradation is less than the

QAM modulation.

To implement the OFDM for high data rate transmission, a noticeable increase in

cost and complexity is added to the mobile satellite systems. The main advantages

of the OFDM transmission scheme are as follows [4]:

• OFDM is an efficient technique for eliminating the multipath distortion; the

complexity of channel equalisation in OFDM systems is significantly lower

than that of single-carrier systems. As a result of the narrow bandwidth of

each subchannel, the channel distortion in OFDM systems can be eliminated

by utilising one-tap frequency-domain equalisers (FEQs).

• OFDM is robust against the narrowband interference; the interference of the

SCs increase only by a small percentage due to narrowband interference.

• OFDM is attractive for broadcasting applications because it makes single-

frequency networks possible.

However, the significant disadvantages of the OFDM transmission scheme are as

follows:

• Its sensitivity to the ICI caused by carrier frequency mismatch between the

transmitter and receiver and/or the Doppler shift.

• OFDM has relatively high PAPR; owing to the OFDM, the envelope can have

extreme variations, where rare peaks may contain a power that exceeds the

saturation range of the HPA, resulting in a clipping of the signal.

1.2 Aim of the Thesis

The operating points of the HPA have to be selected within the linear region to

mitigate the effects of the ICI generated by the HPA, and hence, improve the BER

performance. However, the power efficiency of the amplifier will be reduced due to
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the high back-off (BO) required. To reduce the ICI by applying well-known PAPR

techniques, the computational complexity of the system will be increased. Therefore,

three factors have to be taken into account: system computational complexity, HPA

efficiency and BER performance. The aim of this thesis is to achieve a compromise

among these factors, i.e. propose new techniques with low computational complexity,

low error rate and high power efficiency.

1.3 Contributions of the Thesis

There are four main significant objectives for this thesis. The first objective is to

design low-complexity schemes based on the partial transmit sequences (PTS) tech-

nique using circulant transform matrices. These schemes require only two inverse

fast Fourier transforms (IFFTs). The overall computational complexity for the pro-

posed schemes will be derived and formulated, and compared with the complexity

of PTS and selected mapping (SLM) schemes. Moreover, the complementary cumu-

lative distribution function (CCDF) and BER performances will be simulated and

compared with well-established schemes.

The second objective is to propose efficient and less complex schemes for BER

reduction of OFDM systems in the presence of HPA nonlinearity. The proposed

techniques, based on predicting the distortion introduced by the HPA nonlinearity,

and techniques such as the PTS and SLM, will be invoked to minimise the distortion

and consequently the BER. The computational complexity and system performances

for the proposed schemes will be compared to other techniques, which are optimised

to reduce the PAPR.

The third objective is to add the effect of carrier frequency offset (CFO) to the

proposed techniques based on predicting the distortion introduced by HPA nonlin-

earity. This will also require the computational complexity for proposed schemes

to be compared with conventional PAPR reduction techniques. Finally, a closed

form solution for accurate BER of the OFDM signals perturbed by the amplifier

nonlinearity and CFO will be derived, and the accurate BER will be compared with

the simulation results for various BOs and CFOs.

The fourth objective is to propose new approaches to reduce the complexity

of the proposed techniques that are based on predicting the distortion. In the

proposed approaches, the transmitted phase vector will be selected to maximise the
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cross correlation between the input and output of the nonlinear HPA model. The

computational complexity and BER performances for the proposed approaches will

be compared to other state-of-the-art techniques.

In summary, the following points indicate the contribution of this work:

1. To design low-complexity schemes based on the PTS technique.

2. To propose efficient schemes for BER reduction of OFDM systems in the pres-

ence of the HPA nonlinearity.

3. To add the effect of CFO to the proposed techniques in (2).

4. To derive a closed form solution for accurate BER of the OFDM signals per-

turbed by the HPA nonlinearity and CFO.

5. To propose efficient and less complex approaches to reduce the impact of non-

linear power amplifiers on the BER of OFDM systems using correlation metric.

1.4 Publications Arising From This Research

1. E. Q. Al-Dalakta, C. C. Tsimenidis, B. S. Sharif and A. Al-Dweik, “Inter-

ference Cancellation for OFDM Systems with Hierarchical Modulation over

Non-linear Satellite Channels,” Int. Conf. on Acoustics, Speech and Signal

Processing, pp: 3560-3563, May 2011.

2. E. Q. Al-Dalakta, A. Al-Dweik, A. Hazmi, C. C. Tsimenidis and B. S. Sharif,

“Efficient BER Reduction Technique for Nonlinear OFDM Transmission Using

Distortion Prediction,” IEEE Trans. Veh. Technol., vol. 61, no. 5, pp. 2330-

2336, Jun. 2012.

3. E. Q. Al-Dalakta, C. C. Tsimenidis, B. S. Sharif, A. Al-Dweik and A. Hazmi,

“Efficient ICI Reduction Technique for OFDM Systems Distorted by TWTA

and CFO,” accepted in 2nd Int. Conf. on Communications and Information

Technology, Hammamet, Tunisia, 2012.

4. E. Q. Al-Dalakta, C. C. Tsimenidis, B. S. Sharif and A. Al-Dweik, “Compu-

tationally Efficient PAPR Reduction schemes in OFDM-Based Satellite Com-

munication Systems,” accepted to 76th IEEE Vehicular Technology Conf., Que-

bec City, Canada, Sep. 2012.
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5. E. Q. Al-Dalakta, A. Al-Dweik, A. Hazmi, C. C. Tsimenidis and B. S.

Sharif, “Low Complexity Partial Transmit Sequence using Maximum Cross

Correlation,” submitted to IEEE Commun. Lett. and under review.

1.5 Thesis Outline

The thesis is organised as detailed below:

Chapter 2 demonstrates the constellations used in OFDM systems. These con-

stellations are introduced in satellite digital broadcasting and adopted in DVB-SH

standard. Furthermore, the chapter presents the effects of the HPAs nonlinearities

on OFDM signals. Finally, an overview is provided of the satellite mobile channel

models that have been utilised in 3G mobile communication systems.

Chapter 3 introduces the main PAPR reduction techniques in OFDM systems.

Five conventional techniques for PAPR reduction in the OFDM systems are investi-

gated: amplitude clipping and filtering, coding schemes, tone reservation (TR) and

tone injection (TI), nonlinear companding transforms (NCT) and multiple signal

representation techniques such as PTS and SLM. Moreover, the criteria for selecting

the reduction technique that can reduce the PAPR effectively and simultaneously

maintain the BER performance are studied. Finally, a comprehensive literature

review for PTS and SLM schemes is presented.

Chapter 4 proposes low-complexity and simplified low-complexity schemes us-

ing circulant transform matrices. In these schemes, only two IFFTs are required.

Furthermore, the equations of the proposed schemes are derived. The overall com-

putational complexity for the PTS, SLM and proposed schemes are also formulated.

The proposed low-complexity (odd-cases) can reduce the complexity and improve the

system performance. Moreover, the proposed simplified low-complexity (odd-case)

can reduce both the computational complexity and the number of side information

(SI) bits, however, at the cost of a reduction in PAPR and BER performance.

Chapter 5 presents efficient techniques to improve the BER performance degra-

dation due to the nonlinear characteristics of HPAs utilised in OFDM-based systems.

Extensive simulation results have demonstrated that minimising the amplifier distor-

tion provides significant BER reduction in comparison to state-of-the-art techniques,

which are optimised to reduce the PAPR. Moreover, measuring the distortion of the

proposed techniques is less complex than the PAPR, as the distortion estimation
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does not require oversampling.

Chapter 6 demonstrates efficient techniques to reduce the BER for distorted

OFDM systems via the HPA and CFO. The proposed techniques are less complex

than PAPR-based techniques and can achieve an improvement in BER performance.

Also in this chapter, a closed form solution for the BER is derived theoretically and

an accepted agreement of the BER is achieved when the simulation results are

compared with the analytical calculations.

Chapter 7 presents new low-complexity approaches to reduce the BER perfor-

mance degradation that is based on maximising the correlation between the input

and output of the HPA. Complexity analyses have demonstrated that the proposed

techniques are less complex than the current leading techniques proposed in chap-

ter 5. Furthermore, the complexity reduction within the results was achieved without

any noticeable BER degradation.

Finally, conclusions are summarised in chapter 8 and the thesis ends with possible

suggestions of future work.
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Chapter 2

System Model

This chapter demonstrates the constellations used in OFDM systems. These con-

stellations are introduced in satellite digital broadcasting and adopted in DVB-SH

standard. Furthermore, it presents two main models of HPAs: the memoryless and

the polynomial models. Moreover, the effects of the HPAs nonlinearities on OFDM

signals are presented. Finally, it provides an overview of the satellite mobile channel

models that have been utilised in 3G mobile communication systems.

2.1 Modulation Schemes

Wireless communication systems use various categories of phase shift keying (PSK)

and QAM modulation schemes to achieve high bandwidth efficiency at the cost

of high power efficiency. For example and for same bit rate, a 16-QAM system

requires half as much bandwidth as a 4-QAM system; however its BER performance

is drastically worse than 4-QAM.

The envelope amplitude and/or phase of the RF carrier can be varied by utilising

M -ary modulation schemes usually considered in digital baseband communications.

Two degrees of freedom can be offered by varying the envelope amplitude and phase.

For example, the QPSK modulation schemes map baseband data into four possible

RF carrier signals. Therefore, depending on the change in either the amplitude

and/or phase of the carrier, the modulation scheme is called M -ary QAM or M -ary

PSK.

7
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2.1.1 M-PSK scheme

In this type of modulation scheme, M possible phase angles are represented that is

θi = (2i − 1)π/M , where i = 1, 2, · · · ,M , with constant amplitude [5]. For exam-

ple, QPSK modulation scheme, M = 4 with signal constellations dk,i ∈ {Aejθi ; θ =

π/4, 3π/4, 5π/4, 7π/4}, where A = 1, is used mainly for satellite and mobile commu-

nications owing to: its easy form, realistic power and spectral efficiencies as well as

immunity to noise and interference. The QPSK has been adopted for digital video

broadcasting satellite (DVB-S) [1] and for DVB terrestrial services [6] systems.

2.1.2 M-QAM scheme

In QAM modulation schemes, two orthogonal carriers, in-phase and quadrature

carriers, are utilised for sending data over a known channel. Different constellations

of QAM can be shaped by selecting several amplitudes and phases [5]. For example,

in a 16-QAM modulation scheme, M = 16 with signal constellations dk ∈ {±1 ±

j1,±1 ± j3,±3 ± j1,±3 ± j3}, has gained significant attention in high data rate

applications owing to its spectral and power efficiencies, as well as its additional

flexibility of using various amplitudes and phases [1].

2.1.3 Hierarchical modulation scheme

Besides the conventional modulation schemes, the M -ary PSK and M -ary QAM,

hierarchical modulation (HM) has been introduced in satellite digital broadcasting

[2] and for DVB terrestrial services [6]. In the DVB-SH standard, the HM is se-

lected as an alternative to the conventional modulation schemes [2]. The HM is

one of the promising technologies that will upgrade existing systems with backward

compatibility, i.e. the receivers that have been designed to use the conventional

modulation schemes will remain functional by detecting the data in the high prior-

ity constellation points [7], [8] and [9]. Furthermore, the additional complexity and

cost for HM-based systems are relatively low [10] and [11]. However, HM usually

suffers from the interference between the enhancement-layer (EL) and basic-layer

(BL) streams, which is denoted as the inter-layer interference (ILI) [12] and [13].

Fig. 2.1 shows the block diagram of the hierarchical QPSK/16-QAM modulation.

The HM is designed using two separate data streams, namely the basic and enhance-

ment streams that are combined into a single stream. The basic and enhancement
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Figure 2.1: Block diagram of QPSK/16-QAM hierarchical modulation.

information bits are mapped to 16-QAM symbols similar to the conventional 16-

QAM systems. The minimum distance between the BL and EL constellation points

is equal to 2d1 and 2d2, respectively.

At the receiver, basic demmaping algorithms are required. The matched filtered

output is taken by the absolute value through the AWGN channel. Consequently,

only the first qardrant of 16-QAM constellation is required to extract the EL infor-

mation 2-bits in accordance with distance d1. In contrast, the BL stream can be

detected like QPSK constellation using the Euclidean demmaping algorithm accord-

ing to λ.

The mapping of both information bits streams is performed using a Karnaugh

map approach to incorporate Gray mapping. The constellation scheme of QPSK/16-

QAM modulation is depicted in Fig. 2.2. The ratio of the minimum distances is

defined as λ = d2/d1 [7], where λ is a factor that determines the performance of the

BL and EL layers. In this work, λ = 0.5 is considered, therefore the EL constellation

is a uniform 16-QAM.

2.2 OFDM Signalling

The discrete-time complex-baseband model of the considered OFDM system is de-

picted in Fig. 2.3. The OFDM signal consists of N SCs modulated by M -QAM

symbols that are constructed from the binary data set D,

D =


D1,0 D1,1 · · · D1,N−1

D2,0 D2,1 · · · D2,N−1

...
...

. . .
...

Dm,0 Dm,1 · · · Dm,N−1

 , (2.1)
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where Dp,q ∈ {0, 1}. Each column in D is mapped to one of M , 2m possible

QAM constellation points using Gray mapping to produce the data sequence d =

[d0, d1, · · · , dN−1]
T , which modulates the N SCs by means of the IFFT,

x = Wd, (2.2)

where W is the normalised N ×N IFFT matrix. The elements of W are defined as

Wi,k = (1/
√
N) exp(j2πik/N), where i and k denote the row and column numbers

{i, k} = 0, 1, · · · , N − 1, respectively. Consequently, the nth sample in the sequence

x can be expressed as

xn =
1√
N

N−1∑
k=0

dke
j2πkn/N , n = 0, 1, · · · , N − 1. (2.3)

where j2 = −1 is the imaginary unit. After parallel-to-serial conversion, a time-

domain guard band denoted as the cyclic prefix (CP) is added by copying the last

Ng samples of x and appending them at the beginning of the IFFT output to

form the time-domain OFDM symbol s = [xN−Ng , xN−Ng+1, · · · , xN ,x]. The CP

length Ng should be selected to be larger than the delay spread of the channel

to prevent inter-symbol interference (ISI). The useful part of the OFDM symbol

does not include the Ng prefix samples and has a duration of Tu seconds. The

samples of s are then amplified by the HPA, which produces the set of samples

y =[yN−Ng , yN−Ng+1, · · · , y0, · · · , yN−1], where y = F(s), with F representing the

nonlinear characteristics of the HPA.

At the receiver front-end, the received signal is applied to a matched filter and

it is then sampled at a rate Ts = Tu/N . After dropping the first Ng CP samples,

the received sequence z = [z0, z1, · · · , zN−1]
T can be expressed as

z = F(Wd) + η, (2.4)

where the noise samples η = [η0, η1, · · · , ηN−1]
T are independent normally dis-

tributed random variables with zero mean and variance σ2
η = E {|ηn|2}, and E{.}

denotes the expected value. Subsequently, the sequence z is fed to fast Fourier trans-
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form (FFT) that produces the frequency-domain sequence r = [r0, r1, · · · , rN−1]
T ,

r = WH z. (2.5)

Note that W−1 = WH because W is a unitary matrix. The kth element of r can

be expressed as

rk =
1√
N

N−1∑
n=0

zn e
−j2πkn/N , k = 0, 1, · · · , N − 1. (2.6)

Finally, the estimated binary data, D̂, can be obtained from r by means of the

maximum likelihood (ML) detection. It is worth noting that the demodulation

process, in chapters 4, 5, 6 and 7, is performed based on the assumption of perfect:

channel knowledge, symbol timing, carrier frequency and phase synchronisation.

2.3 High Power Amplifier Models

2.3.1 Memoryless models

Usually, HPAs are characterised as memoryless nonlinear amplifiers. By noting that

the polar representation of the time-domain samples at the HPA input is sn = ρne
jθn ,

the amplifier output using memoryless model can be expressed as [3]

yn = A(ρn)e
j[θn+ϕ(ρn)], (2.7)

where ρn , |sn| and θn , arg(sn). The operators A(.) and ϕ(.) represent the

AM/AM and AM/PM conversion of the nonlinear amplifier, respectively. Gener-

ally, two types of amplifier have been presented in the literature, TWTA with severe

AM/PM conversion and solid-state power amplifier (SSPA) with zero AM/PM con-

version.

2.3.1.1 TWTA Saleh’s model

The TWTA model is commonly used to emulate the nonlinear behaviour of satellite

transponders. In this work, the memoryless Saleh’s TWTA model is considered,
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Figure 2.4: The normalised AM/AM and AM/PM transfer curves of TWTA.

where the AM/AM and AM/PM profiles are described by [14]

A(ρn) = G
A2

satρn
ρ2n + A2

sat

, (2.8)

ϕ(ρn) =
π

3

ρ2n
ρ2n + A2

sat

, (2.9)

here Asat denotes the amplifier input saturation voltage and G is the amplifier gain,

duo to the normalisation G should be equal to one. The normalised characteristics

of the TWTA model are illustrated in Fig. 2.4.

2.3.1.2 SSPA Rapp’s model

The SSPA model is commonly used in mobile and cellular communications. The

AM/AM and AM/PM profiles of memoryless Rapp’s SSPA model are described by

[15]

A(ρn) = G
ρn[

1 +

(
ρn
A0

)2p
]1/2p , (2.10)

ϕ(ρn) = 0, (2.11)

13



2.3 High Power Amplifier Models

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

Normalised Input Amplitude

N
or

m
al

is
ed

 O
ut

pu
t A

m
pl

itu
de

 

 

p=3
p=10
p=100

Figure 2.5: The normalised AM/AM transfer curve of SSPA for p = 3, 10 and 100
(soft limiter).

where A0 denotes the maximum amplifier output due to maximum input Asat and

the smoothness of the transition from the linear region to limiting region can be

controlled by the parameter p. Fig. 2.5 depicts the AM/AM characteristic of the

SSPA model for various values of p.

2.3.2 Polynomial model

The output of the HPA yn using the equivalent polynomial model with normalised

input saturation amplitude Asat can be expressed as [16]

yn =
K∑
k=1

αksn|sn|(k−1), (2.12)

where K is the order of nonlinearity and α1, · · · , αK are the polynomial coefficients.

In the polynomial model, odd order nonlinearity produces the maximum intermod-

ulation. Moreover, most of the intermodulation power is produced by orders less or

equal to 3. Consequently, representing the nonlinearity model by a third order non-

linearity is sufficiently accurate. Therefore, the HPA output can be approximated
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2.4 Effects of Nonlinearities on OFDM Signal

as

yn ≈ α1sn + α3|sn|2sn. (2.13)

2.4 Effects of Nonlinearities on OFDM Signal

The amplified OFDM signal is affected by two types of distortion. The first distor-

tion is due to AM/PM conversion which causes interference between the in-phase

and quadrature components; this distortion is called an in-band distortion. The

second, known as out-of-band distortion, occurs between the OFDM SCs causing

spectral spreading of the transmitted signal and adjacent symbols.

The operating point of the amplifier is set by choosing either the input back-off

(IBO) or the output back-off (OBO). These two parameters can be defined as

IBO = 10 log10
A2

sat

Pin

, (2.14)

OBO = 10 log10
A2

0

Pout

, (2.15)

where Pin and Pout are the average power of the OFDM symbol at the input and

output of the amplifier, respectively. High back-off’s are required to reduce the

effects of the HPA nonlinearities. Consequently, the operating point of the amplifier

is moved far from the saturation region. However, the power efficiency of the HPA

is reduced [17].

By using memoryless Saleh’s TWTA model described in (2.8), for maximum

input, ρn = Asat, the maximum output is A(ρn) = Asat/2. The amplifier input

power, Pin, should be equal to the output power of the amplifier, Pout, to achieve

the normalisation. Consequentially, the relation between IBO and OBO in dB is

IBO = OBO + 6. However, when memoryless Rapps SSPA model described in

(2.10) is used, the maximum input, ρn = Asat, is equal to the maximum output

A(ρn) = Asat. Therefore, the IBO is equal to the OBO in dB [18].

2.4.1 Effect on constellation points

Figs. 2.6 and 2.7 depict the received constellation diagram for the TWTA and the

SSPA, respectively, at signal-to-noise ratio (SNR) = 20 dB, N = 1024 SCs and

various OBOs. It can be seen from these figures that for low OBOs, received con-
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2.4 Effects of Nonlinearities on OFDM Signal

stellation points are more scattered than that of the high OBOs for both amplifiers.

Therefore, due to this scattering, severe degradation in the BER performance will

occur. Furthermore, the received constellation shape for the TWTA appears as a

rotated and attenuated cloud.

2.4.2 Effect on power spectrum

Fig. 2.8 shows the power spectrum density (PSD) of an OFDM signal measured at

the output of the TWTA and SSPA for various values of OBOs with number of

SCs, N = 1024 and 5 MHz bandwidth. It can be clearly noted from this figure

that the out-of-band emission decreases with increasing OBO power. For example

in Fig. 2.8(a), comparing the PSD of OBO = 1 dB with OBO = 9 dB case, the

out-of-band emission reduces approximately 20 dB. Moreover, the operating point

of the TWTA, which is the OBO, should be greater than 5 dB, and the SSPA should

be greater than 3 dB. Owing to the low level of the side lobes for the out-of-band

emission, this will conform to the spectrum mask limits defined by the European

Telecommunications Standards Institute (ETSI) [19].

2.4.3 Total degradation effect

The efficiency of the HPA is decreased due to the large OBO. Therefore, to balance

the output power and the nonlinear distortion, an optimum selection for the operat-

ing point of HPA, total degradation (TD) curve is particularly helpful for estimating

the optimum operating OBO. The TD for a certain BER threshold is defined in [20]

as

TD = OBO+ SNRHPA − SNRAWGN [in dB], (2.16)

where SNRAWGN is the corresponding required SNR to obtain the certain BER in

an ideal system (without HPA nonlinearity) and SNRHPA is the required SNR when

distortion caused by the HPA is taken into account at a specified OBO. Nevertheless,

the efficiency of the HPAs will be decreased due to large OBOs. As a result, an

optimum operating point be existent which can balance the nonlinear distortion

and the output power.

Fig. 2.9 depicts simulated TD curves for 16-QAM-OFDM and QPSK-OFDM

using either the TWTA or the SSPA. The threshold BER is 10−4. It is clear that
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Figure 2.6: Effect of OBO on 16-QAM constellation points for the TWTA at SNR =
20 dB, N = 1024 SCs.
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Figure 2.7: Effect of OBO on 16-QAM constellation points for the SSPA at SNR =
20 dB, N = 1024 SCs and p = 3.

18



2.4 Effects of Nonlinearities on OFDM Signal

−1 −0.5 0 0.5 1

x 10
7

−60

−50

−40

−30

−20

−10

0

frequency

N
or

m
al

is
ed

 P
S

D
 (

dB
)

 

 
OBO=1 dB
OBO=3 dB
OBO=5 dB
OBO=7 dB
OBO=9 dB
ETSI mask

(a) TWTA case

−1 −0.5 0 0.5 1

x 10
7

−60

−50

−40

−30

−20

−10

0

frequency

N
or

m
al

is
ed

 P
S

D
 (

dB
)

 

 
OBO=1 dB
OBO=3 dB
OBO= 5 dB
OBO= 7 dB
OBO= 9dB
ETSI mask

(b) SSPA case

Figure 2.8: Effect of OBO on spectrum plot of OFDM signal using either the TWTA
or the SSPA (p = 3) with N = 1024 SCs.
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Figure 2.9: TD versus OBO for 16-QAM-OFDM and QPSK-OFDM using either
the TWTA or the SSPA at target BER = 10−4, N = 1024, p = 3.

the TWTA has much higher TD than SSPA for both constellations. Furthermore,

the TWTA and SSPA have an optimum of OBO = 6.5 and 5.5 dB respectively, for

16-QAM-OFDM. For QPSK-OFDM, using either the TWTA or the SSPA, the opti-

mum OBO is 3 and 1.5 dB respectively. However, for QPSK-OFDM with optimum

values of OBOs, filters are required to significantly reduce the out-of-band frequency

components in the nonlinearly distorted OFDM signal as shown in Fig. 2.9.

2.5 Phase Synchronisation

The mathematical analysis of the OFDM systems in the presence of nonlinear dis-

tortions due to the TWTA is complicated; consequently, the use of numerical sim-

ulations is unavoidable. One of the techniques to estimate the complex phase shift

(CPS) can be achieved by sending one OFDM symbol and estimating the CPS at

receiver at high SNR. The estimated CPS can then be applied to all of the OFDM

symbols. Fig. 2.10 illustrates the signal-space representation of the received symbol.

The CPS estimation can be summarised from [17] as follows:

1. Send OFDM symbol as shown in Fig. 2.3 at high SNR, to eliminate the effects

of the AWGN.
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Figure 2.10: Signal-space representation of the received symbol with neglected Gaus-
sian noise.

2. After the FFT, demodulate and modulate the received OFDM symbol, rk for

k = 0, 1, · · · , N − 1.

3. Separate the constellation points, rik for i = 1, 2, · · · ,M , which lie in the

vicinity of the i-th point, ai.

4. Evaluate ci by averaging rik.

5. Calculate the CPS by using CPS =
ci

ai
.

6. Rotate the received constellation to its correct orientation by dividing each

SCs, rk by CPS value.

Fig. 2.11 depicts the constellation before and after CPS compensation (CPSC) at the

output of FFT demodulator using TWTA for 16-QAM-OFDM systems at OBO =

6.5 dB andN = 1024 SCs in the absence of AWGN. The CPS should be compensated

properly through channel estimation before detection of the OFDM symbol.
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(b) Constellation after CPSC

Figure 2.11: Constellation at the output of FFT demodulator using TWTA for
16-QAM-OFDM systems at OBO = 6.5 dB, N = 1024 SCs and SNR = 40 dB.
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Satellite

Figure 2.12: Multipath propagation.

2.6 Mobile Satellite Systems

Generally, satellite services can be classified into three significant categories: fixed

service satellites which provide point to point communication, broadcast service

satellites that supply satellite television/radio and mobile service satellites used for

satellite phones. Fig. 2.12 illustrates the propagation process and multipath fading

for mobile satellite systems.

Different frequency bands have been used for various kinds of satellites. These

bands are [21]:

• L-Band, 1 to 2 GHz, used by mobile service satellites.

• S-Band, 2 to 4 GHz, used by mobile service satellites, NASA and deep space

research.

• C-Band, 4 to 8 GHz, used by fixed service satellites.

• X-Band, 8 to 12.5 GHz, used by fixed service satellites.

• Ku-Band, 12.5 to 18 GHz, used by fixed service satellites, broadcast service

satellites and in terrestrial imaging.
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• K-Band: 18 to 26.5 GHz, used by fixed service satellites and broadcast service

satellites.

• Ka-Band: 26.5 to 40 GHz, used by fixed service satellites.

The 3G mobile communication systems are currently designed to offer very wide

area coverage using low (LEO) and medium (MEO) earth orbit satellites. A typical

coverage area for a single satellite in LEO is 1000 km in diameter. Mobile satellite

systems that operate at L and S-Bands can provide voice and low data rate services,

however systems that operate at Ka-Band can provide high data rates, such as

internet access, over narrow areas. Atmospheric effects may be considerable in such

systems that operate at higher frequencies [22].

Mobile satellite systems are typically categorised according to their orbit type

[22] and [21] as follows:

• LEOs satellite systems are used mainly for data communication such as e-mail

and voice quality. LEOs include satellites at a height of 500-2000 km and a

large number of satellites to provide global coverage are required. For example,

66 satellites are required at an altitude 780 km of the Iridium system.

• MEO satellites are used typically for geographical positioning systems. MEO

entailed satellites are at an elevation of approximately 5000-12000 km and for

wide area coverage, required fewer and slower moving satellites. The Odyssey

system, for example, comprises of 12 satellites at an altitude of 10370 km.

• Geostationary satellites (GEOs) are used essentially for wideband applications

and data transmissions at high speed. GEOs include satellites at a particular

altitude of 36000 km. Only three satellites are required for global coverage,

where these satellites revolve once during their orbit for each rotation of the

earth.

2.7 Channel Modelling

The authors in [22], [23] and [24] reviewed the satellite mobile channel models car-

ried out in the literature. Two main categories of LMS propagation channel models

have been conducted for the 3G mobile communications, narrowband and wideband
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models. Three main modelling approaches for the narrowband have been investi-

gated: empirical, statistical and analytical approaches. The statistical approach is

flexible and has efficient performance, as well as having less complexity compared

to the other approaches. For wideband approaches, two main types of modelling

have been studied: the Jahn [25] and Parks [26] models. The latter is adopted

in this work owing to this model being more sophisticated and applicable to five

various propagation circumstances: urban, suburban, open/highway, lightly and

heavily wooded. The Parks, wideband satellite mobile channel, consists of two cas-

caded processes: satellite process and terrestrial process. The channel parameters

are illustrated below.

2.7.1 Satellite process

Fig. 2.13 shows the block diagram of the satellite process. The effects between the

satellite and the globe’s surface are known as the satellite process. These effects

include:

• Time delay, tSG, which is due to the propagation path length from satellite to

ground.

• Propagation path loss, ASG, which consists of free space, antenna radiation

pattern and all atmospheric effects. For example, in LEO satellite, the free

space loss is 164 dB at 10 degree elevation angle and frequency of 1.625 GHz

[22].

• Doppler shift, fSG, which occurs due to the relative motion of the satellite and a

fixed point on the earth near to the mobile device. For frequencies in the L and

S-Bands, the maximum Doppler shift is approximately ±30-60 kHz for LEO

constellations depending on the orbital altitude [26]. The compensation of this

shift can be either at the transmitter or receiver [22]. It is worth noting that

in this work, the Doppler compensation is performed at the transmitter based

on the assumption of perfect phase synchronisation. For further information,

a various phase estimation schemes for LEO satellite at receiver can be seen

in [27].
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Figure 2.13: Block diagram of satellite process.

2.7.2 Terrestrial process

The terrestrial process is patterned as a tapped delay line that is shown in Fig. 2.14,

with △τ1,△τ2, · · · ,△τn denoting the tap-delays related to the multipath propa-

gation in the terrestrial circumstances and the tap-gain processes G0, G1, · · · , Gn

relating to the terrestrial circumstances. The construction of each tap-gain has the

following parameters [26]:

• Rician (Rice) k factor which can be defined as the ratio of the coherent and

incoherent powers in tap-gain process. The k factor for Rayleigh (Ray) taps is

equal to 0 dB. Note that for low delay taps the Rice factor is larger than that

of the Ray taps.

• Maximum Doppler shift, fd, which can be expressed as fd =
vfc
c
, relates to

the mobile motion relative to the fixed point on the earth near to the mobile,

where v is the speed of the mobile motion, fc is the carrier frequency at L or S-

Band and c is the speed of light (3∗108 m/s). In this work, the effect of the fd

is not taken into account when the receiver has perfect phase synchronisation.

• Relative mean power due to shadowing and multipath fading.

The terrestrial process parameters for urban environments at L-Band are illus-

trated in Table 2.1 [26] for different elevation angles. It is clear from this table

that the first two paths are coherent components: line-of-sight (LOS) which has

the highest power, followed by specular reflection from the ground to mobile. Other

propagation impairment paths, which are non-coherent components, the result of de-

lay and attenuation from buildings and terrains that can be represented as Rayleigh

fading paths. The relative tap delay in this example is approximately 100 ns.
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Figure 2.14: Block diagram of terrestrial process.

Table 2.1: Terrestrial process parameters for urban circumstances.
θ > 45 θ ≤ 45

Relative Relative mean Rice k Relative mean Rice k
delay (ns) power (dB) factor (dB) power (dB) factor (dB)

0 0 12 0 16
100 -9.7 3 -15 6
200 -19.2 0 -20 0
300 -22.8 0 -26 0
400 - - -28 0
500 - - -30 0
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Table 2.2: System parameters for simulations.
System Item Parameter

Modulation QPSK, 16-QAM and HM
Synchronisation Complete
Channel type Parks wideband satellite mobile channel
Equalisation One-tap FEQ
Number of SCs 1024
Duration of CP Tu/4
Bit rate 5 Mbps
Carrier frequency at L or S-Band
Application Mobile TV

2.8 BER Performance of Different Modulation Con-

stellation

The system performance is introduced for OFDM systems with different types of

modulation. The simulation parameters are chosen from DVB-SH specification and

can be shown in Table 2.2. Initially, the BER performance is investigated over an

AWGN channel and subsequently, the scenario is developed for practical mobile

satellite channel communications.

The optimum OBOs obtained from subsection 2.4.3 are used. Moreover, the

CPS as illustrated in section 2.5 is estimated. The estimation of the CPS is equal to

0.991 − j0.233 and 0.9993 − j0.105 for QPSK and 16-QAM constellations, respec-

tively.

2.8.1 Theoretical probability of error

The probability of an error in uncoded OFDM systems within an AWGN channel

can be expressed as

Pe = Perr (γb) , (2.17)

where γb is the signal to noise ratio per bit for each SC and can be expressed by

γb =
γs
m
, (2.18)

where m is the number of bits per symbol transmitted over each SC and γs is signal

to noise ratio per symbol. The symbol probability of error of M -ary PSK is given
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by [5]

Ps = 2Q
(√

2γs sin
( π
M

))
, (2.19)

where the function Q(x) is defined as

Q(x) =
1

2
erfc

(
x√
2

)
, (2.20)

and the function erfc(x) is the complementary error function, while the equivalent

bit error probability for this constellation can be approximated as

Pb ≈
1

m
Ps. (2.21)

The Pe for M -ary QAM mapping can be expressed as [5]

Pe = 2

(√
M − 1√
M

)
Q

(√
3γs

M − 1

)
, (2.22)

whereas the Ps for this constellation can be given as

Ps = 1− (1− Pe)
2, (2.23)

and can be approximated as [28]

Ps ≈ 2Pe. (2.24)

Finally, a similar expression to (2.21) can be used for BER calculations usingM -ary

QAM.

The probability of a bit error in HM systems for BL is given by [7]

Pb =
1

2
Q

(
1− λ√
1 + λ2

√
γs

)
+

1

2
Q

(
1 + λ√
1 + λ2

√
γs

)
, (2.25)

while, the Pb for EL can be expressed by [7]

Pb =
1

2
Q

(
λ√

1 + λ2
√
γs

)
+

1

2
Q

(
2− λ√
1 + λ2

√
γs

)
− 1

2
Q

(
2 + λ√
1 + λ2

√
γs

)
. (2.26)
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2.8.2 Performance over an AWGN channel

Fig. 2.15 depicts the BER versus SNR for OFDM systems using QPSK and 16-QAM

constellations in the presence of either the TWTA or the SSPA nonlinearity over

an AWGN channel. It can be noted from Fig. 2.15(a) that the CPSC is required to

improve the BER performance for QPSK and 16-QAM constellations. Furthermore,

the BER degradation in terms of SNR at 10−4 BER is approximately 4.5 and 2.5

dB for 16-QAM and QPSK schemes after CPSC, respectively, compared to the

theoretical cases. As shown in Fig. 2.15(b) and in comparison to the theoretical

cases, the BER degradation is approximately 1.5 and 3 dB for 16-QAM and QPSK

schemes, respectively.

The BER for HM-OFDM systems in the presence of either the TWTA or the

SSPA is shown in Fig. 2.16. The SSPA outperforms the TWTA in BER performance.

In comparison to the theoretical case, the BER degradation in terms of SNR is

approximately 2.5 and 1 dB for TWTA and SSPA cases, respectively.

2.8.3 Performance in mobile satellite channel

After the knowledge of the BER performance over an AWGN channel, the system

is examined in the mobile satellite fading channel to observe its performance under

feasible channel degradations. The BER performance for QPSK, 16-QAM and HM

modulation schemes in the presence of the TWTA nonlinearity and a wideband

channel with elevation angles, θ > 45 and θ ≤ 45, is depicted in Fig. 2.17. A

similar scenario of the BER performance over an AWGN is achieved for the mobile

satellite fading channel, except for an extra impairment owing to multipath fading.

As expected, if the elevation angle decreases, the BER will increase owing to the

increase in multipath effects. Note that the compensation of channel impairment

and the CPS in OFDM systems can be achieved by utilising one-tap FEQ and CPSC,

respectively after the FFT at receiver.

2.9 Chapter Summary

This chapter demonstrates three types of constellations: QPSK, 16-QAM and HM

based OFDM systems, which were introduced in satellite digital broadcasting and

consequently, adopted into the DVB-SH standard. Furthermore, two main models of
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Figure 2.15: BER versus SNR for OFDM systems using QPSK, 16-QAM constella-
tion in the presence of either the TWTA or the SSPA nonlinearity over an AWGN
with optimum OBOs and N = 1024 SCs.
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Figure 2.16: BER versus SNR for HM-OFDM systems in the presence of either the
TWTA or the SSPA nonlinearity over an AWGN with optimum OBOs andN = 1024
SCs.
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Figure 2.17: BER versus SNR for OFDM systems in the presence of the TWTA
nonlinearity and a wideband channel with optimum OBO and N = 1024 SCs.
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HPAs are presented: the memoryless and the polynomial models. The nonlinearities

of HPAs in OFDM signals have three essential effects on: the constellation points,

the power spectrum and the total degradation. From these effects the optimal OBO

can be obtained for different types of amplifiers and constellations. Moreover, this

chapter provides an overview of the satellite mobile channel models that have been

utilised in the 3G mobile communication systems. Finally, the BER is used to assess

the system performance over an AWGN and Parks wideband channel for different

modulation schemes.

34



Chapter 3

PAPR Reduction Techniques

This chapter introduces the main PAPR reduction techniques in OFDM systems.

several conventional techniques for PAPR reduction in the OFDM systems are inves-

tigated. Moreover, the criteria for selecting the reduction technique that can reduce

the PAPR effectively and simultaneously maintain the high-quality performance are

studied. Finally, it presents the literature review of the recent research scenarios in

PAPR reduction based on the PTS and SLM schemes.

3.1 PAPR in OFDM

One of the main disadvantages of the OFDM systems is the high PAPR of the

transmitted signal due to the combination of N modulated SCs. The PAPR for a

continuous-time signal, x(t), is defined as [29] and [30]

PAPR =
max {|x(t)|2}
E{|x(t)|2}

, 0 6 t < Tu. (3.1)

On the other hand, the PAPR for discrete-time signals can be estimated by

oversampling the data sequence d depicted in Fig. 2.3 by a factor L and computing

LN -points IFFT of the data block with (L− 1)N zero-padding. The PAPR in this

case is defined as [29] and [30]

PAPR =
max {|xn|2}
E{∥x∥2}

, n = 0, 1, · · · , LN − 1, (3.2)

where ∥x∥ is the Euclidean norm of x, ∥x∥ ,
√

|x0|2 + |x1|2 + · · ·+ |xLN−1|2. The

denominator in (3.2) represents the average power per OFDM symbol at the HPA
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Figure 3.1: CCDF of the PAPR for OFDM systems oversampled by different L with
N = 1024 SCs.

input, which is denoted as Pin.

3.2 CCDF of the PAPR

The CCDF is widely used to assess the performance of PAPR reduction techniques

which is defined as the probability that the PAPR is greater than a reference value

denoted as PAPR0. Fig. 3.1 depicts the CCDF of the PAPR of the OFDM signals

with N = 1024 SCs and different oversampled factor, L = 1, 2 and 4. It is clear

that the PAPR does not increase considerably after L = 4. Therefore, an accurate

PAPR estimation for the discrete model requires an oversampling factor L > 4. It

has been shown that the difference between the continuous-time and discrete-time

PAPR is negligible for L = 4 [31].

A straightforward estimated expression for the CCDF of the PAPR of an OFDM

signal with Nyquist rate sampling was derived in [32]. For an OFDM signal with a

large number of SCs and from the central limit theorem, the real and imaginary parts

of N -point IFFT output samples have a mutually independent and uncorrelated

Gaussian probability distribution function with zero mean and a variance of σ2 =

E{|xn|2}/2.
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Furthermore, the amplitude of the OFDM signal has a Rayleigh distribution,

whereas the power distribution can be characterised by a central chi-square distri-

bution with two degrees of freedom. The cumulative distribution function (CDF) of

this distribution is given by

F (z) = 1− exp(−z). (3.3)

The probability of the PAPR for a non-oversampling data block can be written as

Pr(PAPR 6 z) = F (z)N = (1− exp(−z))N . (3.4)

Furthermore, the CCDF of the PAPR can be given by

CCDF = Pr(PAPR > PAPR0) = 1− F (PAPR0)
N = 1− (1− exp(−PAPR0))

N ,

(3.5)

while the CCDF for oversampled data block can be approximated by adding a certain

constant, α, to (3.5)

CCDF = Pr(PAPR > PAPR0) = 1− (1− exp(−PAPR0))
αN . (3.6)

Fig. 3.2 depicts the CCDF of the PAPR of the 16-QAM-OFDM signals with different

SCs given α = 1.8. From this figure it can be seen that the CCDF expression is

not precise for a small number of SCs; for large values of N > 128 this expression is

more precise.

3.3 Significant PAPR Reduction Schemes

Various techniques have been proposed to reduce the PAPR comprising amplitude

clipping [33], clipping and filtering [34], coding schemes [35], phase optimisation [36],

NCT [37], TR and TI [38], active constellation extension (ACE) [39], multiple signal

representation techniques such as PTS and SLM [40] and interleaving [41]. In this

section, five conventional techniques for PAPR reduction in the OFDM systems are

investigated.
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Figure 3.2: CCDF of the PAPR for OFDM systems for different number of SCs.
Dotted lines are simulated; solid lines are calculated.

3.3.1 Clipping and filtering

The most straightforward and widely used technique of PAPR reduction is amplitude

clipping. This technique can be implemented by either clipping parts of the signals

that are greater than a threshold level or by transmitting the input signal below the

threshold level without clipping. In the clipping technique, the BER performance of

the OFDM systems is deteriorated due to the in-band distortion, while the spectral

efficiency is degraded owing to the out-of-band radiation [33].

The out-of-band radiation can be decreased by filtering the signal after clipping

it, while the in-band distortion can not be decreased. On the other hand, several

peaks of re-growth may be produced by clipping, therefore the signal at these peaks

will be greater than the clipping threshold after clipping and filtering. The peak re-

growth can be decreased by duplicating the clipping and filtering stage to achieve the

required PAPR reduction at the expense of increasing the computational complexity

[34].
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Table 3.1: All possible data blocks and corresponding PAPR for an OFDM signal
with coding rate R = 3/4.

Data block PAPR (dB) Data block PAPR (dB)

[1,1,1,1] 6.0 [-1,1,1,1] 2.3
[1,1,1,-1] 2.3 [-1,1,1,-1] 3.7
[1,1,-1,1] 2.3 [-1,1,-1,1] 6.0
[1,1,-1,-1] 3.7 [-1,1,-1,-1] 2.3
[1,-1,1,1] 2.3 [-1,-1,1,1] 3.7
[1,-1,1,-1] 6.0 [-1,-1,1,-1] 2.3
[1,-1,-1,1] 3.7 [-1,-1,-1,1] 2.3
[1,-1,-1,-1] 2.3 [-1,-1,-1,-1] 6.0

3.3.2 Coding schemes

Coding can be employed as well in the PAPR reduction for OFDM systems. The

main idea of the coding is to select the code word that minimises the PAPR for

transmission. Table 3.1 illustrates all possible data blocks and corresponding PAPR

for an OFDM signal with coding rate R = 3/4 using binary PSK (BPSK) [29]. From

this table it can be shown that eight data blocks with odd parity code can achieve

approximately 2.3 dB PAPR reduction.

On the other hand, for a large number of SCs, an extensive search to obtain the

optimal code word that minimises the PAPR is required, also huge lookup tables

are needed for encoding and decoding, however the error correction problem in this

scheme is not solved. A simple implemented scheme for both PAPR reduction and

error correction problems was proposed by [42]. To decrease the PAPR in this

scheme, the codes for error corrections and offsets of the resultant coded signals are

selected. However, this scheme requires comprehensive computation to choose the

code word that has superior codes for error corrections and offsets.

To achieve 3 dB PAPR reduction, a Golay complementary sequence [43] and

Reed-Muller codes [44] have been proposed as code words. However, the transmis-

sion rate is reduced drastically for practical multicarrier systems with a large number

of SCs. Furthermore, these techniques require a comprehensive search for a code

word that has a minimum PAPR and good error correction.
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Figure 3.3: Block diagram of CPTS scheme.

3.3.3 Partial transmit sequences scheme

Fig. 3.3 depicts the block diagram of the conventional PTS (CPTS) scheme [40]. In

this technique, the input data block d, which consists of N symbols, is partitioned

into V disjoint sets d(v), v = 0, 1, · · · , V −1 and zero padded left and right to obtain

d(v) =
[
01×vN/V , {d}(v+1)N/V−1

vN/V ,01×[N−(v+1)N/V ]
]
. (3.7)

The time-domain vector, x(v), is obtained by applying a LN -point IFFT on each of

the disjoint sets. The time-domain samples, x
(v)
n , can be expressed as

x(v)n =
1√
LN

N−1∑
k=0

d
(v)
k ej2πkn/LN , n = 0, 1, · · · , LN − 1. (3.8)

Subsequently, the complex weighting phase factors, b(v) = {±1,±j}, are introduced

to scramble the IFFT outputs. Finally, the V signals are added to produce the

overall time-domain samples

xn =
V−1∑
v=0

b(v)x(v)n . (3.9)

The main idea of this scheme is to select the optimal combination of phase factors

that minimise the PAPR and transmit these factors as SI.

3.3.4 Selected mapping scheme

The block diagram of the conventional SLM (CSLM) scheme is shown in Fig. 3.4

[40]. The data symbols are copied into U sections, each multiplied by U different

phase sequences a(u) = [a
(u)
0 , a

(u)
1 , · · · , a(u)N−1] with u = 0, 1, · · · , U − 1, to generate
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alternative input sequences that can be represented as

d(u) = d ◦ a(u), u = 0, 1, · · · , U − 1, (3.10)

where a(0) is set as a unity vector, while a(u), u = 1, 2, · · · , U − 1 are selected ran-

domly with phase values {±1,±j}. The operation ◦ denotes the Hadamard product

(element-wise product). Subsequently, each of the U branches is applied to a LN -

point IFFT. The resulting sample of the u-th sequence can be expressed as

x(u)n =
1√
LN

N−1∑
k=0

dka
(u)
k ej2πkn/LN , n = 0, 1, · · · , LN − 1. (3.11)

The PAPR is computed for the U branches using the set of phase vectors a(0), · · · , a(U−1)

and the branch with the minimum PAPR is selected for transmission.

3.3.5 Nonlinear companding transforms

One of the interesting PAPR reduction approaches are NCT. These transforms have

two main advantages in addition to high capability to the PAPR reduction: low

implementation complexity and no bandwidth expansion [37]. An example of the

NCT is an exponential transform [45] that expands the small amplitude signals

and compresses the high amplitude signals; as a result, the average power of the

transmitted signals is increased, and consequently, the PAPR will decrease. The

increase in the average power causes the HPA to operate in vicinity to the saturation

region; subsequently the system BER performance will degrade.

Four conventional companding approaches have been presented in [37]: lin-

ear symmetrical transform, linear nonsymmetrical transform, nonlinear symmet-

rical transform and nonlinear nonsymmetrical transform. Among the presented

41



3.3 Significant PAPR Reduction Schemes

approaches, the second approach presents the best compromise between the PAPR

and BER performance.

3.3.6 Tone reservation and tone injection schemes

TR and TI are two well-known schemes to reduce the PAPR of OFDM systems.

The OFDM signal peaks can be reduced by inserting a subset of tone-dependent

time-domain signals to the original OFDM signal. The time-domain signal can be

calculated easily using different algorithms at the transmitter and discarded at the

receiver. Note that the inserted signals have no effect on the data carrying SCs as

the SCs are orthogonal in the OFDM systems.

The transmitter of the TR scheme sends data on a large subset of SCs to

minimise the PAPR reduction [38]. The key point of this scheme is to gener-

ate time-domain peak reduction vector, b; subsequently, to insert this vector to

the original time-domain vector, x. The frequency-domain peak reduction vector

B = [B0, B1, · · · , BN−1]
T is added to the original frequency-domain vector, X, the

entire vector can be characterised as x + b = IFFT{X + B}. The peak reduc-

tion signal, Bk = 0, k /∈ {l1, l2, · · · , lQ}, is inserted in the original data block,

Xk = 0, k ∈ {l1, l2, · · · , lQ}, where Q is the non-zero positions in vector B. Two

algorithms have been proposed to obtain the non-zero values of the vector B that

can reduce the PAPR, convex optimisation and simple gradient algorithm.

The main objective of a PAPR reduction based TI scheme is to increase the con-

stellation size, where each of the points in the typical basic constellation is mapped

into a number of corresponding points [38]. The real and/or imaginary parts of the

basic constellation points, Xk, are modified to obtain X̂k. The modified transmitted

signal can be expressed as, X̂k = Xk+(m+ jn)F , where m and n are integer values

and F is a positive real number. These parameters should be known at the receiver.

The selection of these parameters depends on the required PAPR reduction, to avoid

degrading the BER performance.

The TI scheme has two significant disadvantages compared to the TR scheme.

Firstly, same frequency band is used for both the modified signal and information

signal. Secondly, the transmit power signal is increased owing to the injected signal

in the TI scheme.
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3.4 Factors for Selecting the PAPR Reduction

Technique

Several factors should be considered for selecting the technique that can reduce the

PAPR effectively while simultaneously maintaining the high-quality performance.

These factors are as follows from [29] and [30]:

1. High capability PAPR reduction: clearly, this is the major factor to be taken

into account for selecting the PAPR reduction method. In particular methods

such as the amplitude clipping and NCT, the destructive effects of the in-band

distortion and out-of-band radiation should be considered.

2. Low average power in transmit signal: the average power of the transmit

signals is increased after utilising some PAPR reduction methods such as TR

and TI. The average power must be normalised after the PAPR reduction

to the power level before the PAPR reduction. This normalisation causes

degradation in the BER performance.

3. No BER performance degradation at the receiver: the main idea of the PAPR

reduction in OFDM signals is to achieve an improvement in the BER perfor-

mance. This performance degrades due to the in-band distortion in clipping

and NCT schemes. Furthermore, recovering the side information incorrectly

at the receiver side in the PTS and SLM schemes is another cause of BER

performance degradation.

4. No loss in data rate: in consequence of sending the SI, the signal bandwidth

expands in a few schemes such as PTS, SLM and coding. The data rate will

reduce due to the bandwidth expansion. To perform the original data rate of

the OFDM signal, the SI should be embedded.

5. Low computational complexity: commonly, more complex schemes can achieve

superior PAPR reduction. However, a scheme such as PTS reduces the PAPR

by exhaustive searching of weighing phase factors. Therefore, the desired time

and hardware for the PAPR reduction should be reduced to the minimum

possible.

6. No spectral spillage: OFDM is immune to the multipath fading; consequently,
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Table 3.2: Comparison of PAPR reduction schemes.
Power Computational Data rate BER HPA power
increase complexity loss degradation efficiency

Clipping No Low No Yes Low
Coding No High Yes No High

PTS/SLM No High Yes No High
NCT No Low No Yes High
TR/TI Yes High Yes/No No High

in order not to defeat this feature in any PAPR reduction scheme, the spectral

spillage should be prevented.

7. HPA efficiency: the operating point of the HPA must be near to the saturation

region to increase the HPA efficiency; this will increase the error rate. Conse-

quently, utilising PAPR reduction schemes can improve the BER performance,

and hence, increase the amplifier efficiency.

8. Other factors: the effect of nonlinear devices such as digital-to-analogue con-

verters (DACs) and mixers require careful scrutiny. Furthermore, the cost of

these devices is a significant factor in respect of PAPR reduction methods.

Most PAPR techniques achieve high PAPR reduction at the expense of increased

transmit signal power, data rate, BER and implementation complexity. It has been

shown in [46] that the relationship between power efficiency of the HPA and PAPR

reduction should be considered, and hence, the PAPR level is selected to obtain the

lowest possible BER, not minimum PAPR value. This technique is known as an

efficient-PAPR selection.

Table 3.2 shows the summary of the five standard PAPR reduction schemes

[29] and [30]. It can be seen from this table that the PTS and SLM schemes are

efficient and distortionless for PAPR reduction. However, these schemes are more

complex than other schemes and the data rate is reduced due to the transmission of

the SI bits. The CSLM can be implemented with less complexity than the CPTS.

Furthermore, the required bits for SI are fewer. On the other hand, the CPTS can

achieve more PAPR reduction. Generally, more complex techniques have better

PAPR reduction capability.
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3.5 Literature Review for PTS Scheme

S. H. Muller and J. B. Huber, 1997 [40], proposed a new significant useful and

flexible PAPR reduction technique for OFDM named CPTS. The main objective

of this scheme is from scrambling the partitioned sets by using rotation phase fac-

tors, {±1,±j}, after the IFFT within the transmitter, then selecting the optimal

sequences with minimum the PAPR as shown in Fig. 3.3.

In particular, there are two major disadvantages of the PTS when compared

with well-known PAPR reduction techniques. Firstly, high complexity is required

when searching for an optimal solution. This scheme requires an exhaustive search

over all combinations of the allowed phase weighting factors; the search complexity

increases exponentially with the number of subblocks. Secondly, efficient transmit

and recover side information at the receiver is required.

3.5.1 Computational complexity reduction techniques

3.5.1.1 Low-complexity techniques

S. G. Kang et al, 1999 [47], presented a novel subblock partition scheme (SPS) for the

PTS technique. Three categories of partitioning can be classified: interleaved, adja-

cent and pseudo-random partition. In the proposed scheme, to create each subblock,

signals are repetitively copied and concatenated instead of zero-padding concatena-

tion. The proposed concatenated pseudo-random SPS demonstrated PAPR reduc-

tion performance similar to the conventional pseudo-random PTS. Furthermore,

computational complexity can be reduced significantly. Therefore, this scheme is

suitable for high speed data rate applications.

L. J. Cimini and N. R. Sollenberger, 2000 [48], proposed suboptimal scheme

for combining the PTS with {±1} weighting factors only. The proposed scheme

is less complex than the CPTS and more simply realised, however, with minor

performance degradation. This scheme described a suboptimal iterative algorithm

called the iterative PTS (IPTS).

A. D. S. Jayalath and C. Tellambura, 2000 [49], presented an adaptive PTS tech-

nique for PAPR reduction in OFDM system. This technique stopped iterations as

soon as the PAPR was reduced to below the threshold. The proposed technique can

achieve high complexity reduction, however with trivial degradation in performance.
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The same authors, in [50], developed the adaptive PTS by adding an interleaver.

In this technique, the PAPR is computed for the original data sequence without in-

terleaving and PAPR minimisation stops immediately when the PAPR is less than

a certain threshold as in [49]. Otherwise, the data sequence is interleaved and the

PAPR re-computed. The minimisation process is stopped when the PAPR is lower

than the threshold.

W. S. Ho et al, 2003 [51], proposed a suboptimal dual-layered approach to reduce

the computational complexity of the CPTS. In the first layer, the subblocks are

grouped into divisions. Each division carried out all possible combinations of {±1}

that should be examined to achieve minimum PAPR. For further PAPR reduction,

each independently optimised division is presented as a block in the second layer.

The simulation results show that this approach can achieve efficient PAPR reduction.

O. Kwon and Y. Ha, 2003 [52], presented a new suboptimal PTS that can obtain

specific bits in phase factors that manage smaller PAPR in each procedure using a

fixed threshold. Compared with the CPTS technique, the computational complexity

can be reduced at the cost of a slight degradation to the PAPR performance.

L. Yang et al, 2006 [53], proposed a novel reduced complexity PTS approach by

considering the correlation between the weighting factors and the transmitted bit

vectors using suboptimal PTS with a fixed threshold. This approach outperforms

the proposed PTS scheme in [52].

P. Boonsrimuang et al, 2007 [54], presented new weighting factor method for

the PTS scheme which can improve the PAPR reduction performance and achieve

less computational complexity. The proposed method divided each partition into

two parts, each part scrambled by different weighting phase factors. The proposed

scheme can improve both PAPR and BER performances.

S. J. Ku et al, 2010 [55], proposed a new reduced complexity PTS scheme. In

this scheme, a new cost function is created, which can be defined as the sum of the

power samples after the IFFT in each subblock. The samples with cost function that

are greater than or equal to a fixed threshold are selected. Consequently, the signal

with lowest PAPR for transmission is chosen from the selected candidates. The

proposed scheme can achieve approximately the same PAPR reduction compared to

the CPTS scheme, with less computational complexity.

J. Hou et al, 2011 [56], presented a novel scheme based on the PTS to reduce the

computational complexity, tacking into account the correlation among the weighting
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phase factors. In this scheme, instead of decreasing the number of candidate signals,

simplifying the computation for each candidate signal is required. Since the num-

ber of candidates is not decreased, the proposed scheme can achieve similar PAPR

reduction compared to the CPTS scheme, with lower computational complexity.

3.5.1.2 Non-uniform factors techniques

P. Foomooljareon et al, 2003 [57], presented a new technique based on the PTS

scheme. The input envelope of the OFDM signal is scaled by using different scaling

factors in this technique. The scaling factors used are {0.5, 1} instead of {±1} within

the IPTS. Simulation results demonstrated that the proposed technique outperforms

the adaptive PTS presented in [49].

Y. R. Tsai, and S. J. Huang, 2008 [58], proposed a modified PTS scheme by

applying non-uniform phase factors. The phases used are {0, 0.64π, π, 1.36π} in-

stead of the uniform phases, {0, 0.5π, π, 1.5π}. The proposed scheme outperforms

the CPTS scheme in PAPR reduction performance, without increasing the compu-

tational complexity.

3.5.1.3 Various techniques

N. T. Hieu et al, 2005 [59], presented a low-complexity method for PAPR reduction

based on the PTS by using only one IFFT and interleaving the weighting phase

factors in matrix form. The simulation results show a similar PAPR reduction in

the proposed method compared to the CPTS.

D. W. Lim et al, 2006 [60], presented a new PTS approach with low compu-

tational complexity by dividing the IFFTs into two stages, l and n − l. The first

l stages produce a signal vector and this signal vector is partitioned into signal

sub-vectors. The second n − l stages are applied to each of the signal sub-vectors

and the results, after being multiplied by a set of rotating phase factors, are added.

The lowest PAPR among these signal sequences is selected for transmission. By

comparing the performance of the proposed approach to the CPTS, similar PAPR

reduction can be achieved.

A. Ghassemi and T. A. Gulliver, 2008 [61], proposed a new technique to re-

duce the computational complexity, named decomposition PTS (DPTS). In this

technique, signals are considered at the middle stages of an N -point radix FFT.
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The DPTS decreases the multiplicative and additive complexity, whilst presenting

similar PAPR reduction to the CPTS.

3.5.1.4 Advanced techniques

Most recently, novel algorithms for optimisation problem solving were launched

through the evolution of computation. The conventional computation systems are

correct for accurate computation; however these systems have high computational

complexity. Evolutionary algorithms have further robustness and efficiency to solve

complicated real problems. Several evolutionary algorithms have been adopted to

reduce the computational complexity of the PTS scheme, such as Genetic algorithm

(GA) [62], particle swarm optimisation (PSO) [63], simulated annealing (SA) [64],

cross entropy (CE) [65] and artificial bee colony (ABC) [66]. These algorithms can

achieve similar PAPR reduction when compared with the various techniques devel-

oped in the literature discussed above. Furthermore, the BER performance does not

degrade.

3.5.2 Different metrics

As can be seen, major research has focused on minimising the PAPR metric of

OFDM signals to improve the BER performance. On the other hand, the effects of

the HPA characteristics are taken into account in recent studies, where new metrics

are proposed. These metrics depend on the amplifier parameters and are applied to

either the SLM or the PTS scheme. The new technique can mitigate the effects of

the ICI generated by the amplifier, and hence, improve the BER performance.

X. Lei et al, 2003 [67], combined the PTS with the clipping technique to introduce

a new scheme. The criterion adopted in this scheme is the estimation of the clipping

noise power. For the PTS technique, the candidate with the lowest clipping noise

power (not the lowest PAPR) is selected for transmission. The simulation results

demonstrate that this scheme can achieve a reduction in both clipping noise and

BER.

M. R. D. Rodrigues and I. J. Wassell, 2006 [68], proposed a new metric to reduce

the BER of OFDM systems distorted by amplifier nonlinearity. This metric named

as IMD is used with either the SLM or the PTS scheme. Simulation results show that

the IMD outperforms the conventional schemes utilising PAPR metric. On the other
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hand, further computational complexity is required for IMD metric calculation.

D. H. Park and H. K. Song, 2007 [3], introduced a new technique based on the

PTS scheme that used an adaptive nonlinear estimator to estimate nonlinear distor-

tion generated by the amplifier. Instead of the PAPR metric calculation, the mean

square error (MSE) between the OFDM signals before and after the amplifier is

adopted. The candidate with the minimum MSE (MMSE) is selected for transmis-

sion among OFDM scrambled signals. The proposed technique can achieve marginal

BER performance improvement compared to the IPTS scheme, at the expense of

additional complexity.

3.5.3 Side information issue (PTS)

L. J. Cimini and N. R. Sollenberger, 2000 [69], embedded the SI within the trans-

mitted data and recovered it at the receiver using the PTS technique. To recover the

data accurately, the receiver must know which inversion sequence is used to modify

the transmitted data. The simple algorithm is used to generate a marker at the

transmitter when b(v) = −1, which subsequently rotates the disjoint set d(v) in that

subblock by π/4. This algorithm is designed to remove standard QPSK modulation

by raising the frequency-domain symbols to the power of four. At the receiver, the

subblock is multiplied by b(v) = −1 when the partition is rotated by π/4. Simula-

tion results indicate that there is no degradation in the BER performance when the

marking algorithm is utilised.

C. C. Feng et al, 2003 [70], proposed two low-complexity schemes for the protec-

tion and transmission of the SI for the PTS approach. The first included frequency-

domain marking algorithms and decision statistics for PSK modulation, whereas the

second presented time-domain marking algorithm for QAM modulation. The latter

demonstrated better system performance compared to the conventional approach.

A. D. S. Jayalath and C. Tellambura, 2003 [71], presented a new approach to

embed the SI into PTS-OFDM signals without deterioration to the PAPR perfor-

mance. The objective of this approach is to append the SI of the current OFDM

symbol in the beginning subblock of the next OFDM symbol. Simulation results

showed that the BER performance of the system can be improved. Moreover, the

same authors in [72], proposed a new ML decoder for the SLM and PTS without

SI. The main idea is to increase the diversity at the receiver by using U sets of the
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symbols and consequently derive the ML decoder for SLM then utilising optimum

hard decision for each SC. The proposed scheme does not degrade the BER due to

errors in SI at the expense of an increase of the receiver complexity.

T. Giannopoulos and V. Paliouras, 2006 [73], proposed a new decoder for em-

bedding the SI. This decoder used the known values of pilot tones and searched

all possible combinations of weighting factors at the receiver to obtain the factor

combination that has been utilised at the transmitter. No additional pilot tones are

required for the proposed scheme, and hence, no bandwidth expansion is needed.

Simulation results indicated that the proposed decoder can achieve similar BER

compared to the OFDM systems without PAPR reduction. Furthermore, the pro-

posed scheme can reduce the PAPR drastically.

H. G. Ryu et al, 2007 [74], proposed a new technique on the SI transmission

based on the PTS scheme. In this technique, the input data block is partitioned

into disjoint sets as in the CPTS method. Subsequently, the SI referring to the

weighting factors is inserted in each cluster. The proposed technique can achieve

similar PAPR reduction performance as the CPTS scheme, without degradation of

the BER performance.

Y. Zhou and T. Jiang, 2009 [75], proposed a new multi-points square mapping

(MSM) method and joined the proposed method with the CPTS technique in order

to reduce the PAPR of OFDM systems. In this method, four constellation points

that are apexes of a square have been used to represent one datum. The proposed

method produced similar performance of PAPR reduction to the CPTS technique

without transmitting the side information. Furthermore, this method has better

bandwidth efficiency and BER performance.

L. Guan et al, 2010 [76], inserted the SI of the PTS into channel frequency re-

sponse. Moreover, a new pilot arrangement is proposed, in which the pilots are

independently appended into each PTS subblock to accomplish perfect channel es-

timation. Extensive simulations showed that the BER and PAPR reduction perfor-

mances can be improved using the proposed pilot arrangement.

H. Kim et al, 2011 [77], proposed a new data recovery technique without trans-

mitting the SI, based upon PTS-OFDM systems. In this technique, extra pilots are

appended at the end of each subblock; consequently, effective data decoding using

channel estimation can be carried out with known pilots. Compared to the CPTS,

the proposed technique did not require the SI to be transmitted, yet still achieved
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similar performance of PAPR reduction as the perfect SI and ML decoding scheme.

L. Yang, et al, 2011 [78], proposed a low-complexity PTS-based scheme by util-

ising cyclical shifting for each subblock sequence after the IFFT at the transmitter,

while, at the receiver, after employing the FFT, the partitions are interleaved then

demodulated and combined. This enabled the receiver to effectively detect the trans-

mitted signal without SI. Simulation results demonstrated that the proposed scheme

achieves similar BER performance as the CPTS with perfect SI detection.

3.6 Literature Review for SLM Scheme

R. W. Bauml el al, 1996 [79], proposed a new scheme for the PAPR of multicarrier

systems referred to as SLM. This scheme offers considerable advantages at a marginal

increase in complexity. In the SLM scheme, the data is multiplied by the rotated

phase factor sets, {±1,±j}, before IFFT at transmitter, then the sequences with

minimum PAPR after the IFFT are selected, as shown in Fig. 3.4.

3.6.1 Computational complexity reduction techniques

C. L. Wang and Y. Ouyang, 2005 [80], introduced two novel low-complexity tech-

niques based on the SLM scheme. In these schemes, a number of IFFTs are replaced

by several types of conversion matrices. In the first scheme, only a single IFFT is

required to produce the set of candidate signals, whereas in the second scheme, two

IFFT operations are required. Simulation results have illustrated that the second

proposed technique has approximately similar PAPR reduction performance to the

CSLM, however, with degradation in the BER performance. Subsequently, C. L.

Wang and S. J. Ku, 2009 [81], modified a new set of conversion matrices for the SLM

scheme to reduce the complexity without degradation to the BER performance. On

the other hand, the new scheme can achieve less PAPR reduction compared to the

previous schemes.

D. W. Lim et al, 2005 [82], proposed a new low computational complexity SLM

approach. The objective of the proposed scheme is similar to [60] using two stages

of IFFTs. Similar performance of PAPR reduction is achieved when comparing the

proposed approach to the CSLM.

S. J. Heo et al, 2007 [83], presented a low-complexity SLM-based method by
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increasing the number of phase sequences and decreasing the number of IFFTs.

The proposed method is suitable for high data rate OFDM systems. Comparing

the proposed method to the CSLM, their simulation results demonstrated that the

PAPR reduction performance is not compromised.

E. Alsusa and L. Yang, 2006 [84], presented a new low-complexity PAPR reduc-

tion technique using a single IFFT and a pool of random sequences. This technique,

denoted as post-IFFT amplitude randomising (PIAR) technique, where a unique

set of time-domain sequences per OFDM block is selected using an appropriate se-

lection approach to minimise the PAPR. Compared to the CSLM, the PIAR can

significantly reduce the PAPR and computational complexity.

L. Yang et al, 2008 [85], proposed a low-complexity SLM scheme utilising the

time-domain sequence superposition technique. The proposed scheme requires only

two IFFTs operations; in contrast the CSLM requires several IFFT operations.

Simulation results illustrated that the proposed scheme can achieve similar PAPR

reduction to that of the CSLM scheme.

A. Ghassemi and T. A. Gulliver, 2008 [86], presented a new technique named

partial SLM with the same low-complexity IFFTs used in DPTS [61]. This technique

can achieve huge computational complexity reduction compared to the CSLM, while

attaining similar PAPR reduction.

C. P. Li et al, 2010 [87], proposed three novel low-complexity SLM schemes.

In these schemes, three types of sequence are proposed, each sequence involving

certain vectors and their cyclically shifted versions. The three schemes can achieve

significantly less computational complexity than the CSLM, however, at a cost which

impacts upon PAPR reduction.

3.6.2 Side information issue (SLM)

M. Breiling et al, 2001 [88], employed a scrambling approach combined with the

SLM-PAR reduction for coded OFDM systems. By using label insertion and the

scrambling approach, the SI transmission is embedded and protected within this

scheme. However, an additional complexity is required to achieve an improvement

in the BER performance.

N. Chen and G. T. Zhou, 2006 [89], proposed a novel approach which joined

channel estimation and SLM-PAPR reduction technique, named ”blind selected pilot
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tone modulation”. The index for the SLM can be blindly detected at the receiver

which is performed according to the position of the pilot tones. The proposed

approach is both power and bandwidth efficient. Simulation results showed that

the proposed approach can achieve both PAPR and BER reduction over frequency-

selective fading channels.

E. Alsusa and L. Yang, 2008 [90], embedded the SI at the transmitter side for

both coded and uncoded systems. Simply recognised phase randomising vectors are

used in order to avoid sending the SI in this technique. Compared to the CSLM tech-

nique, the proposed technique can achieve identical PAPR reduction performance;

furthermore, it can provide considerably BER performance improvement.

S. Y. Le Goff et al, 2008 [91], presented a novel SLM scheme for embedding the

SI at the transmitter. In this scheme, each SI index of the modulation symbols is ex-

tended by a specific set of positions; at the receiver, the SI detection block attempts

to identify the positions of the extended symbols. Simulation results demonstrated

that the proposed scheme can reduce the PAPR. However, a trivial degradation in

BER performance is accomplished in addition to a minor increase in complexity at

the receiver side.

3.7 Chapter Summary

From the literature review, it can be concluded that the low computational com-

plexity trend is the main scenario in PAPR reduction topics. Furthermore, there is a

shortcoming in the investigations for including the amplifier parameters with either

the PTS or the SLM schemes. Only two metrics, IMD and MSE, have been adopted

for selecting the weighting phase factors that depend on amplifier parameters to

lower the effects of the ICI produced by the amplifier, and consequently, reduce

the BER. However, the computational complexity of these metrics is higher than

the PAPR metric. As a result, it is crucial to find new low-complex techniques for

PAPR reduction by utilising different metrics that depend on amplifier parameters.

3.8 Conclusion

This chapter introduces the main PAPR reduction techniques in OFDM systems.

The PTS and SLM schemes are the most important schemes used for PAPR reduc-
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tion. These schemes are efficient and distortionless but more complex than other

techniques and require recovering the SI at the receiver efficiently. Moreover, this

chapter presents the literature review of the recent research scenarios in PAPR re-

duction based on the PTS and SLM schemes.
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Chapter 4

New PAPR Reduction

Low-Complexity Schemes in

OFDM Systems

In this chapter, a new low-complexity scheme based on the IPTS (LC-IPTS) that

employs two IFFTs and two circulant transform matrices is proposed, in order to

reduce the complexity and improve the system performance. Furthermore, the low-

complexity scheme is simplified (SLC-IPTS) by omitting one of the circulant trans-

form matrices in order to reduce both the computational complexity and the number

of the SI bits, at the cost of a small reduction in PAPR and BER performance.

4.1 PTS Flipping Algorithm

As shown in Fig. 3.3, the CPTS scheme requires an exhaustive search over all com-

binations of allowed phase weighting factors, b(v) = {±1,±j}, the search complexity

increases exponentially with the number of subblocks. In contrast, for the IPTS

only two phase factors, b(v) = {±1}, are applied to achieve low-complexity [48].

For further complexity reduction, the IPTS flipping algorithm described in [3] is

adopted in this work. This algorithm can be summarised in the following steps:

1. Suppose that b(v) = 1, for v = 0, 1, · · · , V − 1 and calculate the PAPR1 of the

overall time-domain samples in (3.9).

2. Modify the first phase factor (b(0) = −1) and recalculate the new PAPR,

PAPR2.
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3. If the PAPR2 is lower than in the PAPR1, keep b
(0) = −1 as an element of the

final phase sequence; otherwise, go back to the previous value of b(0).

4. Investigate all V alternatives, and finally, transmit the phase sequence with

minimum PAPR.

For the CPTS flipping algorithm repeat steps 2 to 4 for b(v) = −j and b(v) = j.

Consequently, the number of iterations in the flipping algorithm based on the IPTS

and CPTS is V + 1 and 3V + 1, respectively.

4.2 Circulant Transform Matrix

There are two methods to obtain the circulant transform matrix, Tr. In the first

method which is used for implementation, the phase factors can be expressed as b =

[b(0), b(1), · · · , b(V−1)]1×V , while the vector b̂ is the adjacent periodic weighting factors

of b that can be described as b̂ = [b(0), b(1), · · · , b(V−1), · · · , b(0), b(1), · · · , b(V−1)]1×LN .

Let

tr = b̂F, (4.1)

where the transformation F of size LN × LN is defined as

F =
1√
LN


1 1 · · · 1

1 ej2π/LN · · · ej2π(LN−1)/LN

...
...

. . .
...

1 ej2π(LN−1)/LN · · · ej2π(LN−1)(LN−1)/LN

 , (4.2)

therefore, the circulant transform matrix can be written as [80]

Tr =



tr

t⟨1⟩r

t⟨2⟩r

...

t⟨LN−1⟩
r


LN×LN

, (4.3)

where t⟨k⟩r is a circularly right shifted version of the row vector tr by element k.

The Tr matrix, used for analysis, can be written using second method. The idea

of the proposed Tr matrix is depicted in Fig. 4.1 [80] and [92]. As shown from this
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IFFT
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Figure 4.1: The Tr matrix idea.

figure, the output of the two IFFTs, y and yr, respectively, can be expressed as

y = FY = Fd, (4.4)

yr = FYr = FRd, (4.5)

where R can be written as

R =


b(0) 0 · · · 0

0 b(1) · · · 0
...

...
. . .

...

0 0 · · · b(V−1)


LN×LN

. (4.6)

Furthermore, by performing the FFT in (4.4), and substituting d into (4.5), yr can

be written as

yr = FRF−1y, (4.7)

where the transformation F−1 of size LN × LN can be expressed as

F−1 =
1√
LN


1 1 · · · 1

1 e−j2π/LN · · · e−j2π(LN−1)/LN

...
...

. . .
...

1 e−j2π(LN−1)/LN · · · e−j2π(LN−1)(LN−1)/LN

 . (4.8)

Finally, the matrix Tr can be obtained directly from (4.7)

Tr = FRF−1. (4.9)

For N = 4 SCs, L = 4 oversampling factor and V = 4 partitions, four cases

of phase factors can be determined: odd-case (1), odd-case (2), even-case (1) and

even-case (2). In the odd-cases the number of 1’s is odd, while in the even-cases the
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Figure 4.3: Block diagram of low-complexity SPW technique.

number of 1’s is even. Therefore, each case has four vectors. The circulant matrices

for these vectors are shown in Appendix A. The Tr matrices corresponding to the

phase factors b for even and odd-case vectors can be computed off-line and saved in

memory.

4.3 Literature Review

H. G. Ryu and K. J. Youn, 2002 [93] introduced a new subblock phase weighting

(SPW) technique for PAPR reduction. The PTS and SLM schemes used V and U -

IFFTs, respectively. In contrast, this technique utilises only one IFFT block is at any

time. However, due to the sequential processing, a time delay in the SPW technique

is introduced. Furthermore, this technique has less computational complexity than

the conventional schemes. Fig. 4.2 depicts the block diagram of the SPW technique.

N. T. Hieu et al, 2005 [59] proposed a low-complexity phase weighting method as

shown in Fig. 4.3. In the proposed scheme, only one IFFT and one phase weighting

matrix are utilised to reduce the system complexity. However, no PAPR reduction

can be found in comparison to the IPTS technique.

C. Wang and Y. Ouyang, 2005 [80] replaced the IFFT blocks applied in the CSLM

scheme by a particular type of low-complexity matrices. Based on the proposed

matrices, two novel schemes with low-complexities were proposed. The first method

applies a single IFFT, while the second method applies two IFFTs. The simulation

shows that the first scheme has worse PAPR reduction performance, while the second
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scheme has the same reduction as the CSLM method.

4.4 New Schemes for PAPR Reduction

In this section, a new low-complexity based on IPTS technique named as LC-IPTS

is proposed for PAPR reduction. In this technique, only two IFFTs and two cir-

culant transform matrices, Tr, are employed to reduce complexity and to achieve

better performance than the PTS and the SLM techniques. Fig. 4.4 shows the

new proposed LC-IPTS scheme for PAPR reduction. In this scheme the input

data block d = [d0, d1, · · · , dN−1] with N SCs is partitioned into two disjointed

sets d(1) = [d0, d1, · · · , dN
2
−1, 0, · · · , 0] and d(2) = [0, · · · , 0, dN

2
, dN

2
+1, · · · , dN−1].

In this figure, only two IFFTs blocks can be observed. The time domain signals

x(l), l = 1, 2, are obtained by computing an IFFT of length NL; subsequently, the

two disjointed sets are concatenated with (L− 1)N zeros. Thus, x(l) can be written

as

x(l) = X(l)F, (4.10)

where x(l) = [x
(l)
0 , x

(l)
1 , · · · , x

(l)
LN−1]. The time domain signals are multiplied by the

circulant transform matrices T(l)
r and added together to obtain xT which can be

represented by

xT = x(1)T(1)
r + x(2)T(2)

r = x
(1)
T + x

(2)
T . (4.11)

Fig. 4.5 shows the proposed SLC-IPTS scheme. The main difference between

the LC-IPTS and SLC-IPTS schemes is that the upper branch in the latter scheme

does not include Tr. Therefore, the transmitted signal can be simplified to

xT = x(1) + x(2)Tr = x(1) + x
(2)
T . (4.12)

Finally, the optimum circulant transform matrices that minimise PAPR are selected

for transmission.

In order to recover the information from the transmitted signal, SI is required

on which Tr is utilised in the first and second branches. Firstly, an LN -point FFT

on the received data is performed. The received signal in the absence of noise after
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Figure 4.4: Block diagram of the proposed LC-IPTS technique.
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the FFT for the LC-IPTS scheme can be given as

Yb =
[
d(1)FT(1)

r + d(2)FT(2)
r

]
F−1, (4.13)

substituting R(l) = FT(l)
r F−1 for l = 1, 2 in (4.13), therefore, Yb can be rewritten as

Yb = d(1)R(1) + d(2)R(2). (4.14)

Similarly, the received signal after the FFT for the SLC-IPTS scheme can be

expressed as

Yb =
[
d(1)F+ d(2)FTr

]
F−1,

= d(1) + d(2)R.
(4.15)

Finally, the signal Yb is multiplied by the conjugate matrices of R to recover the

transmitted signal.
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4.5 Computational Complexity Calculations

In this section, the computational complexity of the PTS, SLM, LC-IPTS and SLC-

IPTS techniques will be discussed. Generally, the complexity of one LN -point IFFT

is (LN/2) log2 (LN) complex multiplications (CMs) and (LN) log2 (LN) complex

additions (CAs) when zero-padding is not considered [78] and [80]. The computa-

tional complexity of the considered PAPR reduction techniques is assessed in terms

of the equivalent complexity C, which is a function of the number of real additions

(RAs) and real multiplications (RMs) required to select the coefficients for each

technique. In general, one CM requires four RMs and two RAs, whereas, a CA

requires two RAs.

4.5.1 Complexity analysis of the PTS and SLM techniques

To prevent a CM operation, the phase factors are selected uniformly from b(v) =

{±1,±j} for CPTS and b(v) = {±1} for the IPTS. Whereas for SLM the phase

factors are chosen from a
(u)
i ∈ {±1,±j}, i ∈ {0, 1, · · · , N − 1}. It is worth noting

that the multiplication by ±1 or ±j is considered as a trivial multiplication in this

chapter as highlighted in [80] and [94].

The computational complexity of the PTS scheme is considered by the following

operations

• (V LN/2) log2(LN) CMs and (V LN) log2(LN) CAs are required for imple-

menting a V LN -point IFFT.

• (V − 1)ILN CAs are required to generate the overall time-domain samples,

xn, in (3.9), where I is the number of iterations.

• 2ILN RMs and ILN RAs are required to calculate the PAPR metric.

Note that in practice, I = V + 1 and I = 3V + 1 are selected for the IPTS and

CPTS, respectively. The computational complexity operations for the SLM scheme

are characterised as follows:

• (ULN/2) log2(LN) CMs and (ULN) log2(LN) CAs are required for imple-

menting ULN -point IFFT.

• 2ULN RMs and ULN RAs are required to calculate the PAPR metric.
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Table 4.1: 16 types of b and B for V = 4 partitions.
SLC-IPTS LC-IPTS b B = IFFT {b}

full-case

odd-case

odd-case (1)

[1,1,1,-1] 0.5 × [1,j,1,-j]
[1,1,-1,1] 0.5 × [1,1,-1,1]
[1,-1,1,1] 0.5 × [1,-j,1,j]
[-1,1,1,1] 0.5 × [1,-1,-1,-1]

odd-case (2)

[-1,-1,-1,1] 0.5 × [-1,-j,-1,-j]
[-1,-1,1,-1] 0.5 × [-1,-1,1,-1]
[-1,1,-1,-1] 0.5 × [-1,j,-1,j]
[1,-1,-1,-1] 0.5 × [-1,1,1,1]

even-case

even-case (1)

[1,1,-1,-1] 0.5 × [0,1+j,0,1-j]
[-1,1,1,-1] 0.5 × [0,-1+j,0,-1-j]
[1,-1,-1,1] 0.5 × [0,1-j,0,1+j]
[-1,-1,1,1] 0.5 × [0,-1-j,0,-1+j]

even-case (2)

[1,-1,1,-1] 0.5 × [0,0,1,0]
[-1,1,-1,1] 0.5 × [0,0,-1,0]
[1,1,1,1] 0.5 × [1,0,0,0]
[-1,-1,-1,-1] 0.5 × [-1,0,0,0]

4.5.2 Complexity analysis of the proposed techniques

Four cases of phase factors (for V = 4 partitions) can be determined (each case

has four vectors) as shown in Table 4.1. In the odd-cases of the circulant transform

matrix, 3LN CAs are required. The first even-case has 2LN CMs and LN CAs.

The second even-case has no added computational complexity.

In the LC-IPTS technique, two LN -point IFFTs are required (i.e. (LN) log2(LN)

CMs and (2LN) log2(LN) CAs). In addition, in the odd-cases, 3VLN CAs are re-

quired, where V = 4 is the number of circulant transforms performed in each case.

In the even-case (1), 2VLN CMs and VLN CAs are needed. Furthermore, the

combination of the two sub-blocks requires ILN CAs, where I = 16 iteration oper-

ations are used for all cases mentioned above. Finally, 2ILN RMs and ILN RAs

are required for power calculation for these cases.

In the SLC-IPTS technique, two LN -point IFFTs are required similar to the LC-

IPTS technique. As shown in Table 4.1, in the odd-case, I1 = 8 circulant transform

matrices are utilised; therefore, 3I1LN CAs are needed. In the even-case, I2 = 8

circulant transform matrices are utilised; therefore, I2LN CMs and I2LN/2 CAs

are required. In the full-case, I = I1 + I2 circulant transform matrices are utilised,

I2LN CMs and 3I1LN + I2LN/2 CAs are required. Furthermore, the combination

of the two subblocks requires I1LN , I2LN and ILN CAs for the odd-case, even-
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Table 4.2: Analysis of the Computational Complexity in the PTS, SLM and Pro-
posed Techniques.

PAPR Reduction
Technique Number of RAs (A) Number of RMs (M)

PTS [94] V LN{3 log2(LN) + 2I} − LNI 2V LN log2(LN) + 2LNI

SLM [94] ULN{3 log2(LN) + 1} 2ULN{log2(LN) + 1}
Proposed LC-IPTS
odd-case (1) and (2) 3LN{2 log2(LN) + 4V+ I} 2LN{4 log2(LN) + I}
Proposed LC-IPTS
even-case (1) 3LN{2 log2(LN) + 16/3V+ I} 2LN{4 log2(LN) + 6V+ I}
Proposed LC-IPTS
even-case (2) 3LN{2 log2(LN) + I} 2LN{4 log2(LN) + I}
Proposed SLC-IPTS
odd-case 3LN{2 log2(LN) + 3I1} 2LN{4 log2(LN) + I1}
Proposed SLC-IPTS
even-case 6LN{log2(LN) + I2} 2LN{4 log2(LN) + 3I2}
Proposed SLC-IPTS
full-case 3LN{2 log2(LN) + 2I2 + 3I1} 2LN{4 log2(LN) + 3I2 + I1}

case and full-case, respectively. Finally, 2I1LN , 2I2LN and 2ILN RMs as well as

I1LN , I2LN and ILN are required to calculate the power for odd-case, even-case

and full-case, respectively.

4.5.3 Overall computational complexity

The overall computational complexity in terms of the total number of RAs and

RMs for the PTS, SLM and all proposed cases mentioned above can be formulated

in Table 4.2. Although additions and multiplications are implemented differently

in hardware, their relative complexity can be roughly set to g, where one RM is

equivalent to g RAs [95]. Therefore, the equivalent complexity can be calculated as

C = A+ gM, (4.16)

where the g parameter is the number of addition instructions required for each

multiplication operation. From this table the number of RAs in terms of the number

of SCs can calculated for V = U = 4 partitions using g = 4 [95]. Fig. 4.6(a) depicts

the total number of RAs for the LC-IPTS, IPTS, CPTS and SLM techniques. It

is clear that the proposed even-case (2) and odd-cases have the lowest complexity

than other schemes. On the other hand, even-case (1) is more complex than IPTS
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Table 4.3: The CCRR of the proposed schemes over the SLM, IPTS and CPTS for
N = 128, L = 4 and V = U = 4.

Proposed Technique Case CCRR-SLM CCRR-IPTS CCRR-CPTS

odd-cases 8% 16% 33%
LC-IPTS even-case (1) -22% -12% 11%

even-case (2) 13% 21% 37%
odd-case 23% 30% 43%

SLC-IPTS even-case -1% 7% 26%
full-case -33% -22% 3%

and SLM techniques. In addition, CPTS has the worst computational complexity.

The total number of RAs for the SLC-IPTS, IPTS, CPTS and SLM techniques are

illustrated in Fig. 4.6(b). It can be observed from this figure that the odd-case has

lowest computational complexity. In contrast, the full-case is more complex than

IPTS and SLM techniques.

The computational complexity reduction ratio (CCRR) of the proposed schemes

over the PTS or SLM can be defined as [59]

CCRR =

(
1− x

y

)
× 100%, (4.17)

where x is the number of RAs for one of the proposed scheme case and y is the

number of RAs for the PTS or SLM scheme.

Table 4.3 shows the calculated CCRR for the LC-IPTS and SLC-IPTS over

SLM, IPTS and CPTS techniques for N = 128 SCs and V = U = 4 partitions. The

minus sign in this table means that the proposed technique is more complex than the

conventional one. It can be observed that the SLM has less CCRR than the PTS for

all cases. Furthermore, even-case (1) and full-case are more complex compared with

other cases in LC-IPTS and SLC-IPTS, respectively. For example, in LC-IPTS, the

CCRR is equal to 16% and 21% in comparison to the IPTS with odd-cases and even-

case (2), respectively, has a 12% increase in complexity in comparison to the IPTS.

In SLC-IPTS, the CCRR is equal to 30% and 7% in comparison to the IPTS with

odd-case and even-case, respectively. The IPTS has a 22% reduction in complexity

in comparison to the full-case.
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Figure 4.6: Total number of RAs for the proposed (LC-IPTS and SLC-IPTS), IPTS,
CPTS and SLM techniques.
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4.6 Simulation Results

In this section simulation results are presented, 105 OFDM blocks are randomly

generated with 128 SCs, (N = 128), using 16-QAM, QPSK and HM data symbols

constellations. In addition, the PTS, SLM and proposed techniques are utilised for

PAPR reduction. For the IPTS and proposed techniques, the number of allowed

phase factors are two with random phase values (±1), while, for the CPTS and

SLM techniques, the number of allowed phase factors are four with random phase

values (±1,±j).

4.6.1 Power amplifiers operating points

Lower values of OBOs are required when PAPR reduction techniques are utilised.

Fig. 4.7 depicts the simulated TD curves using either the TWTA or the SSPA

for 16-QAM-OFDM and QPSK-OFDM systems at a threshold BER of 10−4. It

is clear from this figure that the TD of the TWTA is higher than SSPA for both

constellations. Moreover, the TWTA and SSPA have an optimum OBO = 5 and 4

dB, respectively, for 16-QAM-OFDM. While, for QPSK-OFDM the optimum OBO

is 0 dB using both TWTA and SSPA.

4.6.2 Time-domain OFDM symbol

Fig. 4.8 illustrates time-domain signals of a single random OFDM symbol at the out-

put of the IFFT and TWTA with N = 128 using 16-QAM-modulated SCs without

and with PAPR reduction. It can be noted that, the PAPR reduction techniques

can lower the magnitudes of the OFDM symbol peaks. Consequently, these low level

magnitudes should minimise the effect of clipping due to the amplifier, and hence,

reduce the BER.

4.6.3 Power spectrum performance

The PSD of an OFDM signal with and without PAPR reduction measured at the

output of the TWTA is shown in Fig. 4.9. It can be noted from this figure that the

out-of-band power produced by the different reduction techniques is approximately

identical. In particular, the out-of-band power produced by the conventional PAPR

reduction techniques (PTS and SLM) is a little lower than that produced by the
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Figure 4.7: TD versus OBO for 16-QAM-OFDM and QPSK-OFDM systems using
either the TWTA or the SSPA for target BER = 10−4, N = 128.
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Figure 4.8: Time-domain signals at the IFFT output with N = 128 using a single
16-QAM-OFDM symbol, with and without PAPR reduction.

TWTA only case with OBO = 5 dB. In contrast, the out-of-band power given by the

PAPR reduction techniques is slightly higher than that produced by the proposed

reduction schemes (LC-IPTS and SLC-IPTS). Finally, it is clear from this figure

that there is no sacrificing in the out-of-band power spectrum when the proposed

techniques are utilised.

4.6.4 CCDF performance

Fig. 4.10(a) shows the CCDF of PAPR for the PTS, SLM and LC-IPTS techniques.

It can be seen that the CCDF curve for odd-cases is the best. For example, the odd-

cases can achieve 2, 1.4 and 1.2 dB PAPR reduction at 10−4 CCDF, compared with

the IPTS, CPTS and SLM techniques respectively. Due to the inclusion of vector

tr in the odd-cases, there is a variety of phase weighting factors in comparison to

the even-cases; the PAPR reduction of the former is better than the latter. The

CCDF curves of PAPR for the PTS, SLM and SLC-IPTS techniques are shown

in Fig. 4.10(b). From these curves, the PAPR reduction for the full-case is better

than odd-case or even-case. In addition, the full-case can achieve 2.2, 1.5 and 1.4

dB PAPR reduction, whereas odd-case or even-case can achieve 1.8, 1.1 and 1 dB
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Figure 4.9: The out-of-band power spectrum plot of an OFDM signal, with and
without PAPR reduction, N = 128 SCs, using the TWTA with OBO = 5 dB.

PAPR reduction compared to the IPTS, CPTS and SLM, respectively. The full-case

scheme can achieve better PAPR reduction than the odd or even-case due to the

wide range of phase weighting factors of the vector tr.

4.6.5 BER performance

The BER performance is assessed over an AWGN and wideband satellite channels

in this chapter.

4.6.5.1 BER performance over an AWGN channel

Figs. 4.11, 4.12 and 4.13 depict the BER performance for: 16-QAM, HM and QPSK

constellations, respectively, of the following schemes: IPTS, SLM, CPTS and the

proposed techniques using either the TWTA or the SSPA. We can observe that

there is a trend reflected throughout these figures which will now be discussed. The

LC-IPTS even-case schemes have the worst BER performance, while the SLC-IPTS

full-case scheme has the best BER performance. The reason for this phenomenon

is that the generated vectors of the full-case are double in comparison with the odd
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Figure 4.10: CCDF of PAPR for the proposed (LC-IPTS and SLC-IPTS), IPTS,
CPTS and SLM techniques.
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Table 4.4: The SNR improvement of the proposed LC-IPTS and SLC-IPTS schemes
over the IPTS, SLM and CPTS techniques.

Proposed Case Constellation SNR SNR SNR
Technique (HPA) improvement improvement improvement

in dB (IPTS) in dB (SLM) in dB (CPTS)

16-QAM (TWTA) 1.4 1 0.1
16-QAM (SSPA) 0.8 0.6 0.1

LC-IPTS odd-cases EL-HM (TWTA) 1.1 0.8 0.1
EL-HM (SSPA) 0.7 0.6 0.1
QPSK (TWTA) 1 0.8 0.2
QPSK (SSPA) 0.5 0.4 0.1

16-QAM (TWTA) 1.6 1.2 0.3
16-QAM (SSPA) 0.9 0.8 0.2

SLC-IPTS full-case EL-HM (TWTA) 1.3 1 0.3
EL-HM (SSPA) 0.8 0.7 0.2
QPSK (TWTA) 1.2 1 0.3
QPSK (SSPA) 0.6 0.5 0.2

or even-case. Furthermore, the LC-IPTS odd-case schemes have better performance

than the even-cases; this is due to the fact that the elements of the phase rotation,

vector B, for the odd-cases have the same amplitude but with no zero elements. It

should be noted that BL can achieve a similar improvement in BER performance to

that shown in the 16-QAM constellation.

Due to he LC-IPTS with the odd-case scheme and SLC-IPTS with the full-case

scheme have the best BER performance for: 16-QAM, HM and QPSK constella-

tions using either the TWTA or the SSPA, therefore, the SNR improvement of the

proposed LC-IPTS (odd-cases) and SLC-IPTS (full-case) schemes with the IPTS,

SLM and CPTS techniques is compared in Table 4.4. It is apparent from this table

that the improvement in SNR is less than 1 dB when SSPA is used, while a higher

improvement can be achieved when TWTA is utilised.

4.6.5.2 BER performance in mobile satellite channel

The BER performance using QPSK and 16-QAM modulation schemes in the pres-

ence of the TWTA nonlinearity and the wideband channel with elevation angle,

θ ≤ 45, is depicted in Fig. 4.14. The analogous trend of the BER performance is

achieved for mobile satellite fading channel compared to the AWGN, except an extra

degradation due to multipath fading is introduced.
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Figure 4.11: BER performance for the LC-IPTS, SLC-IPTS, IPTS, CPTS and SLM
techniques using either the TWTA or the SSPA with 16-QAM constellation.

72



4.6 Simulation Results

15 20 25 30
10

−5

10
−4

10
−3

10
−2

SNR (dB)

B
E

R

 

 
TWTA only case
IPTS V=4
SLM U=4
CPTS V=4
LC−IPTS even−cases
SLC−IPTS odd or even−case
LC−IPTS odd−cases
SLC−IPTS full−case
EL Theoretical

(a) TWTA case

15 20 25 30
10

−5

10
−4

10
−3

10
−2

SNR (dB)

B
E

R

 

 
SSPA only case
IPTS V=4
SLM U=4
CPTS V=4
LC−IPTS even−cases
SLC−IPTS odd or even−case
LC−IPTS odd−cases
SLC−IPTS full−case
EL Theoretical

(b) SSPA case

Figure 4.12: BER performance of EL for the LC-IPTS, SLC-IPTS, IPTS, CPTS and
SLM techniques using either the TWTA or the SSPA with HM-OFDM systems.
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Figure 4.13: BER performance of EL for the LC-IPTS, SLC-IPTS, IPTS, CPTS and
SLM techniques using either the TWTA or the SSPA with QPSK-OFDM systems.
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Figure 4.14: BER performance for the LC-IPTS, SLC-IPTS, IPTS, CPTS and SLM
techniques using the TWTA and wideband channel.
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Table 4.5: The overall comparison of the proposed schemes over the IPTS for N =
128, L = 4 and V = U = 4 using either the TWTA or the SSPA with 16-QAM-
OFDM systems.
Proposed Case CCRR- PAPR SNR Side
Technique IPTS Reduction Improvement Information

in % in dB in dB Bits

odd-cases 16 2 1.4 for TWTA 4
0.8 for SSPA

LC-IPTS even-case (1) -12 1.1 -0.2 for TWTA 4
-0.1 for SSPA

even-case (2) 21 1.1 -0.2 for TWTA 4
-0.1 for SSPA

odd-case 30 1.8 1 for TWTA 3
0.6 for SSPA

SLC-IPTS even-case 7 1.8 1 for TWTA 3
0.6 for SSPA

full-case -22 2.2 1.6 for TWTA 4
0.9 for SSPA

4.7 Chapter Summary

Table 4.5 compares the performance and complexity of the proposed LC-IPTS and

SLC-IPTS schemes over the IPTS using either the TWTA with OBO = 5 dB or the

SSPA with OBO = 4 dB and 16-QAM constellation. In view of the odd-cases from

the two proposed techniques, it is clear to see that the SLC-IPTS has a significant

improvement in CCRR-IPTS and SI. However, this is at a cost of 0.2 dB for PAPR

reduction as well as 0.4 dB degradation in SNR performance for the TWTA case.

4.8 Conclusion

In this chapter, new low-complexity and simplified low-complexity schemes using

circulant transform matrices have been proposed. In these schemes, only two IFFTs

are required. Furthermore, the equations for the proposed schemes were derived.

The overall computational complexity for the PTS, SLM and proposed schemes were

also formulated. The proposed LC-IPTS (odd-case (1) and (2)) has shown to reduce

the complexity and improve the system performance. Moreover, the proposed SLC-

IPTS (odd-case) has shown to reduce both the computational complexity and the

number of side information bits. However, this is at the cost of a minor reduction

in both PAPR and BER performance.
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Chapter 5

Efficient BER Reduction

Techniques for Nonlinear OFDM

Transmission Using Distortion

Prediction

This chapter presents efficient techniques to reduce the BER of the OFDM signals

transmitted over a nonlinear HPA. The proposed techniques are based on predicting

the distortion power that an HPA would generate due to the nonlinear characteris-

tics of such devices. In a method similar to the SLM or PTS schemes, the predicted

distortion is used to select a set of phases that minimise the actual HPA distor-

tion. Simulation results have confirmed that an SNR reduction of ∼ 4.5 dB using

the TWTA at a BER of ∼ 10−4 can be achieved when the proposed technique is

compared to the standard PTS utilising 16 partitions. The most important findings

are the proposed techniques for the 16 partitions, which can eliminate the error

floor caused by the ICI when SSPA is used. Moreover, complexity analysis has

demonstrated that the proposed system offers a significant complexity reduction of

approximately 60% when compared to state-of-the-art methods.

5.1 Introduction

Wireless communication systems are currently required to provide high data rate

transmission with strict constraints on power consumption and bandwidth occu-

77



5.1 Introduction

pancy. Consequently, the adoption of power and spectrally efficient M -ary mod-

ulation schemes such as QAM in conjunction with OFDM is indispensable. The

QAM-OFDM combination offers unpreceded power and bandwidth efficiency that

enables data rates up to 1 Gbps, as in the case of the downlink of the advanced im-

plementation of the long term evolution (LTE) system [96]. Consequently, OFDM

has been adopted in many digital communication standards such as digital video

broadcasting-terrestrial (DVB-T) [97], Wimax technologies [98] and digital video

broadcasting over satellites (DVB-S2) [99] to name a few.

In general, the HPAs that are deployed in wireless communication systems are

often configured to operate near-saturation limits in order to maximise the amplifier

power efficiency. Unfortunately, the high PAPR inherent to the OFDM signals’

envelope will occasionally drive the HPA to operate in the nonlinear region of its

characteristics curve. The nonlinearity of the HPA exhibits AM/AM amplitude and

AM/PM phase distortions, which cause a loss of orthogonality among the SCs, and

hence, ICI is introduced [68]. The ICI power is proportional to the amplitude of the

signal at the amplifier input and may cause a considerable degradation in terms of

its BER performance.

In the literature, extensive research has been devoted to reduce the degradation

due to the PAPR problem inherent to OFDM systems. Some of the reported tech-

niques such as amplitude clipping have low-complexity, but they suffer from various

problems such as in-band distortion and out-of-band expansion. Signal compand-

ing methods have low-complexity, good distortion and spectral properties; however

they have limited PAPR reduction capabilities. Advanced techniques such as coding,

PTS and SLM [40] have been considered for PAPR reduction too. Such techniques

are efficient and distortionless, however their computational complexity is high and

requires the transmission of several bits of side information [91]. A comprehensive

overview of the main PAPR reduction techniques is reported in [29] and [30].

The standard SLM and PTS methods are based on modifying the phases of the

SC data symbols at the transmitter side to minimise the PAPR. This goal is achieved

by multiplying the data symbols with several pre-designed phase vectors, and then

selecting the phase vector which produces the minimum PAPR. The receiver should

be informed of the phase vector that has been selected in order to reverse the op-

eration at the receiver side. Such approaches are effective only if the number of

trial phase vectors is large. Consequently, the complexity of these techniques is
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high, particularly when the number of tested phase vectors is large. Furthermore,

accurate PAPR estimation requires oversampling of the transmitted signal, which

introduces further complexity to such techniques. However, it is worth noting that

minimising the PAPR does not necessarily minimise the distortion produced by the

nonlinearity of the HPA, and hence, it does not necessarily minimise the BER [100].

In order to reduce the computational complexity of the CPTS and CSLM schemes,

numerous modified versions were proposed such as [60], [80], [86] and [87]. In con-

trast to these methods, it was demonstrated in [68] that using other less-direct

indicators such as the inter-modulation distortion (IMD) to select the coefficients of

the PTS and SLM results in a noticeable improvement. However, the high computa-

tional complexity is the main limitation of the IMD approach. Similarly, the excess

power (EP) is proposed in [100] to measure the nonlinearity of transmission systems,

which can also be used to minimise the PAPR too. In general, IMD-based systems

outperform EP systems, however, with higher complexity. In such techniques, the

PAPR is minimised by reducing metrics such as the IMD and EP.

In this chapter, efficient and computationally less complex schemes are proposed

to reduce the BER within OFDM systems in the presence of nonlinear HPA. The pro-

posed techniques are based on the prediction of the distortion, which is introduced

by the nonlinearity of an HPA, followed by techniques such as the PTS and SLM

are invoked, to minimise the distortion and consequently the BER. The adopted

distortion metrics are referred to as the distortion-to-signal power ratio (DSR) and

the peak interference-to-carrier ratio (PICR). The DSR and PICR metrics of mea-

surement were first introduced in [100] and [101], respectively, to assess the impact

of the HPA nonlinearity in OFDM systems at the receiver side. However, they

were never used in the context of nonlinear amplifier distortion minimisation. The

DSR, which is usually evaluated at the receiver side, is predicted at the transmitter

side using a simple equivalent mathematical model after the IFFT. Both metrics

are analytically derived by taking into consideration the nonlinear distortion due to

the HPA. Monte Carlo simulations have confirmed that the DSR and PICR metrics

are more reliable than those of the PAPR and IMD, for selecting the coefficients of

the PTS and SLM to minimise the BER. Furthermore, complexity analysis of the

new schemes demonstrates that the proposed schemes offer a significant complexity

reduction when compared to standard PAPR-based methods.

In this work, two HPA models are required. The first model will be used to mimic
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the actual memoryless model used in the transmission process. Thus, this model

should accurately model the HPA nonlinearity. For such purposes, [17] demonstrated

that the memoryless model is highly accepted for describing the nonlinearity of

HPAs. The second amplifier model, polynomial, is required to predict the resulting

distortion when high signal peaks occur. Using this model, it should be relatively

simple to reduce the computation complexity of the distortion prediction process.

Furthermore, the use of two different models is pivotal, since accurate knowledge of

the HPA characteristics is not usually available.

5.2 The Distortion Metrics

In this section, the distortion metrics for the AWGN channel are estimated. As-

suming a third order polynomial HPA model, the effect of nonlinearity on the signal

quality can be evaluated by computing the FFT of the HPA output. Based on (2.6)

and (2.13), rk can be expressed as

rk =
1√
N

N−1∑
n=0

α1xne
−j2πkn/N +

1√
N

N−1∑
n=0

α3|xn|2xne−j2πkn/N . (5.1)

Substituting (2.3) into (5.1), rk can be rewritten as [16]

rk =
1√
N

N−1∑
n=0

α1

[
1√
N

N−1∑
l=0

dle
j2πln/N

]
e−j2πkn/N

+
1√
N

N−1∑
n=0

α3|xn|2
[

1√
N

N−1∑
l=0

dle
j2πln/N

]
e−j2πkn/N , (5.2)

then

rk = dk

[
α1 +

α3

N

N−1∑
n=0

|xn|2
]

︸ ︷︷ ︸
Useful Signal

+
α3

N

N−1∑
l=0
l ̸=k

dl

[
N−1∑
n=0

|xn|2ej2πn(l−k)/N

]
︸ ︷︷ ︸

ICI

, (5.3)

and finally, rk can be expressed in compact form as [16]

rk = βdk + ψk, (5.4)
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where the first term on the RHS of (5.4) represents the useful part of the symbol, β

is a phase shift given by

β = α1 +
α3

N

N−1∑
n=0

|xn|2

= α1 +
α3

IBOl

, (5.5)

and ψk is the nonlinear noise component that can be described as

ψk =
α3

N

N−1∑
l=0
l ̸=k

dl

N−1∑
n=0

|xn|2ej2πn(l−k)/N , (5.6)

and IBOl = 10IBO/10.

The IMD-reduction metric proposed in [68] can be written as

IMD = max

{
max

06k6N−1

{
− Re{ψk}
Re{βdk}

,− Im{ψk}
Im{βdk}

}}
, (5.7)

where Re{.} and Im{.} denote the real and imaginary parts of a complex variable,

respectively.

In contrast, the PICR introduced by [101] can be defined as

PICR = max
06k6N−1

{
|ψk|2

|β|2|dk|2

}
. (5.8)

The DSR at the receiver with negligible AWGN can be defined as [100]

DSR =
E{|ψ|2}

|β|2E{|d|2}
, (5.9)

where ψ = {ψ0, ψ1, · · · , ψN−1} is the vector of the nonlinear noise component sam-

ples. The normalised DSR can be obtained by dividing (5.9) by |β|2E{|d|2}, which

is a constant of a given OFDM symbol

DSR = ∥ψ∥2 =
N−1∑
i=0

|ψi|2. (5.10)

It is worth noting, that accurate evaluation of the PAPR and IMD require an over-

sampling factor of L > 4 [31] and [68], whereas no oversampling is required for the

DSR and PICR estimation [101].
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5.2.1 Proposed DSR reduction using PTS scheme

Fig. 5.1 depicts the block diagram of the PTS scheme combined with DSR. In this

technique and similar to the CPTS, V disjoint sets d(v), v = 0, 1, · · · , V − 1 are

obtained by partitioning the input data block d in (3.7). The time-domain vector

x(v) is obtained by applying an N -point IFFT on each of the disjoint sets, such that

x(v)= Wd(v). (5.11)

The time-domain samples of the x(v) vector can be expressed as

x(v)n =
1√
N

N−1∑
k=0

d
(v)
k ej2πkn/N , n = 0, 1, · · · , N − 1. (5.12)

Subsequently, the IFFT outputs are scrambled by the complex weighting phase

factors, b(v) = ejϕv , v = 0, 1, · · · , V − 1. Finally, the overall time-domain samples in

(3.9) can be obtained by adding the V signals.

The FFT of the HPA output can be expressed as

rk =
V−1∑
v=0

d
(v)
k b(v)

[
α1 +

α3

N

N−1∑
n=0

|xn|2
]

︸ ︷︷ ︸
Useful Signal

+
α3

N

V−1∑
v=0

b(v)
N−1∑
l=0
l ̸=k

d
(v)
l

N−1∑
n=0

|xn|2ej2πn(l−k)/N

︸ ︷︷ ︸
ICI

.

(5.13)

The frequency domain symbol on SC k can be presented in compact form as

rk =
V−1∑
v=0

d
(v)
k b(v)β + ψk,PTS, (5.14)

where the factor β is identical to (5.5) and the nonlinear noise component can be

written as [101]

ψk,PTS =
V−1∑
v=0

b(v)ψ
(v)
k . (5.15)

The term ψ
(v)
k is given by

ψ
(v)
k =

α3

N

N−1∑
l=0
l ̸=k

d
(v)
l

N−1∑
n=0

|xn|2ej2πn(l−k)/N . (5.16)
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Figure 5.1: Block diagram of the proposed PTS scheme based on distortion sensing.

The minimum normalised DSR for PTS scheme can be defined as

DSRPTS = min
b(0),··· ,b(V −1)

∥ψPTS∥
2 . (5.17)

In the IPTS, two phase flipping values {±1} are utilised in order to minimise the

number of trial values [3].

5.2.2 Proposed DSR reduction using SLM scheme

The block diagram of the SLM-based DSR method is shown in Fig. 5.2. Similar

to the CSLM, the data symbols are copied into U sections, where each of the data

symbols are multiplied by U different phase sequences in order to generate alterna-

tive the input sequences that are represented in (3.10). Subsequently, each of the U

branches is applied to an N -point IFFT. The resulting sample of the u-th sequence

can be expressed as

x(u)n =
1√
N

N−1∑
k=0

dka
(u)
k ej2πkn/N , n = 0, 1, · · · , N − 1. (5.18)

Hence, after the HPA and FFT, rk can be expressed as

rk = dka
(u)
k

[
α1 +

α3

N

N−1∑
n=0

|xn|2
]

︸ ︷︷ ︸
Useful Signal

+
α3

N
a
(u)
k

N−1∑
l=0
l ̸=k

dl

[
N−1∑
n=0

|xn|2ej2πn(l−k)/N

]
︸ ︷︷ ︸

ICI

. (5.19)
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The frequency domain symbol on SC k can be presented in compact form as

r
(u)
k = dka

(u)
k β + ψ

(u)
k,SLM , (5.20)

where β is given by (5.5) and

ψ
(u)
k,SLM =

α3

N
a
(u)
k

N−1∑
l=0
l ̸=k

dl

N−1∑
n=0

|xn|2ej2πn(l−k)/N . (5.21)

The normalised DSR is computed for the U branches using the set of phase vectors

a(0), · · · , a(U−1) and the branch with the minimum normalised DSR is selected for

transmission

DSRSLM = min
u=0,··· ,U−1

∥∥∥ψ(u)
SLM

∥∥∥2 , (5.22)

where ψ
(u)
SLM =

[
ψ

(u)
0,SLM , · · · , ψ

(u)
N−1,SLM

]
.

5.3 Power Amplifiers Operating Points

Fig. 5.3 depicts the simulated TD curves using either the TWTA or the SSPA for

16-QAM-OFDM systems at a BER of ∼ 10−4. The optimum OBOs for the TWTA

and the SSPA cases are 5 and 3.5 dB, respectively, whereas it is shown in Fig. 4.7

that for QPSK-OFDM, the optimum OBO is 0 dB for both the TWAT and the
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SSPA cases.

5.4 Polynomial Model Coefficients Calculation

It is necessary to be knowledgeable about the sign of the third order nonlinearity

parameters for the polynomial model. In particular, the model demonstrates ex-

pansive nature in performance, when α3/α1 has a positive value. In contrast, the

model demonstrates a compressive nature in performance, when α3/α1 is negative.

On the other hand, it can be observed from Figs. 2.4 and 2.5, that the practical

nonlinearities demonstrate compression performance for the TWTA and the SSPA,

respectively [68].

In practice, the coefficients representing nonlinearities that demonstrate both

AM/AM and AM/PM characteristics are complex values [68]. The complex coef-

ficients are obtained by equating memoryless Saleh’s model equations with (2.13)

and utilising the minimax criterion [102]. The coefficients used for the TWTA poly-

nomial model are α1 = 0.9920 + j0.0340 and α3 = −0.9100 + j0.5755. In contrast,

for nonlinearities which exhibit only AM/AM characteristics, the coefficients are

real values [68]. Thus, the coefficients α1 and α3 can be obtained by equating the

memoryless Rapp’s model equations with (2.13) and using curve fitting methods.

The coefficients used for an SSPA polynomial model are α1 = 1 and α3 = −0.132.

Figs. 5.4 and 5.5 depict the output of the TWTA and SSPA, respectively, versus

the amplifier’s input using the obtained coefficients α1, α3 and optimum OBOs. Ac-

ceptable agreements between the memoryless and polynomial models are shown in

these figures.

5.5 Computational Complexity

In this section, the computational complexity of the PTS, SLM and proposed tech-

niques is discussed. Generally, the complexity of one LN -point IFFT is (LN/2) log2(N)+

LN/2 CMs and (LN) log2 (N) CAs for zero-padded systems [80].

The PAPR and IMD are implemented using an oversampling factor used L = 4

[31] and [68]. Although using smaller oversampling factors is possible, this is the

smallest value that can produce reliable PAPR or IMD estimates. The effect of L

can be evaluated by comparing the selected phase sequence for the continuous and
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discrete OFDM systems. For example, in the case of {U, V } = 16, the probability

of selecting the same phase sequence is approximately 0.038, 0.24, 0.48 and 0.65, for

L = 1, 2, 3 and 4, respectively, while it is always 1.0 for the DSR irrespective of the

value of L.

5.5.1 Complexity analysis of the PTS and SLM techniques

The computational complexity of the PTS-PAPR scheme is considered by the fol-

lowing operations:

• V fm(LN/2 log2(N)+LN/2) CMs and V fa(LN log2(N)) CAs are required for

implementing a V LN -point IFFT, where fm and fa are the mean number of

multiplications and additions, respectively, in respect of the sparseness of the

partitions [95]. These parameters can be calculated using the Markov model

presented in [103].

• V LN(I− 1) CMs are required for scrambling the IFFT output by b(v).

• (V − 1)ILN CAs are required to generate the overall time-domain samples,

xn, in (3.9).

• 2ILN RMs and ILN RAs are required to calculate the PAPR metric.

The computational complexity operations for the SLM scheme are characterised

as follows:

• N(U − 1) CMs are required to create d(u) in (3.10).

• U(LN/2 log2(N) + LN/2) CMs and U(LN log2(N)) CAs are required for im-

plementing a ULN -point IFFT.

• 2ULN RMs and ULN RAs are required to calculate the PAPR metric.

The computational complexity equations of the PTS-PAPR and SLM-PAPR

were derived [95] and formulated in Table 5.1.

5.5.2 Complexity analysis of the proposed techniques

The computational complexity of the PTS and SLM schemes based on distortion

sensing is dominated by the following operations:
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• An N -point IFFT/FFT requires (N/2) log2(N) CMs and (N) log2(N) CAs.

• The HPA output yn using (2.13) requires 12N RMs and 6N RAs for the TWTA

model, and 6N RMs and 3N RAs for the SSPA model.

• The ψk,PTS and ψk,SLM terms can be calculated by subtracting the frequency

domain symbol from the corresponding useful signal using (5.14) and (5.20),

respectively. Each term requires 8N RMs and 6N RAs for the TWTA model

and 6N RMs and 4N RAs for the SSPA model. The DSR metric calculation

using (5.10) requires 2N RMs and N RAs, thus, the overall DSR metric re-

quires 10N RMs and 7N RAs for the TWTA, with 8N RMs and 5N RAs for

the SSPA.

For the PTS scheme, the sparse V N -point IFFT requires V fm(N/2) log2(N) CMs

and V fa(N) log2(N) CAs. Furthermore, V N(I−1) CMs are required for scrambling

the IFFT outputs by b(v). Finally, (V −1)NI CAs are required to generate the overall

time-domain samples, xn, in (3.9). However, for the SLM scheme, N(U − 1) CMs

are required to generate alternative input sequences, d(u), in (3.10).

5.5.3 Overall computational complexity

It can be noted that from (5.8), the PICR criterion has higher computational com-

plexity than the DSR where an additional 2N RMs and N RAs are required in the

denominator calculation. On the other hand, the IMD approach has a higher com-

putational complexity than the PAPR [68]. The computational complexity formulae

are calculated for the IMD approach that is used with the PTS and SLM schemes,

and hence, Table 5.1 lists these formulae. Therefore, the proposed DSR metric

introduces in the lowest complexity when combined with SLM and PTS schemes.

The equations for APTS−DSR, MPTS−DSR, ASLM−DSR and MSLM−DSR are listed

in Table 5.1 using either of the TWTA or the SSPA models. The relative complexity

(Cr) of the DSR criterion over the other schemes can be defined as the ratios of CDSR

metric divided by the equivalent complexity, C, of the other technique, where C is

defined in (4.16). For example, given that N = 128, V = U = 4, g = 4, fa = 65%,

fm = 75% and I = V +1, the relative complexity using the TWTA model is 60% and

71% for the PTS-PAPR and SLM-PAPR techniques, respectively. However, when

the SSPA model is used, the Cr is 55% and 65% for the PTS-PAPR and SLM-PAPR

90
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Table 5.1: Analysis of the Computational Complexity for the PTS and SLM Schemes
Based on the PAPR, IMD and DSR Criteria in Terms of Number of Real Operations
using either the TWTA or the SSPA models.

Number of Equivalent Complexity (C) Equivalent Complexity (C)
Real Operations using TWTA polynomial model using SSPA polynomial model

APTS−PAPR [95] 2V {fm(NL/2 log2(N) +NL/2) + fa(NL log2(N))} 2V {fm(NL/2 log2(N) +NL/2) + fa(NL log2(N))}
+4(I− 1/2)V NL− INL +4(I− 1/2)V NL− INL

MPTS−PAPR [95] 4V fm(NL/2 log2(N) +NL/2) 4V fm(NL/2 log2(N) +NL/2)
+4(I− 1)V NL+ 2INL +4(I− 1)V NL+ 2INL

ASLM−PAPR [95] UNL{3 log2(N) + 2}+ 2N(U − 1) UNL{3 log2(N) + 2}+ 2N(U − 1)

MSLM−PAPR [95] 2UNL{log2(N) + 2}+ 4N(U − 1) 2UNL{log2(N) + 2}+ 4N(U − 1)

APTS−IMD 2V {fm(NL/2 log2(N) +NL/2) + fa(NL log2(N))} 2V {fm(NL/2 log2(N) +NL/2) + fa(NL log2(N))}
+3IN log2(N) + 2(I− 1)V NL+ (2V + 7)INL+ 6IN +3IN log2(N) + 2(I− 1)V LN + 2(V − 1)INL+ 9IN

MPTS−IMD 4V fm(NL/2 log2(N) +NL/2) + 2IN log2(N) 4V fm(NL/2 log2(N) +NL/2) + 2IN log2(N)
+4(I− 1)V NL+ 14INL+ 10IN +4(I− 1)V NL+ 4IV NL+ 19IN

ASLM−IMD 2U{3NL/2 log2(N) +NL/2}+ 3UN log2(N) 2U{3NL/2 log2(N) +NL/2}+ 3UN log2(N)
+2N(4U − 1) + 9UNL +2N(3U − 1) + 5UNL

MSLM−IMD 4U{NL/2 log2(N) +NL/2 +N/2 log2(N)} 4U{NL/2 log2(N) +NL/2 +N/2 log2(N)}
+2N(7U − 1) + 14UNL +4N(3U − 1) + 11UNL

APTS−DSR {V (fm + 2fa) + 3I}{N log2(N)} {V (fm + 2fa) + 3I}{N log2(N)}
+2V N(2I− 1) + 12NI +2V N(2I− 1) + 6NI

MPTS−DSR 2(V fm + I){N log2(N)} 2(V fm + I){N log2(N)}
+4V N(I− 1) + 22NI +4V N(I− 1) + 14NI

ASLM−DSR UN{6 log2(N) + 16} − 2N 2UN{3 log2(N) + 5} − 2N

MSLM−DSR 2UN{2 log2(N) + 13} − 4N UN{4 log2(N) + 18} − 4N

schemes, respectively.

The relative complexity Cr versus the number of SCs, N , for the PTS and SLM

techniques based on the PAPR, IMD and PICR criteria using V = U = 4 is given

in Fig. 5.6. The curves in the figure demonstrate that Cr is almost independent

of N , particularly for N ≥ 256 for both the TWTA and SSPA cases. In terms

of performance, the DSR has a slightly lower complexity than the PICR, where

Cr ∼ 97% for the TWTA case; whereas for the SSPA case, the Cr ∼ 97% and

∼ 98.5% for the SLM and PTS, respectively. This scenario is different for the

PAPR, where Cr drops significantly to ∼ 65% and 59% for the SLM and PTS,

respectively using the TWTA; while Cr ∼ 61% and 55% for the SLM and PTS,

respectively, using the SSPA. The major reduction was recorded for the IMD case,

where Cr ∼ 36% for both the SLM and PTS using the TWTA; whereas Cr ∼ 38%

and 44% for the SLM and PTS, respectively, using the SSPA.

The relative complexity as a function of V and U for N = 128 SCs is presented

in Fig. 5.7. Similar to the results in Fig. 5.6, it is apparent that Cr is almost

independent of the values of V/U except for the PTS-PAPR and PTS-IMD, where

Cr decreases substantially to less than 30% by increasing V/U to 64 for both the

TWTA and the SSPA cases. Consequently, using the DSR with the PTS at high
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Figure 5.6: Relative complexity for the PTS and SLM techniques based on the
PAPR, IMD and PICR criteria.
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V/U values becomes more attractive as the complexity reduction, (1−Cr), is more

than 70%.

The relative complexity for the DSR with respect to PAPR based on the SLM

using the SSPA for g = 4 can be expressed as

Cr =
U [22 log2(N) + 82]− 18

UL[11 log2(N) + 18] + 18U − 18
. (5.23)

Since the constant term ”18” in the numerator and denominator is much smaller

than the other terms, Cr can be approximated as

Cr =
22 log2(N) + 82

L[11 log2(N) + 18] + 18
. (5.24)

It is interesting to note that Cr in (5.24) is independent of U . Moreover, the de-

pendency of Cr on N can be obtained by computing the derivative of (5.24) with

respect to N ,
∂Cr

∂N
=

−506L+ 396

N ln(2)[11L log2(N) + 18L+ 18]2
. (5.25)

Typically N ≥ 64 and L ≥ 4, hence the derivative described in (5.25) is approxi-

mately zero. Consequently, Cr can be considered to be independent of both U and

N for the PAPR-SLM case.

It has been demonstrated that the local emulation of the HPA polynomial model

with the FFT are required to calculate distortion metrics. As a result, the schemes

utilising these metrics are more hardware complex than PAPR reduction-based tech-

niques.

5.6 Numerical Results

Monte Carlo simulation is used to assess the performance of the proposed system

and compare it to other well-established PAPR reduction techniques. The simulation

results are obtained using 105 OFDM blocks generated using N = 128. The data

symbols are selected uniformly from a Gray coded 16-QAM, QPSK and HM symbol

constellation. The PTS and SLM techniques are set to use V = U = 4 or 16 and

the number of possible phase factors are selected uniformly from b(v) = ±1 and

a
(u)
i ∈ {±1,±j}, i ∈ {0, 1, · · · , N − 1}, respectively.

The TWTA and SSPA are modelled as described in (2.13), for the distortion met-
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Figure 5.7: Relative complexity for the PTS and SLM techniques based on the
PAPR, IMD and PICR criteria.
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rics calculation. Furthermore, memoryless models were used for the implementation

of the OFDM signal transmission. In addition to the HPA nonlinearity, the channel

adds zero mean AWGN with a variance of σ2
η. For coherent demodulation, perfect

knowledge of the phase coefficients for the PTS and SLM techniques at the receiver

side is assumed. Moreover, for the TWTA case, the phase shift β in (5.5) is com-

pensated properly at the receiver side through channel estimation. Consequently,

the complex phase shift estimation illustrated in Section 2.5 is not required.

5.6.1 Power spectrum performance

Fig 5.8 depicts the out-of-band power produced by either the TWTA or the SSPA

only case, using both the PTS-PAPR and the PTS-DSR schemes, utilising V = 4

and N = 128. It is clear from this figure that the PTS-DSR has slightly higher

power spectral density than the HPA only case. However, the out-of-band power

produced by the PTS-PAPR reduction technique is a little lower than that produced

by the HPA only case.

5.6.2 CCDF performance

5.6.2.1 CCDF performance of PAPR

The CCDF is widely used to assess the performance of PAPR reduction techniques.

Fig. 5.9 depicts the CCDF of PAPR for PTS-OFDM and SLM-OFDM systems based

on the DSR, PICR, IMD and PAPR criteria. It can be observed that high CCDF

values of PAPR in systems based on DSR reduction occur with lower probabilities

than the corresponding values in systems based on the PICR or IMD reduction.

For example, when V/U = 4 the PAPR value corresponding to a CCDF value

of 10−4 for PTS-DSR and SLM-DSR is approximately 0.6 and 1 dB, respectively,

compared to the OFDM systems without PAPR reduction. However, for V/U = 16,

the PAPR value corresponding to a CCDF value for the DSR-reduction criterion

is approximately 1.3 and 1.4 dB better than those of the OFDM systems without

PAPR reduction. Furthermore, when using this V/U value with PTS-PAPR and

SLM-PAPR, the reduction is approximately 2.4 and 2.6 dB better than the PTS-

DSR and the SLM-DSR schemes, respectively.
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Figure 5.8: The out-of-band power spectrum plot of OFDM signal with and without
PAPR reduction.
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Figure 5.9: CCDF of the PAPR for OFDM systems based on the DSR, PICR, IMD
and PAPR reduction criteria for different partitions.
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5.6.2.2 CCDF performance of DSR

In this section, the CCDF of the DSR is utilised, which is defined as the proba-

bility that the DSR is greater than a reference value denoted as DSR0. Fig. 5.10

depicts the CCDF of the DSR for an OFDM system using either the PTS or the

SLM scheme for different partitions based on various reduction criteria utilising the

TWTA model. Compared to the PTS-PAPR technique, the proposed DSR crite-

rion provided an extra improvement of approximately 0.8 and 1.3 dB at CCDF of

10−4 for V = 4 and V = 16, respectively as shown in Fig. 5.10(a). It is worth

mentioning that for different number of partitions the PTS-PICR and PTS-IMD

have marginally lower DSR than PTS-PAPR. However, the PTS-DSR has the low-

est DSR for different partitions. A similar CCDF pattern is shown in Fig. 5.10(b)

for an OFDM system using the SLM scheme. From this figure, it is apparent that

the SLM-DSR can achieve a reduction in CCDF of approximately 0.8 and 1.1 dB,

respectively, compared to the SLM-PAPR for U = 4 and U = 16.

The CCDF of the DSR for the OFDM system using either the PTS or the SLM

schemes is depicted in Fig. 5.11 for different partitions based on the DSR, PICR,

IMD and PAPR reduction criteria, utilising the SSPA model. Fig. 5.11(a) shows

that the proposed DSR criterion can achieve an extra improvement of approximately

0.9 and 1.7 dB for V = 4 and V = 16, respectively, in comparison to the PTS-PAPR

technique. Furthermore, using the SLM scheme, a similar CCDF trend is shown in

Fig. 5.11(b). It can be seen from this figure that the SLM-DSR can improve the

CCDF performance by 0.9 and 1.6 dB, respectively, compared to the SLM-PAPR

for U = 4 and U = 16.

5.6.3 BER performance

In this chapter, the BER performance is assessed over an AWGN, wideband satellite

and frequency-selective multipath fading channels.

5.6.3.1 BER performance over an AWGN channel

The BER is one of the most significant criteria to assess the performance of com-

munication systems. The BER performance of the proposed DSR and the other

considered schemes is presented in Fig. 5.12 in the presence of the TWTA non-

linearity, based on either the PTS or the SLM scheme, respectively, for 16-QAM
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Figure 5.10: CCDF of the DSR for OFDM systems based on the DSR, PICR, IMD
and PAPR reduction criteria for different partitions using the TWTA with OBO = 5
dB.
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Figure 5.11: CCDF of the DSR for OFDM systems based on the DSR, PICR, IMD
and PAPR reduction criteria for different partitions using the SSPA with OBO = 3.5
dB.
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OFDM systems. It can be noted from Figs. 5.12(a) and 5.12(b), at a BER of 10−4

that the PTS-DSR and SLM-DSR managed to reduce the required SNR by approx-

imately 4.3 and 3.5 dB, respectively, compared to the PTS-PAPR and SLM-PAPR

for V/U = 16. This phenomenon is due to the fact that minimising the DSR level

produced by the TWTA nonlinearity can provide superior indication of ICI, and

hence, offer better BER performance when compared to other approaches, which

are optimised in order to reduce the PAPR.

Fig. 5.13 depicts the BER systems based on the DSR, PICR, IMD and PAPR

reduction criteria in the presence of the SSPA nonlinearity and AWGN for 16-QAM

constellation. The most significant aspect in this figure is that for both the PTS-

DSR and the SLM-DSR schemes, for V/U = 16 eliminate the error floor that is

caused by the ICI. Furthermore, the SSPA is less sensitive than the TWTA due to

the ICI effect, and hence, the error floor appears only at very low BERs.

The BER performance of the proposed DSR and PAPR schemes in the pres-

ence of the TWTA nonlinearity, based on either the PTS or the SLM scheme, for

V/U = 16 is shown in Fig. 5.14 for the HM constellation. It can be noted that

the PTS-DSR scheme can achieve an improvement of approximately 2.3 dB and 1.9

dB, respectively, at 10−4 BER for EL and BL. However, the proposed SLM-DSR

scheme can accomplish an improvement of 3.5 dB and 1.5 dB, respectively, in BER

performance. It is apparent that the proposed DSR metric can give an accurate

indication of the interference generated by the TWTA and HM.

Fig. 5.15 depicts the BER systems based on either the PTS or the SLM scheme,

for V/U = 16, in the presence of the SSPA nonlinearity and AWGN for the HM

constellation. The PTS-DSR scheme can accomplish an improvement approximately

2.3 dB and 1.6 dB, respectively, for EL and BL. The proposed SLM-DSR, however,

achieves an improvement that is only 0.3 dB lower in BER performance, than that

of the PTS-DSR scheme for both layers.

Figs. 5.16 and 5.17 depict the BER performance for the same schemes mentioned

above, utilising either the TWTA or the SSPA with a QPSK constellation, based on

either the PTS or the SLM schemes, respectively. It can be seen from Fig. 5.16, that

the PTS-DSR and SLM-DSR schemes, with V/U = 16, can achieve an improvement

1.8 and 1.4 dB, respectively, compared to the PTS-PAPR and SLM-PAPR schemes.

However, when the SSPA is utilised, the PTS-DSR and SLM-DSR schemes, with

V/U = 16, can achieve a 1.1 and 0.8 dB improvement in BER performance, respec-
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Figure 5.12: BER versus SNR for systems based on the DSR, PICR, IMD and
PAPR reduction criteria in the presence of the TWTA nonlinearity and AWGN for
16-QAM constellation.
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Figure 5.13: BER versus SNR for systems based on the DSR, PICR, IMD and PAPR
reduction criteria in the presence of the SSPA nonlinearity and AWGN for 16-QAM
constellation.
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Figure 5.14: BER versus SNR for systems based on the DSR and PAPR reduc-
tion criteria in the presence of the TWTA nonlinearity and AWGN for the HM
constellation.
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Figure 5.15: BER versus SNR for systems based on the DSR and PAPR reduction
criteria in the presence of the SSPA nonlinearity and AWGN for the HM constella-
tion.
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tively, as shown in Fig. 5.17.

It can be observed from Figs. 5.12, 5.14 and 5.16 that the BER for all techniques

still suffer from error floors that appear at high SNRs, which are due to the nonlinear

effect of the TWTA. However, the error floor levels depend on the efficiency of

the particular technique used. For the DSR case, the error floor levels were much

lower than those of the other considered techniques. Complete elimination of the

error floors requires a large number of partitions or high OBOs. Alternatively, low-

level error floors can be eliminated more efficiently by using error control coding

techniques.

5.6.3.2 BER performance in mobile satellite channel

The multipath fading channels are quite important for wireless applications. How-

ever, the DSR is computed at the transmitter side with the assumption that no

channel information is available at the transmitter, which is the case in most prac-

tical scenarios. Consequently, the proposed technique should be applied to both

AWGN and multipath fading channels without any change.

The proposed system is simulated in the wideband satellite mobile channel, in

order to observe its performance under practical channel degradations. The BER

performance for a 16-QAM modulation scheme in the presence of the TWTA non-

linearity and wideband channel with elevation angle, θ ≤ 45, is depicted in Fig. 5.18.

A similar trend of the BER performance is achieved for the mobile satellite fading

channel apart from an extra impairment approximately 2.5 dB, owing to multipath

fading.

5.6.3.3 BER performance in multipath fading channel using a practical

SSPA model

The BER performance for 16-QAM modulation scheme over a frequency-selective

multipath fading channel and practical SSPA model is presented in Fig. 5.20, for

the PTS and SLM schemes. The fading channel consists of 5 multipath components

with delays of [0, 1, 2, 3, 4] samples, an average gain of [0.35, 0.25, 0.18, 0.13,

0.09], and the mean square delay spread σ2(τ) = 1.74 [104]. The channel frequency

response is shown in Fig. 5.19. Moreover, the transmission SSPA parameters are

selected to match the practical WiMax SSPA 2.30-2.40-400 amplifier, described in
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Figure 5.16: BER versus SNR for systems based on the DSR and PAPR reduc-
tion criteria in the presence of the TWTA nonlinearity and AWGN for the QPSK
constellation.
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Figure 5.17: BER versus SNR for systems based on the DSR and PAPR reduc-
tion criteria in the presence of the SSPA nonlinearity and AWGN for the QPSK
constellation.
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Figure 5.18: BER versus SNR for systems based on the DSR and PAPR reduction
criteria in the presence of the TWTA nonlinearity and wideband satellite mobile
channel, θ ≤ 45, for the 16-QAM constellation.
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Figure 5.19: Frequency response of frequency-selective multipath fading channel

[105]. The parameters for this amplifier for the Rapp and polynomial models, are

found using curve fitting techniques, where p = 3.2676, α1 = 1 and α3 = −0.1787

for OBO = 3.5 dB. As it can be observed from Fig. 5.20, the performance trend is

sustained where the DSR outperforms the other considered techniques, irrespective

of the channel model. Furthermore, the results obtained for the practical SSPA

model, confirm that using the simple polynomial model to predict the DSR provides

sufficient accuracy.

5.7 Chapter Summary

The present study confirms previous findings (the key idea of the PAPR reduction is

to achieve an improvement in the BER performance) and contributes additional ev-

idence that support the new metrics to reduce the BER. One of the more significant

findings is that minimising the PAPR does not necessarily minimise the distortion

produced by the nonlinearity of the HPA, and hence, it does not necessarily minimise

the BER.

Table 5.2 summarises the performance and complexity of the proposed PTS-

DSR and SLM-DSR scheme over the PAPR criterion, using either the TWTA or the
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Figure 5.20: BER versus SNR for systems based on the DSR and PAPR reduction
criteria in the presence of the practical SSPA nonlinearity and frequency-selective
multipath fading channel for 16-QAM constellation, V/U = 16.
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5.8 Conclusion

Table 5.2: The overall comparison of the proposed schemes over the PAPR-based
technique for V/U = 16.

Proposed HPA Cr DSR Conste- OBO SNR
Technique Model in % Reduction llation in dB Improvement

in dB in dB

PTS-DSR TWTA 38 1.3 16-QAM 5 4.3
QPSK 0 1.8

SSPA 36 1.7 16-QAM 3.5 1.7 No error floor
QPSK 0 1.1 No error floor

SLM-DSR TWTA 71 1.1 16-QAM 5 3.5
QPSK 0 1.4

SSPA 65 1.6 16-QAM 3.5 1.4 No error floor
QPSK 0 0.8 No error floor

SSPA with a 16-QAM constellation. This table shows that the proposed schemes

using SSPA can eliminate the error floor. Furthermore, a reduction in DSR by

approximately 1.7 dB is accomplished. In addition, these schemes can reduce the

relative complexity by 36% and 65% for the PTS and SLM schemes, respectively.

The results of the proposed scheme using the TWTA are as follows: 38% and 71%

reduction in Cr, and 1.3 and 1.1 dB reduction in DSR for PTS-DSR and SLM-DSR,

respectively. For the TWTA case, the proposed systems can achieve an improvement

of 4.3 and 3.5 dB in BER performance, respectively.

5.8 Conclusion

This chapter presented efficient techniques to improve the BER performance degra-

dation due to the nonlinear characteristics of HPAs that are utilised in OFDM-based

systems. The proposed techniques demonstrate that using less-direct PAPR indica-

tors can provide better performance when combined with distortionless techniques,

such as the PTS and SLM techniques. Therefore, the proposed technique is opti-

mised to combat the consequences of the high PAPR, rather than reducing the PAPR

itself. The proposed techniques are based on using the distortion level to select the

optimal PTS and SLM system parameters. Simulation results have demonstrated

that minimising the amplifier distortion provides a significant BER reduction in

comparison to other techniques, which are optimised to reduce the PAPR. More-

over, the proposed techniques offer a complexity reduction of approximately 60%,

for particular OFDM and HPA settings.
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Chapter 6

Efficient ICI Reduction

Techniques for OFDM Systems

Distorted by Amplifier

Nonlinearity and Frequency Offset

Multi-carrier systems are significantly affected by the ICI produced by both HPA

and CFO. To reduce the ICI, we use the proposed metric, DSR, with the PTS

and SLM schemes used for PAPR reduction, which is more constructive than the

conventional PAPR metric. Simulation results have confirmed that the BER im-

provement of ∼ 10.6 dB using the SSPA at BER ∼ 10−4 can be achieved when the

proposed technique is compared to the standard PTS utilising 16 partitions. More-

over, complexity analysis demonstrates that the proposed system offers a significant

complexity reduction of approximately 60% when compared to the well-known tech-

niques. Finally, a closed form solution for ESNR is derived, and consequently, the

accurate BER is calculated theoretically. An accepted accuracy of the BER between

simulation and analytical calculation is achieved.

6.1 Carrier Frequency Offset Issue

6.1.1 Effect of CFO on system performance

Frequency offsets occur due to a mismatch between the transmitter and the receiver

frequency of the local oscillators and/or Doppler shift of the channel, owing to rela-
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Figure 6.1: BER versus SNR for OFDM systems with various ε values using 16-QAM
modulation.

tive motion between the transmitter and the receiver. Consequently, substantial ICI

is introduced due to the overlapping in power spectrum between adjacent SCs. As a

result, the BER degrades significantly. For example, in higher modulation schemes

such as 64-QAM, a small CFO may degrade the system performance severely. The

sensitivity to the frequency offset is commonly cited as a main OFDM drawback [4].

The carrier frequency offset, ∆ε, gives an additional phase factor of ej2π∆εt =

ej2πεft = ej2πεn/N to the received signal, where f is the SC spacing, ε is the normalised

CFO by f and n = 0, 1, · · · , N − 1 [106]. The normalised CFO can be classified

into two main parts: integer and decimal (coarse and fine). The former part is a

multiple of the SC spacing that causes a shift in the SC indices. A circular shift of the

transmitted symbols is caused due to the integer part; however, the orthogonality

of the SCs is not destroyed. The latter part on the other hand, which is less than

half of the SC spacing, may cause ICI, due to the loss of orthogonality among the

SCs [24].

Fig. 6.1 depicts the BER performance for OFDM systems with various ε values

using 16-QAM modulation. It is clear from this figure utilising ε ≥ 0.05, that the

system BER is degraded severely and BER = 10−4 cannot be achieved for these

values of ε, even for high SNRs.
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Figure 6.2: Block diagram of an OFDM system in the presence of the CFO.

6.1.2 CFO compensation

CFO compensation can be divided into three categories. Firstly, coarse decimal CFO

estimation and correction which is performed in time-domain, i.e. before the FFT,

to reduce the ICI effect on the estimation of the second category. The integer part

which is the second category, can be estimated in the frequency-domain (after the

FFT) to perform the correct indices of the SCs. Finally, the fine decimal frequency

offset, |ε| < 0.5, is estimated and adjusted in frequency-domain [106].

In literature referring to the carrier frequency offsets in OFDM systems, sev-

eral schemes have been proposed to combat these effects. These schemes can be

categorised as: ICI self-cancellation scheme [107], time-domain windowing on the

transmitted signals [108], time-domain equalisation [109] and statistical schemes for

estimation and compensation of the ICI [110]. However, low bandwidth efficiency is

achieved in approaches which adopt a long cyclic prefix [106].

6.1.3 Analysis of ICI due to CFO

Fig. 6.2 depicts the frequency offset model as a multiplicative vector presented in

the channel of OFDM systems. The discrete-time complex-baseband OFDM signal

after the IFFT block the transmitter can be represented as

xn =
1√
N

N−1∑
l=0

dle
j2πln/N . n = 0, 1, · · · , N − 1. (6.1)
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6.1 Carrier Frequency Offset Issue

After parallel-to-serial conversion and CP insertion, the samples of the OFDM sym-

bol sn are perturbed by the CFO and the AWGN to construct the received signal

zn = sne
j2πεn/N + ηn. (6.2)

At the receiver side, after removing the CP, the received signal samples are serial-to-

parallel converted and applied to the FFT in order to produce the decision variables

rk, which can be expressed as

rk =
1√
N

N−1∑
n=0

zn e
−j2πkn/N . k = 0, 1, · · · , N − 1. (6.3)

By substituting (6.2) and (6.1) in (6.3), rk will be

rk =
1√
N

N−1∑
n=0

[[
1√
N

N−1∑
l=0

dle
j2πln/N

]
ej2πεn/N + ηn

]
e−j2πkn/N , (6.4)

and subsequently

rk =
1

N

N−1∑
n=0

N−1∑
l=0

dle
j2π(ε+l−k)n/N + ωk, (6.5)

where ωk is the FFT of ηn. The first term in (6.5) can be expanded for l = k and

l ̸= k, therefore, rk can be rewritten as

rk = dk
1

N

N−1∑
n=0

ej2πεn/N︸ ︷︷ ︸
Useful Signal

+
1

N

N−1∑
n=0

N−1∑
l=0
l ̸=k

dle
j2π(ε+l−k)n/N

︸ ︷︷ ︸
ICI

+ωk. (6.6)

By using the geometric series property
∑N−1

n=0 q
n =

1− qN

1− q
, rk can be expressed as

rk = dk
sin(πε)

N sin
(πε
N

)ejπε(N−1)/N

︸ ︷︷ ︸
Useful Signal

+
N−1∑
l=0
l ̸=k

dl
sin(π(ε+ l − k))

N sin

(
π(ε+ l − k)

N

)ejπ(ε+l−k)(N−1)/N

︸ ︷︷ ︸
ICI

+ωk.

(6.7)
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6.2 PAPR Reduction Techniques to Reduce ICI Generated by the CFO

It can be noted from (6.7) that the ICI term is a function of the data sequence dk

for k = 0, · · · , N − 1 and ε. Finally, rk can be written in compact form as [101]

rk = dkβ0 +
N−1∑
l=0
l ̸=k

dlβl−k + ωk, for k = 0, 1, · · · , N − 1. (6.8)

where β0 represents the complex phase shift given by

β0 =
sin(πε)

N sin
(πε
N

)ejπε(N−1)/N , (6.9)

and βl−k is the nonlinear noise component owing to the CFO that can be described

as

βl−k =
sin(π(ε+ l − k))

N sin

(
π(ε+ l − k)

N

)ejπ(ε+l−k)(N−1)/N . (6.10)

The effect of ICI on the received signal is analysed for OFDM systems with N =

32 SCs using two values of ε, 0.2 and 0.4. Furthermore, l = 0 is considered, i.e., the

SC with index 0 of the received signal is analysed. Fig. 6.3 shows the ICI coefficients,

|βl−k|, for all SC indices. It is clear from this figure that for larger ε values, the

amplitude of the useful signal term, |β0|, decreases, whereas the amplitude of the

ICI terms increases.

6.2 PAPR Reduction Techniques to Reduce ICI

Generated by the CFO

In addition to their role in PAPR reduction, it is interesting to note that the PTS and

SLM can be used to reduce the influence of CFOs, i.e. ICI, in OFDM systems [101].

These techniques were developed by noting the correlation between the ICI and the

data structure. For example, if all of the SCs in a given OFDM symbol are equal,

the ICI becomes zero, even if the CFO is not zero. The authors in [101] introduced

PICR, the definition of which is analogous to the PAPR metric. The PICR was

used in combination with PTS and SLM schemes to reduce the ICI generated by

the CFO. However, the PICR can be estimated at the transmitter side on the basis

of worst-case CFO (εwc) values, where εwc > 0. Consequently, |ε| should be less

than εwc to assess the BER performance of the PICR-based scheme [101].
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Figure 6.3: ICI coefficients for an OFDM system with N = 32 SCs.

6.3 ICI Analysis due to HPA Nonlinearity and

CFO

Fig. 6.4 depicts a block diagram of OFDM system in the presence of a HPA and

CFO. The effect of the nonlinearity on the signal quality can be evaluated by first

computing the FFT after the HPA output and adding the CFO, except that the

AWGN is set to zero since the computations are carried out at the transmitter side.

By substituting (2.13) into (6.3), rk can be expressed as

rk =
1√
N

N−1∑
n=0

α1xne
j2π(ε−k)n/N +

1√
N

N−1∑
n=0

α3|xn|2xnej2π(ε−k)n/N . (6.11)

Substituting (6.1) into (6.11), rk can be rewritten as

rk =
1√
N

N−1∑
n=0

α1

[
1√
N

N−1∑
l=0

dle
j2πln/N

]
ej2π(ε−k)n/N

+
1√
N

N−1∑
n=0

α3|xn|2
[

1√
N

N−1∑
l=0

dle
j2πln/N

]
ej2π(ε−k)n/N , (6.12)
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and after some mathematical manipulations, rk can be expressed as

rk = dk

[
α1 +

α3

IBOl

]
sin(πε)

N sin
(πε
N

)ejπε(1−1/N)

+
α1

N

N−1∑
l=0
l ̸=k

dl

N−1∑
n=0

ej2π(ε+l−k)n/N

+
α3

N

N−1∑
l=0
l ̸=k

dl

N−1∑
n=0

|xn|2ej2π(ε+l−k)n/N . (6.13)

Finally, rk can be presented in a similar compact form as shown in (5.4), where β is

a combination of (5.5) and (6.9) that can be given by

β =

[
α1 +

α3

IBOl

]
sin(πε)

N sin
(πε
N

)ejπε(1−1/N), (6.14)

and ψk is the nonlinear ICI component which can be described as

ψk =
α1

N

N−1∑
l=0
l ̸=k

dl

N−1∑
n=0

ej2π(ε+l−k)n/N

+
α3

N

N−1∑
l=0
l ̸=k

dl

N−1∑
n=0

|xn|2ej2π(ε+l−k)n/N .

(6.15)

Therefore, the metrics IMD, PICR and DSR investigated in Chapter 5 can be ex-

ploited to minimise the distortion for OFDM systems perturbed by amplifier non-

linearity and CFO.

6.3.1 Proposed ICI reduction using PTS scheme

In this section, the DSR and PICR criteria for both PTS and SLM techniques are

introduced. Fig. 6.5 depicts the block diagram of PTS combined with DSR/PICR

in the presence of HPA nonlinearity and CFO. In this technique, similar equation

forms of x
(v)
n and xn can be obtained as shown in (5.12) and (3.9), respectively.

The frequency-domain symbol, rk, on the k-th SC after the polynomial model, CFO
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Figure 6.4: Block diagram of an OFDM system in the presence of the HPA and
CFO.

effect and FFT blocks, can be written as

rk =
V∑

v=1

d
(v)
k b(v)

[
α1

N

N−1∑
n=0

ej2πεn/N +
α3

N

N−1∑
n=0

|xn|2ej2πεn/N
]

+
α1

N

V∑
v=1

b(v)
N−1∑
l=0
l ̸=k

d
(v)
l

[
N−1∑
n=0

ej2π(ε+l−k)n/N

]

+
α3

N

V∑
v=1

b(v)
N−1∑
l=0
l ̸=k

d
(v)
l

[
N−1∑
n=0

|xn|2ej2π(ε+l−k)n/N

]
.

(6.16)

Similar forms for rk and ψk,PTS are presented in (5.14) and (5.15), respectively,

where the complex phase shift β is identical to (6.14) and the term ψ
(v)
k is given by

ψ
(v)
k =

α1

N

N−1∑
l=0
l ̸=k

d
(v)
l

N−1∑
n=0

ej2π(ε+l−k)n/N +
α3

N

N−1∑
l=0
l ̸=k

d
(v)
l

N−1∑
n=0

|xn|2ej2π(ε+l−k)n/N . (6.17)

Finally, the DSRPTS can be obtained from (5.17).

6.3.2 Proposed ICI reduction using SLM scheme

The block diagram of the SLM-based distortion sensing method is shown in Fig. 6.6

in the presence of HPA nonlinearity and CFO. Similar equations of d(u) and x
(u)
n can

be obtained from (3.10) and (5.18), respectively. Therefore, the frequency-domain

symbol on the k-th SC after the polynomial model, CFO effect and FFT blocks, can
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Figure 6.5: Block diagram of the proposed PTS scheme based on distortion sensing.

be expressed as

r
(u)
k =dka

(u)
k

[
α1

N

N−1∑
n=0

ej2πεn/N +
α3

N

N−1∑
n=0

|xn|2ej2πεn/N
]

+
α1

N
a
(u)
k

N−1∑
l=0
l ̸=k

dl

N−1∑
n=0

ej2π(ε+l−k)n/N

+
α3

N
a
(u)
k

N−1∑
l=0
l ̸=k

dl

N−1∑
n=0

|xn|2ej2π(ε+l−k)n/N .

(6.18)

A similar form for r
(u)
k is presented in (5.20), where the complex phase shift β is

identical to (6.14) and the term ψ
(u)
k,SLM is given by

ψ
(u)
k,SLM =

α1

N
a
(u)
k

N−1∑
l=0
l ̸=k

dl

N−1∑
n=0

ej2π(ε+l−k)n/N +
α3

N
a
(u)
k

N−1∑
l=0
l ̸=k

dl

N−1∑
n=0

|xn|2ej2π(ε+l−k)n/N .

(6.19)

Finally, the branch with the minimum DSRSLM obtained in (5.22) is selected for

transmission.

6.4 Accurate BER Calculation

The authors in [16] derived analytical formulae for the complex phase shift and

nonlinear noise term for OFDM signals passed through nonlinear polynomial mod-

els distortion. Consequently, using these formulae, an accurate theoretical form of

ESNR and therefore probability of error was calculated theoretically. For a com-
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Figure 6.6: Block diagram of the proposed SLM scheme based on distortion sensing.

parison between the theoretical and simulated results, an accepted accuracy of the

analysis was introduced. In addition, an accurate estimation of the output SNR for

OFDM systems affected by the CFOs was derived in [110]. To avoid performing

enormous simulations, an accurate BER formula for the OFDM signals perturbed

by the amplifier nonlinearity and CFO is derived in this section.

By adding the AWGN to (5.4), rk can be re-written as

rk = βdk + ψk + ωk. (6.20)

The effective SNR (ESNR) of rk for each SC can be computed as [16]

ESNR =
P |β|2

σ2
η + σ2

ICI

, (6.21)

where the variance of the ICI is denoted as σ2
ICI . From (6.13), the variance of the

useful signal can be estimated as

E{|βdk|2} = P

∣∣∣∣α1 +
α3

IBOl

∣∣∣∣2 [sin(πε)πε

]2
, (6.22)

where N sin
(πε
N

)
≃ πε for large values of N . The data symbols are random vari-

ables, dk for k = 0, · · · , N−1, are uncorrelated and have zero mean, E{dk} = 0, and

variance P , E{|dk|2} = P . As seen from (6.15) the interference component consists
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6.4 Accurate BER Calculation

of two terms. The ICI of the first term can be simplified as

ψk = α1

N−1∑
l=0
l ̸=k

dl
sin(π(ε+ l − k))

N sin

(
π(ε+ l − k)

N

)ejπ(ε+l−k)(1−1/N), (6.23)

therefore, the variance of ICI for the first term can be calculated as

E{|ψk|2} = |α1|2
N−1∑
l=0
l ̸=k

|dl|2

 sin(π(ε+ l − k))

N sin

(
π(ε+ l − k)

N

)


2

. (6.24)

The ICI for the first term can be evaluated in general by using a single case where

k = 0 in (6.24), which produces

σ2
ICI1

= E{|ψ0|2} = |α1|2P
N−1∑
l=1

[
sin(π(ε+ l))

π(ε+ l)

]2
. (6.25)

The variance of ICI for the second term, σ2
ICI2

, can be derived by focusing on d0,

therefore, ψ0 can be expressed as

ψ0 =
α3

N

N−1∑
l=1

dl

N−1∑
n=0

|xn|2ej2π(ε+l)n/N . (6.26)

After some mathematical manipulations similar to those presented in [111] and

which are shown in Appendix B, the variance of the ICI for the second term can be

expressed as

σ2
ICI2

= E{|ψ0|2} =
|α3|2P
IBO2

l

(
3N2 − 5N + 2

N2

)
. (6.27)

It can be noted from (6.27) that σ2
ICI2

is dependent only on the amplifiers’ parameters

and the number of SCs.

Finally, the ESNR for each SC can be calculated by substituting (6.22), (6.25)

and (6.27) into (6.21)

ESNR =

SNR

∣∣∣∣α1 +
α3

IBOl

∣∣∣∣2 [sin(πε)πε

]2
SNR

[
|α1|2

N−1∑
l=1

[
sin(π(ε+ l))

π(ε+ l)

]2
+

|α3|2

IBO2
l

(
3N2 − 5N + 2

N2

)]
+ 1

, (6.28)

where SNR = P/σ2
η. At the output of demodulator, the BER for each SC for
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M -QAM system can be estimated as [112]

BER ≈ 2

m

(√
M − 1√
M

)
erfc

(√
3ESNR

2(M − 1)

)
. (6.29)

The theoretical variances of the ICI and useful signals are depicted in Figs. 6.7,

6.8, 6.9 and 6.10 respectively, for 16-QAM-OFDM systems in the presence of the

TWTA and SSPA nonlinearity using N = 128 at SNR = 20 dB, versus IBO in dB for

various values of ε and for different IBOs versus ε. The coefficients used for TWTA

polynomial model are α1 = 0.9920+j0.0340 and α3 = −0.9100+j0.5755, whereas the

coefficients used for the SSPA polynomial model are α1 = 1 and α3 = −0.132. It can

be noted from Figs. 6.7 and 6.9 that the variance of the ICI decreases exponentially,

while the variance of the useful signal increases by increasing the IBO. Furthermore,

higher values of the variance of ICI are shown for lower IBOs. In addition, the σ2
ICI

in the TWTA case is higher than in the SSPA case for different ε values, i.e. the

BER degrades drastically. In contrast, different patterns are shown when increasing

the CFO with constant IBO. It is clear from Figs. 6.8 and 6.10 that to minimise

ESNR, the IBO should be increased while ε is decreased.

The simulation of BER is completed by transmitting the OFDM signals pass-

ing through the nonlinear amplifier 3rd order polynomial model and adding the

effects of the CFO and AWGN channel. The complex phase shift compensation at

the receiver via channel estimation before detection of the OFDM data symbol is

achieved by using (6.14). In contrast, the theoretical BER is evaluated using (6.29).

Figs. 6.11 and 6.12 depict the BER in the presence of the amplifier nonlinearity,

CFO and AWGN channel, for various values of OBO and CFO, respectively. An

accepted agreement of the BER is achieved when the simulation is compared with

the theoretical estimation, especially for various values of OBOs.

6.5 Computational Complexity

The computational complexity of the proposed PTS and SLM schemes based on

distortion sensing is calculated in an analogous manner to that in chapter 5. The

CFO effect can be added to the HPA output which requires N CMs. Therefore,

IN and UN CMs are added for the proposed PTS and SLM schemes shown in

Figs. 6.5 and 6.6, respectively. Consequently, the equations shown in Table 5.1 for
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Figure 6.7: Theoretical variance versus IBO for 16-QAM-OFDM systems in the
presence of the TWTA nonlinearity using N = 128 at SNR = 20 dB.
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Figure 6.8: Theoretical variance versus ε for 16-QAM-OFDM systems in the pres-
ence of the TWTA nonlinearity using N = 128 at SNR = 20 dB.
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Figure 6.9: Theoretical variance versus IBO for 16-QAM-OFDM systems in the
presence of the SSPA nonlinearity using N = 128 at SNR = 20 dB.
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Figure 6.10: Theoretical variance versus ε for 16-QAM-OFDM systems in the pres-
ence of the SSPA nonlinearity using N = 128 at SNR = 20 dB.
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Figure 6.11: Theoretical and simulation BER versus SNR for 16-QAM-OFDM sys-
tems in the presence of the amplifier nonlinearity using various values of OBOs and
a CFO with ε = 0.
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Figure 6.12: Theoretical and simulation BER versus SNR for 16-QAM-OFDM sys-
tems in the presence of the amplifier nonlinearity using various values of ε.
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6.6 Numerical Results

APTS−DSR, MPTS−DSR, ASLM−DSR and MSLM−DSR can be modified. For example,

given that N = 128, V = U = 4, g = 4, fa = 65%, fm = 75% and I = V + 1, the

relative complexity using either the TWTA or the SSPA model will be increased

by approximately 4% for both PTS-PAPR and SLM-PAPR techniques compared to

the OFDM systems that are not affected by the CFO.

The Cr versus the number of SCs N for the PTS and SLM techniques based

on the PAPR, IMD and PICR criteria using V = U = 4 is given in Fig. 6.13.

The curves shown in the figure demonstrate that Cr is almost independent of N ,

particularly for N ≥ 256 for both TWTA and SSPA cases. The Cr for the PAPR

drops significantly to ∼ 73% and 63.5% for the SLM and PTS, respectively using

the TWTA, with Cr ∼ 67% and 58.5% for the SLM and PTS respectively, using the

SSPA. It is clear from this figure that the major reduction was recorded in the IMD

case, and in contrast, the PICR has a slightly higher complexity than the DSR.

The relative complexity as a function of V and U for N = 128 SCs is presented

in Fig. 6.14. Similar to the results in Fig. 6.13, it is apparent that Cr is almost

independent of the values of V/U except for the PTS-PAPR and PTS-IMD, where

Cr decreases substantially to less than 30% by increasing V/U to 64 for both the

TWTA and SSPA cases. Consequently, using the DSR with the PTS at high V/U

values becomes more attractive as the complexity reduction is more than 70%.

6.6 Numerical Results

Monte Carlo simulations are used to assess the performance of the proposed system

and other conventional PAPR reduction techniques. The simulation results are

obtained using 105 OFDM blocks generated using N = 128. Different Gray coded

symbol constellations are used. Various partitions, {V, U} = 4 or 16, for the PTS

and SLM techniques are also used. The number of possible phase factors are selected

uniformly from b(v) = ±1 and a
(u)
i ∈ {±1,±j}, i ∈ {0, 1, · · · , N − 1} for the IPTS

and CSLM, respectively .

Two models of the TWTA and SSPA are used: polynomial and memoryless.

The polynomial model is used for the distortion metrics calculation, while the mem-

oryless is used for the implementation of the OFDM signal transmission. The co-

efficients used for the TWTA polynomial model are α1 = 0.9920 + j0.0340 and

α3 = −0.9100 + j0.5755, whereas the coefficients used for the SSPA polynomial
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Figure 6.13: Relative complexity for the PTS and SLM techniques based on the
PAPR, IMD and PICR criteria for different N .
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Figure 6.14: Relative complexity for the PTS and SLM techniques based on the
PAPR, IMD and PICR criteria for different V/U .
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model are α1 = 1 and α3 = −0.132. The CFO and AWGN channel effects are added

to the nonlinearity of the HPA. Perfect knowledge of the phase coefficients for the

PTS and SLM techniques at the receiver side is assumed for coherent demodula-

tion. It is worth noting that the demodulation process is performed based on the

assumption of perfect symbol timing, carrier frequency and phase synchronisation.

6.6.1 CCDF performance of the DSR

The CCDF of the DSR for the 16-QAM-OFDM system using the PTS and SLM

schemes, based on various reduction criteria in the presence of the TWTA nonlin-

earity with OBO = 5 and CFO with εwc = 0.02 and |ε| = 0.01, is depicted in

Fig. 6.15. The distortion metrics can be estimated at the transmitter side on the

basis of (εwc) values of the CFO. It is worth mentioning that the PTS-PICR and

PTS-IMD have marginally lower DSR than the PTS-PAPR; on the other hand,

the PTS-DSR has the lowest ICI for different number of partitions. The proposed

PTS-DSR provided an improvement of approximately 0.8 and 1.3 dB at CCDF of

10−4 for V = 4 and V = 16, respectively, compared to the PTS-PAPR technique

as shown in Fig. 6.15(a). A similar CCDF pattern is shown in Fig. 6.15(b) for an

OFDM system using the SLM scheme. It is clear that the SLM-DSR can achieve

approximately 0.8 and 1.1 dB reduction in CCDF, respectively, compared to the

SLM-PAPR for U = 4 and U = 16.

Fig. 6.16 depicts the CCDF of the DSR for the OFDM system using the PTS

and SLM schemes for different partitions based on the DSR, PICR, IMD and PAPR

reduction criteria utilising the SSPA model with OBO = 3 and CFO with εwc =

0.02 and |ε| = 0.01. The proposed DSR criterion can achieve an improvement of

approximately 0.8 and 1.5 dB for V = 4 and V = 16, respectively, compared to the

PTS-PAPR technique as shown in Fig. 6.16(a). Furthermore, a similar CCDF trend

is shown in Fig. 6.16(b) using the SLM scheme. Compared to the SLM-PAPR for

U = 4 and U = 16, the SLM-DSR can improve the CCDF performance by 0.9 and

1.4 dB, respectively.

6.6.2 BER performance

The BER performance is assessed in this chapter over AWGN, wideband satellite

and frequency-selective multipath fading channels.
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Figure 6.15: CCDF of the DSR for OFDM systems based on the DSR, PICR, IMD
and PAPR reduction criteria for 4 and 16 partitions in the presence of the TWTA
nonlinearity and CFO.
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Figure 6.16: CCDF of the DSR for OFDM systems based on the DSR, PICR, IMD
and PAPR reduction criteria for 4 and 16 partitions in the presence of the SSPA
nonlinearity and CFO.
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6.6.2.1 BER performance over an AWGN channel

Fig. 6.17 presents the BER performance of the DSR, PICR, IMD and PAPR reduc-

tion criteria in the presence of the TWTA nonlinearity with OBO = 5 and CFO

with εwc = 0.02 and |ε| = 0.01 based on the PTS and SLM schemes for 16-QAM-

OFDM systems. The PTS-DSR and SLM-DSR managed to reduce the required

SNR approximately 5.9 and 4.7 dB, respectively, compared to the PTS-PAPR and

SLM-PAPR for V/U = 16 at a BER of 10−4 as can be noted from Figs. 6.17(a)

and 6.17(b). While, Fig. 6.18 depicts the BER systems based on the proposed DSR

and the other considered schemes in the presence of the SSPA nonlinearity with

OBO = 3, CFO with εwc = 0.02 and |ε| = 0.01 and AWGN for 16-QAM-OFDM

systems. The main considerable achievement in this figure is the PTS-DSR and

SLM-DSR for V/U = 16 can accomplish BER significant improvement approxi-

mately 10.6 and 8.3 dB, respectively, compared to the PTS-PAPR and SLM-PAPR.

It is clear from Figs. 6.17 and 6.18 that the PTS-based systems can achieve supe-

rior improvement in the performance than the SLM-based systems especially for

V/U = 16 partitions.

The BER performance of the proposed DSR and PAPR schemes is presented in

Fig. 6.19 in the presence of the TWTA nonlinearity with OBO = 0 and CFO with

εwc = 0.08 and |ε| = 0.075 based on the PTS and SLM schemes for QPSK-OFDM

systems. As can be noted from this figure, the PTS-DSR and SLM-DSR managed

to reduce the required SNR approximately 6.6 and 5.5 dB, respectively, compared

to the PTS-PAPR and SLM-PAPR for V/U = 16. Furthermore, the DSR metric

with V/U = 4 can achieve approximately similar performance than the PAPR with

V/U = 16. Whereas, Fig. 6.20 depicts the BER performance for systems based

on the DSR and PAPR reduction criteria in the presence of the SSPA nonlinearity

with OBO = 0, CFO with εwc = 0.15 and |ε| = 0.1 and AWGN for QPSK-OFDM

systems. Compared to the PTS-PAPR and SLM-PAPR for V/U = 16, the PTS-

DSR and SLM-DSR can accomplish BER improvement approximately 4.2 and 3.1

dB, respectively. It can be noted that the QPSK-OFDM systems using the SSPA

with same OBO can manage to deal with higher values of ε compared to that use

the TWTA, due to the amount of ICI generated by the SSPA is less, and hence, the

impairment in the BER performance is less.

The BER performance of the proposed DSR and PAPR schemes in the presence
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Figure 6.17: BER versus SNR for systems based on the DSR, PICR, IMD and PAPR
reduction criteria in the presence of the TWTA nonlinearity, CFO and AWGN for
16-QAM constellation.
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Figure 6.18: BER versus SNR for systems based on the DSR, PICR, IMD and
PAPR reduction criteria in the presence of the SSPA nonlinearity, CFO and AWGN
for 16-QAM constellation.
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Figure 6.19: BER versus SNR for systems based on the DSR and PAPR reduction
criteria in the presence of the TWTA nonlinearity, CFO and AWGN for QPSK
constellation.
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Figure 6.20: BER versus SNR for systems based on the DSR and PAPR reduc-
tion criteria in the presence of the SSPA nonlinearity, CFO and AWGN for QPSK
constellation.
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of the TWTA nonlinearity with OBO = 5 and CFO with εwc = 0.02 and |ε| = 0.01

based on the PTS and SLM schemes for V/U = 16 using HM constellation is shown

in Fig. 6.21. It can be noted that the scheme PTS-DSR can achieve an improvement

approximately 5.9 and 2.2 dB for EL and BL, respectively. Whereas, the proposed

SLM-DSR can accomplish lower improvement of 4.7 and 1.7 dB, respectively. An

accurate indication for the interference generated by the TWTA and CFO can be

given using the proposed DSR metric. Fig. 6.22 depicts the BER systems based on

the PTS and SLM schemes, V/U = 16, in the presence of the SSPA nonlinearity with

OBO = 3 and CFO with εwc = 0.02 and |ε| = 0.01 for HM constellation. Compared

to the PTS-PAPR and SLM-PAPR, the proposed PTS-DSR and SLM-DSR schemes

can achieve an improvement approximately 3.3 and 2.7 dB, respectively, for BL.

6.6.2.2 BER performance in mobile satellite channel

The proposed system in the wideband satellite mobile channel is examined in order

to observe its performance under practical channel degradations. Fig. 6.23 depicts

the BER performance for a 16-QAM modulation scheme in the presence of the

TWTA nonlinearity, CFO and wideband channel with elevation angle, θ ≤ 45. It

can be noted from this figure that the PTS-DSR managed to reduce the required

SNR by approximately 5.7 dB compared to the PTS-PAPR when V = 16, while the

SLM-DSR can achieve a BER performance of approximately 1 dB below that of the

PTS-DSR.

6.6.2.3 BER performance in multipath fading channel using a practical

SSPA model

The BER performance for a 16-QAM modulation scheme over a frequency-selective

multipath fading channel and practical SSPA model is presented in Fig. 6.24 for

the PTS and SLM schemes. Similar parameters are used to those in Chapter 5 for

the fading channel and the SSPA, except that α3 = −0.1768 for OBO = 3 dB,

and CFO with εwc = 0.02 and |ε| = 0.01, are applied. As it can be observed from

this figure, the performance patterns are similar; however, the DSR outperforms the

other considered techniques, irrespective of the channel model.
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Figure 6.21: BER versus SNR for systems based on the DSR and PAPR reduc-
tion criteria in the presence of the TWTA nonlinearity, CFO and AWGN for HM
constellation.
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Figure 6.22: BER versus SNR for systems based on the DSR and PAPR reduc-
tion criteria in the presence of the SSPA nonlinearity, CFO and AWGN for HM
constellation.
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Figure 6.23: BER versus SNR for systems based on the DSR and PAPR reduction
criteria in the presence of the TWTA nonlinearity, CFO and wideband satellite
mobile channel, θ ≤ 45, for 16-QAM constellation.
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Figure 6.24: BER versus SNR for systems based on the DSR and PAPR reduction
criteria in the presence of the practical SSPA nonlinearity, CFO and frequency-
selective multipath fading channel for a 16-QAM constellation, V/U = 16.
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6.7 Chapter Summary

Table 6.1: The overall comparison of the proposed schemes over the PAPR-based
technique for V/U = 16.

Proposed HPA Cr DSR Conste- OBO CFO SNR
Technique Model in % Reduction llation in dB ε Improvement

in dB in dB

PTS-DSR TWTA 39 1.3 16-QAM 5 0.01 5.9
QPSK 0 0.075 6.6

SSPA 37 1.5 16-QAM 3 0.01 10.6
QPSK 0 0.1 4.2

SLM-DSR TWTA 75 1.1 16-QAM 5 0.01 4.7
QPSK 0 0.075 5.5

SSPA 69 1.4 16-QAM 3 0.01 8.3
QPSK 0 0.1 3.1

6.7 Chapter Summary

Table 6.1 summarises the performance and complexity of the proposed PTS-DSR

and SLM-DSR schemes over the PAPR criterion, in the presence of either the TWTA

or the SSPA and CFO using 16-QAM or QPSK constellation. This table shows that

the proposed schemes using the SSPA can achieve a DSR reduction by approximately

1.5 dB. In addition, the highest reduction in BER is achieved when the SSPA and

16-QAM modulation scheme is used, that is 10.6 and 8.3 dB for the PTS-DSR and

SLM-DSR, respectively. Furthermore, the QPSK-based systems using the SSPA can

manage higher values of ε compared to those that use the TWTA, as the amount

of ICI generated by the SSPA is less, which can reduce the impairment in the BER

performance.

6.8 Conclusion

This chapter presented efficient techniques to reduce the BER degraded by the HPA

and CFO utilised in OFDM-based systems. The proposed techniques are based on

measuring the distortion produced by the amplifier and CFO, which is more accurate

than the PAPR as the distortion is not taken into account for the PAPR calculation

and the PAPR metric is estimated before the amplifier. Also in this chapter, a closed

form solution for the BER is derived theoretically and an accepted agreement of the

BER is achieved when the simulation is compared with the analytical calculation.
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Chapter 7

Low-Complexity Approaches for

Nonlinear OFDM Transmission

using Maximum Cross Correlation

This chapter presents efficient approaches to reduce the impact of nonlinear power

amplifiers on the BER of OFDM systems. The proposed approaches are based

on the well-established PAPR reduction schemes, a power amplifier model and a

simple single point cross correlator. Unlike the conventional schemes, the optimum

phase sequence in the proposed approaches is selected by maximising the correlation

between the input and output of the power amplifier model. Simulation results have

confirmed that the BER using the proposed approaches is almost identical to the

state-of-the-art while the complexity is reduced by more than 80% for particular

system configurations.

7.1 Introduction

In the literature, enormous research reports considered the problem of PAPR inher-

ent in OFDM signals. Two particular approaches that received remarkable attention

are the PTS and SLM. However, while these approaches have exceptional PAPR

reduction capability, they suffer from high computational complexity. The conven-

tional approaches are based on computing the PAPR for different preselected phase

sequences, then the sequence that minimises the PAPR is selected for transmission.

The receiver should be informed about the selected sequence, which is typically per-
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7.1 Introduction

formed by sending side information. The PTS and SLM high complexity is mainly

treated by using efficient search processes to select the optimum phase sequence, or

by using various optimisation metrics to select the corresponding phase sequence.

Examples for some common optimisation metrics are the MSE [3], IMD [68], DSR

[100] and PICR [101]. In addition to the complexity reduction, adopting a particular

optimisation metric would have high impact on the system BER.

Based on a particular optimisation metric, PTS and SLM-based techniques can

be categorised as time-domain or frequency-domain systems. In time-domain sys-

tems, the optimisation metric is computed after the IFFT directly, while computing

the optimisation metric in frequency-domain systems is performed after passing the

IFFT output through a nonlinear model followed by a FFT to extract the frequency-

domain symbols contaminated by ICI. Then, the FFT output is used to compute

the optimisation metric [68] and [101]. Generally speaking, frequency-domain tech-

niques are more hardware complex due to the additional FFT operation, which has

to be repeated for several iterations. However, such techniques offer better BER

reduction due to the fact that they are designed to minimise the ICI, and hence the

BER will be minimised.

As hinted in the above discussion, several techniques aim at reducing the BER

by minimising the ICI that results from the HPA nonlinearity. Alternatively, the

authors in [3] proposed a new PTS based on minimising the MSE between the input

and output signals of the HPA. Therefore, the MSE is used to measure the distortion

caused by the HPA and the transmission sequence is selected to minimise the MSE.

The main limitation of this approach is the high complexity due to the tapping of

the HPA output and the nonlinear adaptive estimator used to estimate the HPA

characteristics.

This chapter presents new approaches to reduce the BER degradation of OFDM

systems due to the nonlinear characteristics of the HPA. The general structure of

the proposed approaches is similar to the conventional PTS and SLM techniques,

except that the transmission phase sequence is selected to maximise the cross cor-

relation between the input and output of the nonlinear HPA model. The proposed

approaches are highly efficient because they do not require an FFT after the nonlin-

ear HPA model, nor they require accurate knowledge of the HPA characteristics. In

addition to the significant complexity reduction, the achieved BER of the proposed

approaches is equivalent to the state-of-the-art.
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7.2 Proposed Approaches using PTS and SLM Schemes

7.2 Proposed Approaches using PTS and SLM

Schemes

Figs. 7.1 and 7.2 depict the block diagram of the proposed PTS and SLM approaches,

respectively. Similar equation forms, mentioned in chapter 3, to the conventional

PTS and SLM can be obtained for the proposed approaches. The effect of the HPA

on the transmitted signal can be estimated by applying x to the polynomial model

yn ≈ α1xn + α3|xn|2xn. (7.1)

Intuitively speaking, if the HPA has pure linear characteristic curve, or the maximum

signal level is less than the saturation point of the amplifier, then the input and

output of the HPA will be identical, i.e. x = y, otherwise x ̸= y. Consequently, this

section proposes new PTS and SLM systems based on selecting a phase sequence

that maximises the similarity between x and y using the cross correlation as an

optimisation metric. However, there is no need to implement a complete cross

correlator because it is obvious that the maximum correlation occurs when there is

no shift between the two signals. The single point cross correlation can be expressed

as

R(0)
xy =

N−1∑
n=0

xny
∗
n = α1

N−1∑
n=0

|xn|2 + α3

N−1∑
n=0

|xn|4. (7.2)

Since most practical HPAs exhibit compressive nonlinearity, then α3/α1 < 0 [68].

Moreover, without loss of generality, we can select α1 > 0 since it represents the

amplifier gain, thus α3 < 0. Consequently, the first term in (7.2) is fixed and the

second term is negative and proportional to |xn|4. Therefore, Rxy is maximum when

x = y.

In a similar fashion to conventional PTS, the correlation function Rxy will be

computed for all possible phase sequences. The selected phase sequence for trans-

mission is

b = arg max
b(i)

{R(0)
xy }, (7.3)

where b(i) = [b
(i)
0 , b

(i)
1 , · · · , b

(i)
V−1] and 0 ≤ i ≤ 2V−1. However, for the proposed SLM

approach, the correlation function can be computed for all possible phase sequences.
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Figure 7.1: Block diagram of the proposed PTS approach based on correlation
metric.

The transmitted phase sequence can be represented as

a = arg max
a(u)

{R(0)
xy }, (7.4)

where a(u) = [a
(u)
0 , a

(u)
1 , · · · , a(u)N−1] and u = 0, 1, · · · , U − 1. Therefore, the proposed

approaches indirectly reduce the signal distortion by maximising the similarity be-

tween the input and output signals of the HPA.

7.3 Computational Complexity

To simplify the complexity comparison among various techniques we adopt the BER

as a performance metric and an oversampling factor L = 1 for all techniques. The

computational complexity is assessed in terms of the number of RMs and RAs.

Since all systems are PTS and SLM-based with the same L value, then their com-

plexity is equivalent except for the computation of the optimisation metric. For the

PTS-based schemes, the computational complexity of all considered systems can be

compared based on the complexity of computing the optimisation metric, which can

be described as follows:

• R
(0)
xy : The computational complexity of the correlation metric can be computed

directly from (7.2), which gives after some straight forward computations

RACORR = 3N , RMCORR = 3N+4 for the TWTA case and RACORR = 3N−1,

RMCORR = 3N + 1 for the SSPA case.

• DSR: 12N RMs and 6N RAs for the TWTA model, and 6N RMs and 3N
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RAs for the SSPA model are required to compute the output of polynomial

model. 0.5N log2N CMs and N log2N CAs are required for the N -point FFT.

10N RMs, 7N RAs for the TWTA model, and 8N RMs, 5N RAs for the

SSPA model are required to calculate the DSR metric. Therefore, RADSR =

N(13 + 3 log2N), RMDSR = 2N(11 + 2 log2N) are required for the TWTA

case and RADSR = 2N(7 + log2N), RMDSR = N(8 + 3 log2N) are required

for the SSPA case.

• MSE: Given that the MSE is used as an optimisation metric instead of the

cross correlator in Fig. 7.1, then MSE =
∑N−1

n=0 |xn− yn|2. Substituting yn by

the right side of (7.1) and simplifying the result yieldsMSE = α2
3

∑N−1
n=0 |xn|6.

Consequently, RAMSE = 2N − 1, RMMSE = 4N + 2 for the TWTA case and

RAMSE = 2N − 1, RMMSE = 4N + 1 for the SSPA case.

In comparison to the PTS systems, it is interesting to note that the complex-

ity equations for SLM-based systems are similar, while the iteration is U for the

proposed SLM-CORR systems, instead of I in the proposed PTS-CORR systems.

Table 7.1 summarises the complexity of the DSR, MSE and correlation metrics for

the PTS-based systems.
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Table 7.1: Computational complexity for the PTS-DSR, PTS-MSE and PTS-CORR
algorithms.

Proposed HPA RAs RMs
Technique Model

PTS-CORR TWTA 3NI (3N + 4)I
SSPA (3N + 1)I (3N − 1)I

PTS-DSR TWTA N(13 + 3 log2N)I 2N(11 + 2 log2N)I
SSPA 2N(7 + log2N)I N(8 + 3 log2N)I

PTS-MSE TWTA (2N − 1)I (4N + 2)I
SSPA (2N − 1)I (4N + 1)I

It can be noted from Table 7.1 that the CORR scheme using SSPA model offers

a substantial complexity reduction of about 80% and 90% in terms of the required

RAs and RMs, respectively, when compared to the DSR for N = 128. The MSE

requires about 33% less RAs than the CORR scheme, however it requires about 33%

more RMs. Therefore, the MSE has a non negligible additional complexity over the

proposed scheme since the complexity of multiplication is considerably higher than

the addition.

7.4 Numerical Results

Monte Carlo simulation is used to assess the BER performance of the PTS-CORR

and compare it to the standard PAPR-PTS and PTS-DSR. The simulation results

are obtained using 105 OFDM blocks generated using N = 128 SCs. The data

symbols are selected uniformly from a Gray coded 16-QAM symbol constellation.

The number of partitions V used is either 4 or 16. Instead of searching for the

optimum phase sequence b among 2V possible sequences, we limit the search space

to only V different sequences with the elements of each sequence is selected uniformly

from {0, π}. For coherent demodulation, we assume perfect knowledge of the phase

sequence and the channel state information at the receiver side.

The SSPA model described in (2.10) is used to represent the transmission HPA,

while the model given in (7.1) is used for the DSR and correlation metrics calcula-

tion. This is necessary to model the difference between the practical HPA and the

mathematical model used to compute R
(0)
xy . The transmission SSPA parameters are

selected to match the practical SSPA amplifier described in [105]. This amplifier is

used for WiMAX in the frequency range 2.3 to 2.5 GHz. The amplifier parameters
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Figure 7.3: CCDF of the PAPR for OFDM systems based on the PAPR, DSR and
proposed approach for different partitions.

for both models are computed using curve fitting methods for OBO = 3 dB, where

Asat = 3.286, α1 = 1 and α3 = −0.1769.

Fig. 7.3 depicts the CCDF of PAPR for PTS-OFDM systems. It can be observed

that high CCDF values of PAPR in systems based on DSR reduction occur with

similar probabilities to the corresponding values in systems based on the correlation

approach. For example, when V = 16, the PAPR value corresponding to a CCDF

value for the DSR-reduction criterion is approximately 1.3 dB better than those of

the OFDM systems without PAPR reduction. Furthermore, when using this V value

with PTS-PAPR, the reduction is approximately 2.4 dB better than the PTS-DSR

scheme.

The BER performance of the proposed and the other considered schemes is

presented in Fig 7.4 for an AWGN channel using V = 4 and 16. As it can be noted

from this figure, the proposed PTS-CORR BER is equivalent to the BER of the

PTS-DSR for both values of V , while the BER of the PTS-PAPR was significantly

higher. Moreover, simulation results have confirmed that the BER using the MSE

are roughly identical to the DSR and CORR results. Therefore, tapping the HPA

output and estimating its characteristics accurately did not have any noticeable

impact on the BER while the complexity will be increased substantially.

154



7.5 Conclusion

15 20 25 30 35
10

−5

10
−4

10
−3

10
−2

SNR (dB)

B
E

R

 

 
SSPA only

PTS−PAPR V=4

PTS−CORR V=4

PTS−DSR V=4

PTS−PAPR V=16

PTS−CORR V=16

PTS−DSR V=16

Theoretical 16−QAM

Figure 7.4: BER of the PAPR, DSR and proposed approach over an AWGN channels
using V = 4 and 16.

The BER performance of the PTS-CORR in frequency-selective multipath fad-

ing channels is presented in Fig 7.5. The considered fading channel consists of 5

multipath components with delays of [0, 1, 2, 3, 4] samples, an average gain of [0.35,

0.25, 0.18, 0.13, 0.09] and the mean square delay spread σ2(τ) = 1.74 [104]. The

results presented in Fig 7.5 clearly demonstrate that the BER performance trend

in fading channels follows that in AWGN channel where the correlation approach

outperforms the PAPR technique and matches the DSR.

7.5 Conclusion

This chapter presented new low-complexity approaches to reduce the BER per-

formance degradation caused by the nonlinear characteristics of the HPA utilised

in OFDM-based systems. The proposed approaches are based on maximising the

correlation between the input and output of the HPA. Complexity analyses have

demonstrated that the proposed approaches offer approximately 90% complexity re-

duction in terms of the number of multiplications and approximately 80% in terms

of the number of additions as compared to the state-of-the-art. Furthermore, the

gained complexity reduction was achieved without any noticeable BER penalty.
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Figure 7.5: BER of the PAPR, DSR and the proposed system in multipath fading
channels using V = 4 and 16.
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Chapter 8

Conclusion and Future Work

M -QAM based OFDM has become the de facto standard for satellite communication

systems deployed in the 3G systems, this combination has also become a robust

candidate for the 4G wireless transmission systems. This modulation scheme can be

utilised for high bit rate multimedia applications, however, other limitations such

as the PAPR may reduce the gain that can be achieved by using OFDM due to the

use of HPAs. The nonlinearity of the amplifier causes loss of orthogonality among

the SCs, and hence, ICI is introduced in the transmitted signal. The ICI power is

proportional to the amplitude of the signal at the amplifier input and it may cause

considerable BER degradation.

The motivation behind this thesis was to reduce the ICI produced by the HPA

by applying state-of-the-art PAPR techniques; whilst paying particular attention to

the inherent increase in computational complexity. Therefore, three factors were

taken into account, system computational complexity, HPA efficiency and BER per-

formance, and a number of methods were proposed to achieve low computational

complexity, low error rate and high amplifier power efficiency.

In the first contribution, new LC-IPTS and SLC-IPTS schemes were developed

that employed only two IFFTs and circulant transform matrices, in order to re-

duce the complexity and improve the system performance. Furthermore, the overall

computational complexity for the proposed schemes was derived and formulated.

The simulation results showed that the proposed odd-case LC-IPTS can reduce the

complexity and improve the system performance. Moreover, the proposed odd-case

SLC-IPTS can reduce both the computational complexity and the number of SI bits,

albeit at the cost of a less reduction in PAPR and BER performance.

157



In the second (main) contribution, efficient techniques to reduce the BER of the

OFDM signals transmitted over nonlinear HPA were proposed. The proposed tech-

niques were based on predicting the distortion power that an HPA would generate

due to the nonlinear characteristics of such devices. In a fashion similar to SLM or

PTS schemes, the predicted distortion was used to select a set of phases that min-

imise the actual HPA distortion and consequently the BER. Moreover, the proposed

techniques offered a complexity reduction for particular OFDM and HPA settings

compared to other techniques, which are optimised to reduce the PAPR.

In the third contribution, the effect of the CFO was added to the proposed

techniques based on predicting the distortion introduced by HPA nonlinearity. Sim-

ulation results have confirmed that an improvement in BER can be achieved when

the proposed techniques are compared to the standard PAPR techniques. Moreover,

complexity analysis demonstrated that the proposed systems offer a significant com-

plexity reduction. Finally, a closed form for ESNR was derived and consequently

the accurate BER was calculated theoretically. An accepted accuracy of the BER

between simulation and analytical calculation was achieved.

Finally, in the fourth contribution, new approaches were proposed to reduce the

complexity of the proposed techniques that are based on predicting the distortion.

In the proposed approaches, the transmitted phase vector was selected to maximise

the cross correlation between the input and output of the nonlinear HPA model.

Complexity analyses demonstrated that the proposed approaches can achieve a sig-

nificant reduction compared to the current leading techniques proposed in the main

contribution. Furthermore, the gained complexity reduction was achieved without

any noticeable BER degradation.

Future Work

The ICI minimisation based on PAPR reduction techniques that can achieve signif-

icant improvement in BER performance for OFDM systems even now faces many

challenges. Several topics for future investigation can be suggested. These are:

• Extension of the schemes carried out in this thesis to manageM -PSK-OFDM,

M -QAM-OFDM and higher-order HM-OFDM systems. Investigation of higher-

order modulation schemes is worthwhile as several practical systems such as
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DVB-T2 and DVB-S2 use OFDM signals with higher-order modulation.

• In the standard OFDM, the same modulation technique is utilised on all types

of sub-channels. Nevertheless, severely faded sub-channels can deteriorate

the BER. Adaptive modulation is one method to improve the performance,

where the transmission of higher-order modulation schemes are used for high

SNR OFDM sub-channels, and the transmission of lower-order modulation

schemes are used for low SNR OFDM sub-channels. On the other hand, the

entire transmitted power is allocated differently due to different OFDM sub-

channels, depending on their existing SNR. It is well known that the allocation

process can be interfered by the amplifier nonlinearity due to different OFDM

sub-channels, causing different nonlinear distortion levels. Clearly, the de-

velopment of robust allocation algorithms is a valuable topic. As a result, an

investigation of the relation between nonlinearity and adaptive OFDM systems

should be carried out.

• The effect of the maximum Doppler shift, fd, is not taken into account in this

study based on the assumption of perfect phase synchronisation. A range of

user speeds could be included for comparative investigation. Moreover, other

factors can be considered in order to obtain a wide image of OFDM system

performance.

• The effects of nonlinear distortion for the uncoded OFDM were studied. Ex-

tension of the techniques utilised in this thesis can be applied to multi-path

fading channels with coded OFDM schemes.

• An accurate BER formula for the distorted OFDM signals using the HPA

nonlinearity and CFO was derived in AWGN channel. The effects of frequency-

selective fading channels should be added and theoretical analysis needs to be

studied.

• Some issues in this thesis require a deeper analysis; it would be beneficial to

explore the effect of receiving the SI imperfectly and to confirm that their in-

fluence is minimal. Furthermore, embedding the SI in our proposed techniques

requires further investigation.

• Future work should consider other diversity techniques such as multiple-input
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multiple-output (MIMO) systems in order to improve the performance and in-

crease the diversity. Compared to single-input single-output (SISO) systems,

the improvement achieved in the system diversity is relative to the minimum

number of transmit and receive antennas. The PAPR is one drawback of

MIMO-OFDM systems; therefore, it would be interesting to implement our

proposed techniques in mobile wireless systems that might offer further im-

provement to the BER performance.

• Recently, non-uniform 16-QAM and HM constellations have received enormous

attention for several applications such as multimedia transmission. Further-

more, these constellations have been the existent standard for the DVB-T. In

the same symbol, various levels of bit protection can be adjusted by alter-

ing the effective distances between the symbols; this is the main property of

non-uniform constellations. For that reason, non-uniform constellations are an

attractive topic to investigate with the proposed techniques for future work.

• The proposed schemes may be implemented in hardware by emulating exter-

nal field programmable gate array (FPGA) and digital signal processing (DSP)

units. Consequently, the realisation of efficient and consistent hardware tech-

niques can be achieved with lower cost platforms.
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Appendix A

Circulant Matrix Vectors

As an example b = [1,−1, 1, 1], the circulant matrix for this odd-case (1) vector can

be described as

Tr = 0.5×



1 0 0 0 −j 0 0 0 1 0 0 0 j 0 0 0

0 1 0 0 0 −j 0 0 0 1 0 0 0 j 0 0

0 0 1 0 0 0 −j 0 0 0 1 0 0 0 j 0

0 0 0 1 0 0 0 −j 0 0 0 1 0 0 0 j

j 0 0 0 1 0 0 0 −j 0 0 0 1 0 0 0

0 j 0 0 0 1 0 0 0 −j 0 0 0 1 0 0

0 0 j 0 0 0 1 0 0 0 −j 0 0 0 1 0

0 0 0 j 0 0 0 1 0 0 0 −j 0 0 0 1

1 0 0 0 j 0 0 0 1 0 0 0 −j 0 0 0

0 1 0 0 0 j 0 0 0 1 0 0 0 −j 0 0

0 0 1 0 0 0 j 0 0 0 1 0 0 0 −j 0

0 0 0 1 0 0 0 j 0 0 0 1 0 0 0 −j

−j 0 0 0 1 0 0 0 j 0 0 0 1 0 0 0

0 −j 0 0 0 1 0 0 0 j 0 0 0 1 0 0

0 0 −j 0 0 0 1 0 0 0 j 0 0 0 1 0

0 0 0 −j 0 0 0 1 0 0 0 j 0 0 0 1



. (A.1)

It is clear from (A.1) that Tr has V LN non-zero elements. For odd-case (2) vector,

b = [−1, 1,−1,−1], the circulant matrix can be explained as

Tr = 0.5×



−1 0 0 0 j 0 0 0 −1 0 0 0 j 0 0 0

0 −1 0 0 0 j 0 0 0 −1 0 0 0 j 0 0

0 0 −1 0 0 0 j 0 0 0 −1 0 0 0 j 0

0 0 0 −1 0 0 0 j 0 0 0 −1 0 0 0 j

j 0 0 0 −1 0 0 0 j 0 0 0 −1 0 0 0

0 j 0 0 0 −1 0 0 0 j 0 0 0 −1 0 0

0 0 j 0 0 0 −1 0 0 0 j 0 0 0 −1 0

0 0 0 j 0 0 0 −1 0 0 0 j 0 0 0 −1

−1 0 0 0 j 0 0 0 −1 0 0 0 j 0 0 0

0 −1 0 0 0 j 0 0 0 −1 0 0 0 j 0 0

0 0 −1 0 0 0 j 0 0 0 −1 0 0 0 j 0

0 0 0 −1 0 0 0 j 0 0 0 −1 0 0 0 j

j 0 0 0 −1 0 0 0 j 0 0 0 −1 0 0 0

0 j 0 0 0 −1 0 0 0 j 0 0 0 −1 0 0

0 0 j 0 0 0 −1 0 0 0 j 0 0 0 −1 0

0 0 0 j 0 0 0 −1 0 0 0 j 0 0 0 −1



. (A.2)
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Similar to (A.1) the Tr has V LN non-zero elements. The circulant matrix for an

even-case (1) vector, b = [−1,−1, 1, 1], can be expressed as

Tr = 0.5×



0 0 0 0 −1− j 0 0 0 0 0 0 0 −1 + j 0 0 0

0 0 0 0 0 −1− j 0 0 0 0 0 0 0 −1 + j 0 0

0 0 0 0 0 0 −1− j 0 0 0 0 0 0 0 −1 + j 0

0 0 0 0 0 0 0 −1− j 0 0 0 0 0 0 0 −1 + j

−1 + j 0 0 0 0 0 0 0 −1− j 0 0 0 0 0 0 0

0 −1 + j 0 0 0 0 0 0 0 −1− j 0 0 0 0 0 0

0 0 −1 + j 0 0 0 0 0 0 0 −1− j 0 0 0 0 0

0 0 0 −1 + j 0 0 0 0 0 0 0 −1− j 0 0 0 0

0 0 0 0 −1 + j 0 0 0 0 0 0 0 −1− j 0 0 0

0 0 0 0 0 −1 + j 0 0 0 0 0 0 0 −1− j 0 0

0 0 0 0 0 0 −1 + j 0 0 0 0 0 0 0 −1− j 0

0 0 0 0 0 0 0 −1 + j 0 0 0 0 0 0 0 −1− j

−1− j 0 0 0 0 0 0 0 −1 + j 0 0 0 0 0 0 0

0 −1− j 0 0 0 0 0 0 0 −1 + j 0 0 0 0 0 0

0 0 −1− j 0 0 0 0 0 0 0 −1 + j 0 0 0 0 0

0 0 0 −1− j 0 0 0 0 0 0 0 −1 + j 0 0 0 0



. (A.3)

As can be seen from (A.3) the Tr has V LN/2 non-zero elements. Finally, The

circulant matrix for an even-case (2) vector, b = [−1, 1,−1, 1], can be illustrated as

Tr = 0.5×



0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −1

−1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 −1 0 0 0 0 0 0 0 0



. (A.4)

We can see from (A.4) that the Tr has LN non-zero elements.
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Appendix B

Variance of Nonlinear Noise

We will derive σ2
ICI2

by consternating on d0, therefore, ψ0 in (6.26) can be expressed

as

ψ0 =
N−1∑
l=1

Ql, (B.1)

where

Ql =
α3

N
dl

N−1∑
n=0

|xn|2ej2π(ε+l)n/N . (B.2)

The variance of Ql is given by

σ2
Ql

= E {Ql ·Q∗
l }

=
|α3|2P
N2

E

{
N−1∑
n=0

|xn|2ej2π(ε+l)n/N

N−1∑
m=0

|xm|2e−j2π(ε+l)m/N

}

=
|α3|2P
N2

E

{
N−1∑
n=0

N−1∑
m=0

|xn|2|xm|2ej2πl(n−m)/N

}

=
|α3|2P
N2

E

{
N−1∑
n=0

N−1∑
m=0

(
1

N2

N−1∑
u=0

N−1∑
v=0

dud
∗
ve

j2π(u−v)n/N

)
(

1

N2

N−1∑
ú=0

N−1∑
v́=0

dúd
∗
v́e

j2π(ú−v́)m/N

)
ej2πl(n−m)/N

}

=
|α3|2P
N6

E

{
N−1∑
n=0

N−1∑
m=0

N−1∑
u=0

N−1∑
v=0

N−1∑
ú=0

N−1∑
v́=0

dud
∗
vdúd

∗
v́e

j2π(l(n−m)+(u−v)n+(ú−v́)m)/N

}

=


|α3|2(N + 2)P 3

N4
when n = m,u = v, ú = v́

0 otherwise.

(B.3)
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The variance of nonlinear noise can be given by

σ2
ICI2

= E
{
|ψ0|2

}
− (E {ψ0})2 , (B.4)

where (E {ψ0})2 = 0 while E {Ql} = 0. Therefore,

σ2
ICI2

= E
{
|ψ0|2

}
= E

{
N−1∑
l=1

Ql

N−1∑
t=1

Q∗
t

}
= E

{
Q1 ·Q∗

1 +Q2 ·Q∗
2 + · · ·+QN−1 ·Q∗

N−1

+Q1 ·Q∗
2 +Q1 ·Q∗

3 + · · ·+Q1 ·Q∗
N−1

+Q2 ·Q∗
3 +Q2 ·Q∗

4 + · · ·+Q2 ·Q∗
N−1

+ · · ·+QN−2 ·Q∗
N−1

}
= (N − 1)σ2

Ql
+ (N − 1)(N − 2)Clt,

(B.5)

where E{x+ y} = E{x}+E{y} [113] and Clt is the covariance that can be written

as

Clt = E {Ql ·Q∗
t}

=
|α3|2

N2
E

{
N−1∑
n=0

dl|xn|2ej2π(ε+l)n/N

N−1∑
m=0

d∗t |xm|2e−j2π(ε+t)m/N

}

=
|α3|2

N2
E

{
dld

∗
t

N−1∑
n=0

N−1∑
m=0

(
1

N2

N−1∑
u=0

N−1∑
v=0

dud
∗
ve

j2π(u−v)n/N

)
(

1

N2

N−1∑
ú=0

N−1∑
v́=0

dúd
∗
v́e

j2π(ú−v́)m/N

)
ej2πl(n−m)/N

}

=
|α3|2

N6
E

{
N−1∑
n=0

N−1∑
m=0

N−1∑
u=0

N−1∑
v=0

N−1∑
ú=0

N−1∑
v́=0

dld
∗
tdud

∗
vdúd

∗
v́e

j2π(l(n−m)+(u−v)n+(ú−v́)m)/N

}

=


2|α3|2P 3

N4
when n = m, v = l, u = t, ú = v́

0 otherwise.

(B.6)
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By substituting (B.3) and (B.6) into (B.5) we obtain

σ2
ICI2

=
(N − 1)(N + 2)|α3|2P 3

N4
+

2(N − 1)(N − 2)|α3|2P 3

N4

=
|α3|2P
IBO2

l

(
3N2 − 5N + 2

N2

)
.

(B.7)
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