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ABSTRACT 

Code division multiple access (CDMA) and orthogonal frequency division 

multiplexing (OFDM) signaling schemes are widely used nowadays in wireless 

communication systems. They are particularly suited for the increased and continuous 

demands of more capacity, higher data rates, better quality of service, and robustness 

against multipath fading. Unfortunately, such signals exhibit large dynamic ranges, as a 

result, they are more susceptible to amplifier nonlinearity. The distortion caused by 

nonlinearities leads to bit error rate (BER) degradation and out-of-band spectral regrowth. 

In this dissertation, the nonlinear distortion effects due to power amplifiers are 

analyzed. In particular, we are interested in analytically quantifying the signal's nonlinear 

behavior in relation to the amplifier characteristics. Through analyses, the characteristics 

of the input signal to the amplifier that contribute to BER degradation and spectral 

regrowth are explored. Based on such characteristics, a new measure characterizing the 

nonlinear distortion is formulated. With this formulation, an efficient system in presence 

of nonlinear distortion can be achieved by redirecting attention to the signal at the input 

of the amplifier. Specifically, we investigate methods to: (1) provide a potential estimate 

of the nonlinear distortion effects on the system performance and (2) minimize such 

effects by minimizing the signal characteristics contributing to performance degradation. 

iii 



Abstract IV 

Numerical experiments are performed to confirm the theoretical analyses and 

show the performance improvement of the developed measure in terms of an improved 

BER and reduced spectral regrowth. 
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Chapter 1 

INTRODUCTION 

A high power amplifier (HPA) is an essential building block in wireless 

communication systems. HPAs exhibit nonlinear characteristics when operated at 

high levels of input signal approaching the amplifier saturation. 

Generally, for signals with constant envelope modulations, such as continuous 

wave (CW), frequency modulation (FM), frequency-shift keying (FSK), and phase-shift 

keying (PSK), HPA nonlinearity is not a serious problem since the signal hits a single 

point in the characteristics of the HPA [1]. As the dynamic range of the input signal to the 

HPA increases traversing a larger region of the HPA characteristics, it is drastically 

affected by the inherent nonlinearity of the HPA resulting in two forms of distortion. 

First, in-band distortion that leads to degradation of the bit error rate (BER) performance. 

Second, additional out-of-band radiations known as spectral regrowth are created, which 

affect adjacent channels/radios. 

In order to minimize the effects of such forms of distortion (BER degradation and 

spectral regrowth), the input signal to the HPA must be backed-off from the HPA 

saturation level. This input back-off (IBO) operation leads to a severe HPA inefficiency. 

For instance, an amplifier capable of 10 times the desired input power must be used when 

an IBO of 10 dB is required. With such a backing-off operation, the amplifier efficiency 

1 



Chapter 1: Introduction 2 

degrades significantly and its cost becomes a problematic issue, especially if we know 

that HPAs make up roughly 40% of a base station's cost [2]. This discrepancy between 

HPA linearity and efficiency poses a challenging design paradox for wireless systems 

designers. 

This design paradox has generated much attention. Many efforts have been made 

to minimize the effects of nonlinear distortion and in turn improve the HPA efficiency. 

To the best of our study in the literature, two camps have achieved great contributions to 

minimize the effects of nonlinear distortion. The first camp has focused on the receiver 

side, while the second one has focused on the transmitter side. Also, collaborations 

between both camps have been always there. 

At the receiver, nonlinear distortion can be compensated for by using channel 

equalization, inter-symbol interference (ISI) cancellation, or even better, maximum-

likelihood sequence estimation. Equalization of channel nonlinearities first appeared in 

the pioneering work of Falconer [3] for voiceband data transmission and was later 

reconsidered by Benedetto et al. [4] for transmission of phase-modulated signals over 

nonlinear satellite channels. ISI cancellation attempts to identify the channel impulse 

response, synthesize a replica of the ISI affecting the current symbol, and subtract it from 

the demodulated signal sample prior to threshold detection [5]. 
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Research dedicated to the transmitter side has pursued two approaches. The first 

approach focused on the HPA itself using linearization techniques such as feedback, 

feedforward, and predistortion. Adaptive linearization has been proposed, which can 

offer automatic compensation for amplifier nonlinearity and thus makes it possible to 

transmit multilevel modulated signals without incurring intolerable constellation 

distortions [6]. Also, analog/data predistortion has been proposed, which has become 

common practice in digital microwave radio systems [5, 7]. The second approach focused 

on the input signal to the HPA by reducing the signal dynamic range. Decreasing the 

signal dynamic range allows the input signal to traverse a smaller region of the HPA 

characteristic, and hence less of the inherent nonlinearity of the HPA is revealed to the 

signal. Several techniques have been proposed to reduce the signal dynamic range such as 

clipping [8-10], companding [11-13], selected mapping (SLM) [14-16] and partial 

transmitted sequences (PTS) [17-19]. 

It is clear that techniques used at the receiver side attempt to fix the received 

signal after the nonlinear distortion has already occurred. These techniques are therefore 

considered as a cure for the symptoms rather than the causes of the problem itself, as 

Saleh and Salz observe, "since the source of nonlinearity is at the transmitter, it would 

appear logical to equalize the nonlinearity at the transmitter, where it occurs and where 

the transmitted bits are available" [6]. Moreover, improvements achieved using these 

techniques are usually limited by other factors such as the HPA nonlinearity severity 

itself, nonlinearities in the communication channel, and system complexity. Therefore, 
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the work in this dissertation focuses on the transmitter side, specifically the input signal 

to the HPA, in order to minimize the nonlinear distortion before the signal even hits the 

amplifier. 

1.1 Research motivation and objective 

Over the decades, much research has been conducted to reduce the vulnerability 

of the amplifier input signal to nonlinearity. Such research often seeks to define a 

measure for the nonlinear distortion, which when reduced often allows the nonlinear 

distortion to also be reduced. Several measures have been proposed to quantify nonlinear 

distortion in relation to the input signal to the HPA such as the well known peak-to-

average power ratio (PAR)1, which is often used to characterize the signal dynamic range 

[20, 21]. Also, the instantaneous power variance (IPV) [22, 23] and the cubic metric 

(CM) [22, 24] were proposed with the motivation of reducing the envelope fluctuations 

and the third-order modulation product, respectively. 

While these measures have their use and have led to remarkable improvements, 

none of them has a close relation with the system performance. In other words, no clear 

mathematical relation exists between these measures and the resulting different forms of 

nonlinear distortion (BER degradation and spectral regrowth). 

1 PAR is the commonly used acronym for peak-to-average power ratio in CDMA, while in OFDM, PAPR 
is usually used. In this thesis, we use PAR as a unified acronym. 
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Accordingly, the motivation behind this dissertation is to develop a new measure 

having a direct clear link with the system performance to characterize the nonlinear 

distortion. It is therefore imperative to explore which signal characteristics, at the HPA 

input, are responsible for performance degradation (BER degradation and spectral 

regrowth). Consequently, a measure formulated based on such characteristics would be 

more efficient for characterizing the nonlinear distortion. With this formulation, an 

efficient system in presence of a nonlinear amplifier chain can be achieved through the 

provision of: 

• a potential estimate of the nonlinear distortion effects on the system performance, and 

• the ability to minimize such effects by minimizing the signal characteristics 

contributing to performance degradation. 

1.2 Considerations and research methodologies 

The dissertation investigates two of the widely used signaling schemes nowadays; 

code division multiple access (CDMA) and orthogonal frequency division multiple 

access (OFDMA), which is based on orthogonal frequency division multiplexing 

(OFDM) technologies. These schemes appear to be particularly suited for the increased 

and continuous demands of more capacity, higher data rates, better quality of service, and 

robustness against multipath fading. CDMA and OFDM signals exhibit large dynamic 

range since they represent the sum of many contributions due to many users and many 
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subcarriers, respectively, making them more susceptible to the amplifier nonlinearity. 

The considered CDMA system is assumed synchronous with equal users' powers. 

A predistorter-HPA (PD-HPA) pair is used as a benchmark for the analyses of the 

nonlinear distortion effects. The PD-HPA has no nonlinear phase distortion, i.e. no phase 

insertion, and has an amplitude transfer function that is linear up to a certain level, after 

which it saturates (clips) the output signal. The amplifier chain is assumed memoryless. 

In a memoryless system, the output only depends on the input at the same instant of time. 

Memory effects affect low modulation frequencies causing scattering and/or hysteresis of 

the HPA transfer functions and asymmetry in the intermodulation distortion (IMD) 

products. 

Both qualitative and quantitative research methodologies are utilized. In the 

quantitative research, the nonlinear distortion effects on the BER performance and 

spectral regrowth are mathematically analyzed. 

In the BER performance analysis, an additive white Gaussian noise (AWGN) is 

considered as the channel impairment, where the signal-to-noise ratio (SNR) including 

the nonlinear distortion noise at the detector input is investigated, where the SNR 

represents the pivoting parameter in the BER performance of all types of receivers. Based 

on such analyses, new BER performance expressions (depending on the adopted 
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modulation format and the receiver type) are developed that are functions in the signal 

characteristics at the input of the PD-HPA. 

For spectral regrowth, the analysis of the power spectral density (PSD) at the PD-

HPA output shows that the PSD of the portion of the input signal that exceeds the PD-

HPA saturation threshold is primarily responsible for spectral regrowth. A piecewise 

analysis approach of such a signal portion is adopted to explore what other signal 

characteristics at the PD-HPA input contribute to spectral regrowth. 

In the qualitative research, observations and logical interpretations from extensive 

simulations are presented to emphasize the effects of the established signal 

characteristics on the system performance. Also, the developed analytical expressions of 

the established characteristics are validated through comparisons against data available in 

the literature and the measured values of such characteristics of the simulated signals. 

Finally, qualitative analysis of the transfer functions of typical nonlinear HPA models, 

with no predistorter involved in the amplifier chain, is conducted to show the 

applicability of the developed nonlinearity severity measure (NLS) measure to various 

HPA models. 

Performance assessment of the developed NLS measure is conducted in 

comparison with PAR using two merits: the BER and the PSD. The SLM technique is 

2 The signal characteristics that contribute to nonlinear distortion effects (BER degradation and spectral 
regrowth). 
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adopted as a platform for performance assessment, where several representations of the 

signal to be transmitted are generated and the one with the minimal PAR (or NLS) is 

selected for transmission. Additionally, the performance of the NLS measure is examined 

with different HPA models (no predistorter is involved in the amplifier chain). Two HPA 

models for travelling wave tube amplifier (TWTA) and solid state power amplifier 

(SSPA) are investigated. 

1.3 Summary of contributions 

In this dissertation, we present an analysis technique for the solution of the 

nonlinear distortion effects on CDMA and OFDM signals passed through a nonlinear 

amplifier chain. In such a technique, we explore the characteristics of the HPA input 

signal, associated with the HPA characteristics, which contribute to nonlinear distortion. 

The solution provides potential insight into how the HPA and the signal interact to 

produce BER degradation and spectral regrowth. Accordingly, the following 

contributions are achieved. 

• Based on the analysis of the system SNR and the BER performance at the input of 

the receiver's detector, it is established that the input signal characteristics 

contributing to BER degradation due to HPA nonlinearity are: the rate at which 

the input signal exceeds the PD-HPA saturation threshold and the variance of the 

portion of the input signal that exceeds that threshold. 
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• Based on the analysis of the PSD at the output of the amplifier, it is established 

that the input signal characteristics contributing to spectral regrowth due to HPA 

nonlinearity are: the variance of the signal portion exceeding the PD-HPA 

saturation threshold, the rate at which the input signal crosses that threshold, and 

the time durations of the crossing events. 

• Based on the established signal characteristics, a new nonlinearity measure, NLS, 

is developed. The developed NLS parameter represents an efficient quality 

measure for the potential nonlinear distortion, as an alternative to the existing 

measures (PAR, IPV, and CM). Also, being a function in the IBO level gives the 

NLS measure a superior advantage as it can be adjusted to the IBO level required 

to work at according to design demands. Additionally, this measure can be used 

as a selection criterion in search and optimization techniques, like SLM and PTS, 

to select the best signal representation to be transmitted. 

During the research work in this dissertation, other relevant contributions have 

been achieved that also have significant practical applications. In the following, we 

summarize such contributions. 

• As a special case for synchronous CDMA signals with orthogonal spreading 

codes, it is shown that the PSD of the CDMA signal depends primarily on the 

PSDs of the spreading functions assigned to each user in the system as it is 
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approximately a scaled sum of the PSDs of the spreading functions assigned to all 

users. 

• For the particular case of using Walsh codes in synchronous CDMA signals, it is 

shown that the PSD of Walsh functions and the PSD of the sum of Walsh 

functions depend on the specific properties of Walsh codes. Based on such 

properties of Walsh codes, an effective Walsh code assignment algorithm is 

presented to minimize spectral regrowth. 

• Finally, a low complexity technique is presented as an alternative to SLM and 

PTS techniques to reduce computational burden and exhaustive search. The 

concept of the presented technique is based on cyclic shifts of the symbol data 

sequences. 

1.4 Thesis organization 

This thesis consists of seven chapters as follows. Chapter 2 introduces the basic 

principles and the theoretical background information necessary for the rest of the work 

in this thesis. A simple way to understand the nonlinear effect on the input signal to the 

HPA is introduced. The HPA characteristics and the parameters used for HPAs modeling 

are explained, and examples for four of the currently known HPA models, are presented. 
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Finally, the basics of the system models under investigations, CDMA and OFDM, are 

discussed. 

Chapter 3 presents the analyses of the nonlinear distortion effects on BER 

performance for CDMA and OFDM. The signal characteristics contributing to BER 

degradation are established. Also, analytic expressions for such characteristics and the 

BER performance are developed. Validation of the developed analytical expressions thru 

comparisons versus measurements from simulations and available data in the literature is 

also presented. 

Chapter 4 separates the PSD at the HPA output into individual components 

representing both the in-band distortion and the out-of-band distortion that represents 

spectral regrowth. Through a piecewise analysis of the signal portion that is clipped from 

the input signal by the PD-HPA saturation threshold, the signal characteristics 

contributing to spectral regrowth are determined. Also, CDMA signals with orthogonal 

spreading codes are studied as a special case, highlighting the effect of the specific 

properties of Walsh codes on spectral regrowth. 

Chapter 5 presents a brief review on the existing measures used to characterize 

the nonlinear distortion showing that such measures are not mathematically related to the 

system performance. Based on the signal characteristics developed in Chapter 3 and 
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Chapter 4 that represent the main contributors to BER degradation and spectral regrowth, 

the NLS measure is established. 

Chapter 6 assesses the performance of the developed NLS measure through 

comparison against PAR as two selection criteria in SLM technique. Also, performance 

assessments of the NLS measure are conducted to show the efficiency of the NLS 

measure with different HP A models. 

Chapter 7 concludes the dissertation with a summary of the findings of this thesis 

in terms of advantages and disadvantages. Future areas of research are discussed as a 

follow-up to the work presented in this thesis. 



Chapter 2 

THEORETICAL BACKGROUND 

This chapter explains the basic nonlinearity problem of HPAs. It also provides a 

brief survey on HPA characteristics and modeling. Then the effect of nonlinearity 

in both the passband and baseband nonlinear models is introduced. Finally, the system 

models under investigation (CDMA and OFDM) in this dissertation are presented. 

2.1 The nonlinearity problem 

An HPA is an essential part of a transmitter, which in turn is necessary for all 

wireless communication systems, including wireless LAN devices, cellular phones, 

wireless base stations, radio and TV stations, satellites and so forth. HPAs exhibit 

nonlinear characteristics when operated at high levels of input signal approaching the 

amplifier saturation. Such a lack in the linearity of the HPA characteristics creates serious 

distortion in the transmitted signal. This distortion leads to poor performance in terms of 

BER degradation and spectral regrowth. 

In order to understand the nonlinear effect of an HPA, consider the following 

example of an input signal to the HPA composed of two cosine waves of equal 

amplitude: 

13 
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Vi(t) = VCOSCOit + VCOS0)2t. (2.1) 

These two tones are designed in a way that the frequency spacing between them is 

much smaller than the radio frequency (RF) of either tone. Assume the nonlinear model 

of the HPA is defined by the following nth-order polynomial: 

i;o(t) = OiVKO + a2vf(t) + a3vf(t) + - + anv?(t). (2.2) 

By substituting the two tone input defined by (2.1) into the characteristic equation of the 

HPA defined by (2.2), the output signal will therefore be: 

i?0(t) = a1T7(cos 0)xt + cos a>2£) 

+a2v2(cos a)^ + cos co2t)
2 

+a3v
3(coso)1t + coso)2t)

3 

+ ••• 

+anun(cos(o1t + cosa>2t)n. (2.3) 

Some important facts should be emphasized from the expansion of (2.3) 

• Each nth-order term of the polynomial will produce a number of tones equal to 

2n, and each tone will be scaled by a factor of X[anv
n, where Xi is a specific 

fraction that scales the tone and has been obtained from the expansion. 
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• The tones from each nth-order term of the polynomial are centered at frequencies 

that are products of that order. For example, the products of the third-order term 

are 6 tones centered at 3&)l5 3<u2, 2a>i + co2, and 2&>2 + o)t, while a fourth-order 

term produces 8 tones centered at 4col5 4o)2, 3a)t ± o>2, 3&)2 + ojt and 2&)2 ± 

2(i)x. 

• All tones produced from even-order terms are at frequencies distant from the main 

band at which the original two tones are located, which can be ignored by 

bandpass filtering. 

Expanding (2.3), and dropping the dependency on time for simplicity, yields 

vQ(t) = a2v
2 + a-iV + — a?v3 

4 cos oy-i + 
9 3 

Oil? + —CLr,V3 

4 
COS Oi-i + «2 y 2 COs(o)]. + 0)2) 

3 3 
+ a2v

2
 COS(OJ2 — c^) + — a3v

3 005(20;! — &)2) + —a3v
3 cos(2&>2 — a)x) 

4 4 
3 3 

+ — a3v
3 003(20)! -I- a)2) + — a3v

3 cos(2a>2 + a>i) + a2v
2 cos 2d)! 

4 4 
3 3 

+ a 2 v 2 cos2a>2 + — a3v
3 cos 3a)! + - a 3 v 3 cos3&)2 + ••• (2.4) 

4 4 

Clearly from the expansion in (2.4), when the input signal has a variable 

envelope, the output products that lie on the same frequencies of the input signal {o)1 and 

o)2) are distorted by the generated exponents and the scaling factors produced from odd-

order terms. This signal distortion leads to BER degradation at the receiver. In addition to 
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the signal distortion due to these output products, there are other important products that 

greatly affect the original signal. These products are termed the intermodulation (IM) 

products. These IM products mainly emerge from the odd-order terms of the polynomial 

and are near the input signal band. In this fashion, each odd-order term will add to the 

output spectrum of the HPA. This increase in the out-of-band spectrum is called spectral 

regrowth. Theoretically, odd-order intermodulation products never cease to contribute to 

the output spectrum. In practice, however, contributions from high-order IM products are 

usually neglected. It is common practice to take into consideration only IM3 products, 

but sometimes IM5 and even IM7 products have been used for more precise and complex 

calculations. 

In order to employ the HPA in a more efficient manner, various methods can be 

exploited to linearize the input/output power relationship of the HPA. These methods 

generally provide a better HPA efficiency along with lower levels of signal distortion. In 

most cases, however, in order to linearize an HPA one must first characterize and model 

the device. There are various ways to perform these tasks. The most common are 

reviewed in the following sections. 

2.2 HPA characteristics 

Consider x(t) is the baseband input signal to the HPA and y(i) is the baseband 

output signal. Experimental evidence [1 and the references therein] shows that both the 
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output amplitude \y(t)\ and the output phase deviation /Ly(t) — £x(t) depend on the 

input amplitude |x( t ) | alone. The relationships between the output and the input of the 

HPA are given by 

y(t) = F[x(t)], (2.5) 

\y(t)\ = G[\x(t)\], (2.6) 

and 

Z y ( t ) = 0[ |x( t ) | ] + z x ( t ) , (2.7) 

where F[-] is the nonlinear distortion function of the amplifier, G[-] is the amplitude 

modulation to amplitude modulation (AM-AM) characteristic, and <!>[•] is the amplitude 

modulation to phase modulation (AM-PM) characteristic. 

It is worth shedding light on memory effects that arise in HPAs when wideband 

signals are present at the HPA input [7, 25, 26]. In a memoryless system, the output only 

depends on the input at the same instant of time. There are two main types of memory 

effects: (i) electrical memory effects and (ii) thermal memory effects. Electrical memory 

effects are caused by varying envelope and fundamental or second harmonic impedances 

at different modulation frequencies. With careful design, electrical memory effects can be 

limited to those caused by bias networks [27]. Thermal memory effects are caused by 

electro-thermal coupling, and these affect low modulation frequencies up to a few 
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megahertz (MHz) [27]. Frequency dependent behavior of the HPA can often be ignored 

for narrowband signals, but they must be accounted for when wideband signals are 

amplified. Symptoms of the nonlinear memory effect include [1] (i) scattering and/or 

hysteresis of the AM-AM and AM-PM curves and (ii) asymmetry in the intermodulation 

distortion (DVID) products. 

A strictly memoryless HPA has AM-AM characteristics but no AM-PM 

characteristics (i.e., 3>[|x(t)|] is a constant). A quasi-memoryless HPA has both AM-AM 

and AM-PM characteristics [28]. An ideal linear HPA would have G[|x(t)|] = ^4|x(t)| 

and 4>[|x(t)|] = 6 for all \x(t)\ between 0 and the saturation point of the HPA, where A 

and 6 are constants. 

2.3 HPA models 

HPA characteristics and nonlinearities need to be described and represented with 

great accuracy. This is because through these representations, one can fully understand 

the behavior of any HPA and can therefore use the information to find and rectify any 

errors that are caused by these nonlinearities. It is common to term these representations 

that describe the behavior of HPAs as "models." There are two ways of modeling an 

HPA: either by representing its AM-AM and AM-PM characteristics, or by illustrating 

the behavior of its inphase and quadrature components. Since modeling the AM-AM and 

AM-PM characteristics of an HPA is more common and indeed a logical step following 
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the characterization methods described in the previous section, these types of models will 

be the focus of this section. 

In order to model the AM-AM and AM-PM characteristics of an HPA, it is 

necessary to represent the data obtained from the characterization process in a continuous 

form. Such forms are typically mathematical models, which can be represented as graphs 

for illustration purposes. There are various models that have been used in the past, as well 

as some that are more recent. Each model varies in complexity and accuracy and each has 

been used for different purposes. In the following, we briefly describe some of the well 

known HPA models. 

2.3.1 Saleh's model 

In 1981, Adel A. M. Saleh created a method for modeling TWTAs [7]. This 

method was created to describe discrete readings obtained from one of the 

characterization processes. Saleh's model has become very popular because of its 

simplicity and because it can be used to model either the AM-AM and AM-PM 

characteristics or the in-phase and quadrature components. The model is still used today 

for many modeling purposes as well as a reference of comparison for newly developed 

models. 
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Saleh developed two simple formulas to model the AM-AM and AM-PM 

characteristics of a TWTA: 

1 + Pep 9 

where G(p) and <&(p) are, respectively, the AM-AM and AM-PM characteristics of the 

amplifier being modeled, with reference to p, the amplitude of the input waveform. The 

constants aa, f3a, a^ and fi^ are uniquely defined for each amplifier and are obtained by 

employing standard minimum mean-square-error curve fitting procedures on the data 

obtained in the characterization process. 

Saleh's model has proven to be accurate when modeling many TWTAs. It also 

provides a simple and quick method of modeling amplifiers by using the data collected 

when characterizing them. However, since SSPAs have different characteristics than 

TWTAs, this method might not always be a reliable one. 

2.3.2 Rapp's model 

The typical SSPA has a more linear behavior in the small signal region than a 

TWTA. For large inputs, the amplitude transfer function tends to a maximum limiting 

(2.8) 

(2.9) 
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Fig. 2.1 The AM-AM characteristic of Rapp's model for SSPA. 

value, produced by the current and voltage clipping. The AM-PM characteristic of the 

SSPA is assumed to be small enough, so that it can be neglected (O(p) = 0) [29]. In 

[29], Rapp developed a simple formula to model the AM-AM characteristics of an SSPA 

that is near identical to Cann's model [30]: 

G(p) = 
a p 

1 + mi 
i ' 

2 p \ 2 P 

p > 0 , (2.10) 
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where A0 > 0 is the limiting output amplitude, a > 0 is the small signal gain, and the 

smoothness of the transition from the linear region to the limiting region is controlled by 

the parameter p. The AM-AM characteristic of such a model for SSPA is shown in Fig. 

2.1, with A0 = a = 1. 

2.3.3 Polynomial model 

Polynomials have been used extensively to model HPAs in many applications. 

The polynomial model, sometimes referred to as a power series representation, creates a 

simple and highly effective technique for modeling HPAs. It is especially useful for HPA 

linearization purposes by means of predistortion. 

An HPA's AM-AM and AM-PM polynomial models can be expressed as power 

series representations of the following form: 

G(p) = a0 + axp + a2p
2 + a3p

3 + a4p
4 + a5p

5 H— (2-11) 

O(p) = b0 + blP + b2p
2 + b3p

3 + b4p
4 + b5p

5 + - (2.12) 

where at and fy, i = 0,1,2,..., are the coefficients of power series that relates the 

amplitude of the input waveform p to the AM-AM characteristic G (p) and the AM-PM 

characteristic OCp), respectively. 
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Equations (2.11) and (2.12) take on a general form that can be used to model any 

type of nonlinear behavior including that of HPAs [31, 32]. With the help of polynomial 

curve fitting tools, typically computer aided design (CAD) software, the appropriate 

values of the a and b coefficients can be found so that equations (2.11) and (2.12) best fit 

the data obtained from the characterization process. It should be noticed, however, that 

since (2.11) and (2.12) are infinite series, they must be truncated at some point in order 

for the CAD software to compute the algorithm. Customarily, this truncation is chosen 

with the aim of creating a polynomial of odd-order, typically of 3rd, 5th or 7th order. In 

general, a polynomial of larger order will produce a more accurate model of the HPA but 

will require more resources and processing power to compute. It is customary that both 

the AM-AM and AM-PM polynomial models are of the same order. 

The polynomial model creates an easy and quick method of modeling HPAs. It 

also provides the ability to achieve higher accuracy by choosing a higher-degree 

polynomial, or less complexity by choosing a lower-degree polynomial, according to 

design demands. 

2.3.4 PD-HPA model 

Predistortion can be defined, as the name implies, as the process of distorting the 

input signal prior to the HPA so that when the signal passes through the HPA, much of 

the nonlinearity introduced by the HPA is removed. This cascaded operation of the 
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predistorter (PD) and the HPA is termed PD-HPA. Predistortion could be adaptive to 

automatically cope with any time-variations of the HPA response due to temperature 

variations and aging. There are two basic types of predistortion techniques: data 

predistortion and analog signal predistortion at the intermediate frequency (IF) (or RF) 

stage of the transmitter [5]. Both types require accurate knowledge of the AM-AM and 

AM-PM characteristics of the HPA in order to precisely model the HPA. From such a 

model, one would be able to derive an inverse model for the predistorter, which when 

used in cascade with the HPA would create a more linear system. 

Based on the AM-AM and AM-PM characteristics of the HPA, data predistortion 

consists of appropriately modifying (distorting) the input signal constellation so as to 

obtain the desired constellation after the HPA nonlinearity [5]. Such a predistortion 

scheme was described by Saleh and Salz [6]. On the other hand, analog predistortion 

consists of placing a nonlinear circuit at the IF or the RF stage of the transmitter that 

attempts to perfectly match the inverse characteristics of the HPA response [5]. 

In order to view the operation of the PD-HPA, consider the input signal to the 

HPA that has the form 

x(t) = p{t) cos((oct + 0(t)) (2.13) 

where p(i) and 6(t) represent the instantaneous amplitude and phase of x(t) at a carrier 

frequency o>c, respectively. Then the output of the HPA can be written as 
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z(t) = G[p(t)] cos(o)ct + 0(t) + <t>[p(t)]) (2.14) 

where G[-] and 0[-] represent the AM-AM and AM-PM characteristics (also called phase 

insertion) of the HPA, respectively. In the same way, if x( t) was the input to the 

predistorter, the output of this would take the form 

y(t) = A[p(t)] cos(a>ct + 0(t) + *P[p(t)]) (2.15) 

where the amplitude and phase characteristic functions of the predistorter A[-] and VP[-] 

are created to eliminate all HPA nonlinearity and create a PD-HPA cascade of the form: 

v" Hmaxi H ^ Hmax 

<P[A(p)] = -V[p], (2.17) 

where pmax is the value of the input voltage at the saturation point of the HPA, a is the 

voltage gain of the PD-HPA cascade and the dependency on time has been dropped for 

simplicity. 

The above-mentioned PD-HPA creates a perfectly linear power gain and a zero 

phase insertion at the output of the HPA that represents the ideal predistortion. The block 

diagram of a typical PD-HPA, the AM-AM characteristics, and the AM-PM 
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characteristics are depicted in Fig. 2.2. In practice, however, due to physical limitations at 

the time of implementation, only an approximation of the ideal PD can be created. 
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Fig. 2.2 Block diagram of a typical PD-HPA, the AM-AM characteristics, and the AM-

PM characteristics. 

2.4 Baseband/passband nonlinearity 

It is convenient for the analysis of the nonlinear effects to introduce both the 

passband and baseband nonlinear models. The block diagram in Fig. 2.3 depicts the 

upconversion of the complex-valued baseband signal x(t) to the passband, the 
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amplification of the real-valued passband input x(t), and the down-conversion of the 

passband output y(t) into a complex-valued baseband signal y(t) [1]. 

x(t) 
<g) {RfB 

x(t) 
HPA 

y(£) 
LPF 

y(t) 

eju£t g-J^ct 

Fig. 2.3 Block diagram of a passband system. 

The real-valued passband input (modulated carrier) signal x(t) = Re{x(t)eJ0)ct}, 

where coc is the carrier frequency, is applied to a nonlinear circuit with a nonlinear gain 

characteristic, F[x(t)]. The nonlinear gain characteristic is assumed to be a bandpass 

nonlinearity containing no significant memory within the bandwidth of the modulation. 

Thus, the AM-AM and AM-PM nonlinearities respond instantaneously to amplitude 

changes from the modulated carrier signal. It is important to note that the AM-AM and 

AM-PM responses represent the transfer characteristic of the input to the desired output 

frequency. A complex power series expansion is used to model the instantaneous AM-

AM and AM-PM characteristics: 

y(t) = F[x(t)] = a^xit) + a3x
3(t) + a5x

5(t) + ••• + aNxN(t) 

a-D/2 

= £ a2l+1x
2l+Ht) 

1=0 

(2.18) 
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It can be shown [33] that the baseband equivalent model is 

y{€) = F[x(t)] = x(t) ^T «2n+i 1*001 

N 

2n 

n=0 

= ^ a 2 n + 1 x " + 1 ( t K n + 1 ( t ) (2.19) 
n=0 

where 

1 /2n + l\ 
i = 2Sr( n )^n+i (2-20) 

In general, the power series contains all powers of the input signal; however, as 

mentioned previously, the even order terms generate output components at frequencies 

distant apart from the signal bandwidth that can be eliminated by filtering. Further 

analysis for nonlinear amplifiers with memory can be found in [1] and [33]. 

2.5 Signaling systems under investigation 

CDMA and OFDM represent two of the most widely used signaling schemes 

nowadays. They appear to be most suited for the growing demands of larger capacity, 

higher data rates and quality of service, and robustness to multipath fading. 

Unfortunately, CDMA and OFDM signals exhibit large dynamic range making them 
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more susceptible to amplifier nonlinearity. In this dissertation, we investigate the effect of 

the amplifier nonlinearity on these signals. In the following subsections, we introduce a 

review of the basics of CDMA and OFDM systems. 

2.5.1 CDMA basics 

CDMA is a form of spread-spectrum (SS), a family of digital communication 

techniques that have been used in military applications for many years. The core principle 

of spread spectrum is the use of noise-like carrier waves, and, as the name implies, 

bandwidths much wider than that required for simple point-to-point communication at the 

same data rate. Originally there were two motivations: immunity to interference and 

jamming, or hiding the fact that communication was even taking place, sometimes called 

low probability of intercept. It has a history that goes back to the early days of World 

War II. The use of CDMA for civilian mobile radio applications was proposed 

theoretically in the late 1940's, but the practical application in the civilian marketplace 

did not take place until 40 years later. Commercial applications became possible because 

of two evolutionary developments. One was the availability of very low cost, high 

density digital integrated circuits, which reduce the size, weight, and cost of the 

subscriber stations to an acceptably low level. The other was the realization that optimal 

multiple access communication requires that all user stations regulate their transmitter 

powers to the lowest that will achieve adequate signal quality. In 1999, the international 

telecommunications union (ITU) selected direct-sequence CDMA (DS-CDMA) as the 
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industry standard for new 3G wireless systems. The eventual 3G evolution for 2G 

cdmaOne systems led to cdma2000, while the eventual 3G evolution for 2G Global 

System for Mobile (GSM) and Interim Standard 136 (IS-136) systems led to wideband 

CDMA (W-CDMA), also called universal mobile telecommunications services (UMTS). 

Nevertheless in satellite systems, several personal communication systems (PCSs) based 

on low-earth orbiting (LEO) and medium-earth orbiting (MEO) satellite constellations 

have selected DS-CDMA as the access scheme. DS-CDMA is selected for these systems 

because of its noteworthy low-power flux density emission, time-domain signal 

discrimination, and interference resilience [34]. 

CDMA systems are multiuser communication systems in which a large number of 

users share a common communication channel to transmit information to a receiver. The 

common channel may be an uplink (reverse) channel from user station to the base station 

or a downlink (forward) channel from base station to the user(s) station. In CDMA, each 

user is assigned a distinct spreading waveform, which allows the corresponding user's 

receiver to demodulate the transmitted message among multiple users transmitting 

simultaneously. Generally, in the uplink, the presence of nonlinear devices at the 

transmitter represents a minor issue. On the contrary, in the downlink, the sum of many 

components coming from different synchronous or asynchronous users forms a signal 

with a large dynamic range, which could be severely distorted by the nonlinear 

characteristics of the HPA. In this dissertation, we are interested in investigating the 

effects of nonlinear distortion due to HPA; hence, we shall focus on the downlink system. 
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2.5.1.1 Transmitter system 

In a CDMA1 system with K active users, the signal component relative to the Ath 

user can be expressed by 

sk{t) = 4TkYj <g\v>{t-nT-T<n) (2.21) 

where Ek is the kth user's signal energy per symbol, T is the symbol duration, and { T ^ } 

are the transmission delays, which satisfy the condition 0 < T ^ < T for all k. In case of 

synchronous transmission, T ^ = 0 for all k. a„ are the kth user's symbol data in the 

«th symbol duration. The block diagram of the downlink CDMA transmitter system is 

depicted in Fig. 2.4. 

,(D 
User 1 ®—{E§ 

S l ( t ) 
- ( i ) 

r(D 1 • 

0 
(*) 

User K— * 0 {HO %(t) 
-(JO 

s(t) 

JK) 

Fig. 2.4 Downlink CDMA transmitter system. 

We henceforth use the acronyms CDMA and DS-CDMA interchangeably 
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In (2.21), 

L - l 

; W ( t ) = ^ c f f c ) / i ( t - i r c ) (2.22) 
1=0 

is the spreading waveform obtained with the spreading code c^ = [CQ , . . . .c^JJ and 

with cross correlations P £ ; ( T ) = J0 c w ( t ) c ^ ( t — r)dt , L is the spreading factor 

(number of chips per symbol), Tc = T/L is the chip duration, and h(t) is the impulse 

response of the transmit pulse shaping filter. Without loss of generality, the spreading 

waveforms are assumed to have unit energy, i.e., 

T 

f [cW(t)]2dt = 1. (2.23) 
Jo 

The composite transmitted CDMA signal is defined as [35, 36] 

s(t) = ^ sk(jt) 
k=l 

= Z ^ Z a"k ) c ( k )( t -nr - r ( f c ) ) - ^2-24) 
k = l n=-oo 
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2.5.1.2 Receiver system 

In synchronous transmission, each user produces exactly one symbol that 

interferes with the desired &th user symbol. Therefore, it is sufficient to consider only one 

signaling interval, that is 

K 

s(t) - V V^aJk)c(k)(t), 0 < t < T. (2.25) 
k = l 

In asynchronous transmission, there are exactly two consecutive symbols from 

each user that overlap a desired kth user symbol [36]. Therefore, it is convenient to 

consider the transmission of a block of symbols of some arbitrary length N, that is 

K N 

s(t) = V V^fcY a^cw(t -nT- T « ) . (2.26) 
fc=l n = l 

The transmitted signal is assumed to be corrupted by AWGN w(t) with PSD of N0/2. 

Hence, the received signal will have the form 

u(t) = s(t) + w(t). (2.27) 

In the following, we briefly discuss two types of receivers: the well known 

theoretical optimum receiver and the widely used sub-optimum decorrelating receiver. 

Further details can be found in [36, 37]. 
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Optimum receiver 

The optimum receiver selects the sequence of symbols {a^\l<k<K) for 

synchronous transmission, or for asynchronous 

transmission, that minimizes the log-likelihood function 

A(a)= f\u(t) - s(t)f'dt (2.28) 

where D(t) = {£: 0 < t < T) and D(t) = {t: 0 < t < (JV + 2)7} are the domain of 

integration for synchronous and asynchronous transmission, respectively. As it 

sufficiently serves the goal of this dissertation, we shall consider the case of synchronous 

transmission, where the log-likelihood function can be expressed in the form of 

correlation metrics as [36; p. 907, 37; p. 162] 

K K K 

C(u<*>, a») = 2 £ jE^aPuM - £ £ V W ^ ^ V W (2-29) 
fc=i y=ifc=i 

where 

u(k) = [ u(t) c (k)(t)dt, 1 < k < K, (2.30) 
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nW = yr1a?-jrKa^. (2.31) 

and 

on GO (i) 1,(2) ... , .00 = [ u « u u<*>]\ (2.32) 

Therefore, the optimum receiver for synchronous transmission consists of a bank 

of K correlators or K filters matched to the spreading waveform c^k\t) followed by a 

detector, which selects the sequence that has the maximum among 2K correlation metrics 

corresponding to the 2K possible transmitted information sequences. The block diagram 

of the optimum receiver is illustrated in Fig. 2.5. 
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Fig. 2.5 Optimum receiver for synchronous transmission. [36] 
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Such an optimum receiver for K CDMA users is very difficult to implement in 

practice because of its high computational complexity that grows exponentially with K. 

Suboptimum receivers 

In order to counteract the computational complexity in optimum receivers, 

suboptimum receivers whose computational complexities grow linearly with the number 

of users, K, were introduced. Consider the conventional single-user detection in which 

each user's receiver consists of a demodulator that correlates (matched-filters) the 

received signal with the corresponding spreading waveform. The correlator output is 

passed to the detector to make a decision. For synchronous transmission, the correlator 

output for the Ath user in the interval 0 < t < T is 

u ( k )= tu(t)cM(t)dt 

n. 

= 4Tka^ +Ya^i ai)p*(0) + w™ (2'33) 

j*k 

,00 ;, where w\ is the noise component with variance o^ = N0/2, is given by 

T 

WW = j w(t)cw(t)dt. (2.34) 
Jo 
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The middle term in (2.33) represents the interference from other users on the Ath 

user. This term clearly vanishes if the spreading waveforms are orthogonal, otherwise this 

interference can be excessive, especially if one or more of the other users have 

significantly larger power than that of the Ath user. This situation is called the near-far 

problem in multiuser communications, which necessitates some type of power control 

[36]. In asynchronous transmission, other user's interference is unavoidable even with 

orthogonal spreading waveforms. This is because orthogonality cannot be achieved for all 

time offsets. Consequently, the near-far problem resulting from unequal powers of other 

users' signals is particularly serious. 

Another type of suboptimum receivers that has been widely used is the 

decorrelating receiver, which also has a linear computational complexity. The advantage 

of the decorrelating receiver is that the multiuser interference has been eliminated. For 

synchronous transmission, the output of the £ matched filters is 

u W = Rs a w + n « (2.35) 

where Rs is the correlation matrix with elements pŷ O) and im^ 

rij n\ ••• n[ is the noise vector with a covariance 

>n N, 
E {m(Jf)m(lf)7'} = y l s = 4 Rs. (2.36) 
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Consequently, because the noise is Gaussian, u^ is described by a ^-dimensional 

Gaussian pdf with mean IRLS a ^ and covariance Rs. That is 

ffmOQ)=
 X p y p f - J - A ^ W ) ) (2.37) 

where 

A ( a w ) = [ i ® - R s a W f R j ' K * ) - R s a » ] . (2.38) 

The best linear estimate of a w is sr^ = Rs
 1nn(K) that minimizes A ( a w ) . Ultimately, 

(k) 
the detected symbols are determined by taking the sign of each element of fflg , i.e., 

a w = sgn (aj*}). (2.39) m 

the block diagram of the decorrelating receiver is depicted in Fig. 2.6. 
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Fig. 2.6 Decorrelating receiver [36] 

OFDM is a special case of multicarrier transmission, which uses parallel data 

transmission and frequency division multiplexing (FDM). Such a concept dates back to 

the mid 1960's, when Chang published a paper on the synthesis of bandlimited signals 

for multichannel transmission [38]. He presents a principle for transmitting messages 

simultaneously through a linear bandlimited channel without interchannel interference 

(ICI) and ISI. A major contribution to OFDM was presented in 1971 by Weinstein and 

Ebert [39], who used the discrete Fourier transform (DFT) to perform baseband 

modulation and demodulation instead of the banks of subcarrier oscillators. To combat 
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ISI and ICI, they used both a guard space between the symbols and raised cosine 

windowing in the time domain. Another important contribution was due to Peled and 

Ruiz in 1980 [40], who introduced the cyclic prefix (CP) to ensure perfect orthogonality. 

Instead of using an empty guard space, they filled the guard space with a cyclic extension 

of the OFDM symbol. 

Nowadays, OFDM has become a key element of many modern communication 

systems since it fits with the increased and continuous demands of higher data rates, 

quality of service, and capacity. Additionally, it is spectral efficient and robust against 

multipath fading. Accordingly, OFDM has been selected for many applications such as: 

cable access networks (asymmetric digital subscriber line (ADSL), high bit rate digital 

subscriber line (HDSL)), digital audio/video broadcasting (DAB/DVB), wireless local 

area networks (LANs) (802.11, high performance radio LAN (HiperLAN)), worldwide 

interoperability for microwave access (WiMAX, 802.16) [41, 42, 43]. In the following, 

we briefly shed light on the basic concepts of the OFDM system. 

2.5.2.1 Transmitter system 

Let Ak, k = 1,..., N denote the complex symbols to be transmitted by an OFDM 

system. At the OFDM transmitter, the serial bit stream with a high rate R is split into N 

parallel substreams, k = 1, ...,N, each transmitting at a lower bit rate of R/N. After 
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symbol mapping, the set of N parallel complex symbols {Ak} modulate N subcarrier 

waveforms, when summed results in the following OFDM block (frame) [41, 44] 

N 

s(t) = ^ A k < p k ( t ) , 0 < t < 7\ (2.41) 
fc=l 

where T is the symbol duration and (pk(t) is the subcarrier waveform given by 

*<0 = \ei2""it-T'} °* ' f • (2.42) 
I 0, otherwise 

where fk = kAf, A/ is the subcarrier spacing, and Tg is the guard time. To guarantee that 

the OFDM signal can be demodulated properly by the receiver, the orthogonality 

condition must be satisfied. The orthogonality condition is A/ = 1/Te with Te is the 

effective symbol time Te = T — Tg, where it can be shown that 

j f VktotfMdt = i Jr
c*«(/*-/«)(t-r,)dt 

l rT 

j2n(k-lWTg ± I eJ2n(k-l)Aftdt 

TJn 

= eJ2n0c-°*fT95[k - l], (2.43) 

where S[k — I] is the delta function defined as 
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L to, otherwise' ' 

With N subcarriers, the total system bandwidth is B = NAf. The guard time Tg is 

usually filled with a copy of the symbol tail end to eliminate ICI, which is referred to as 

cyclic prefix. It is worth mentioning that in many OFDM systems with a large number of 

subcarriers, pulse shaping is not usually employed, since the PSD of the band-limited 

OFDM signal is approximately rectangular [21, 45]. 

It has been shown that the process of OFDM modulation can be realized via 

inverse DFT (IDFT), usually implemented by the inverse fast Fourier transform (IFFT). 

By sampling the OFDM symbol of (2.41) at an interval T/N, the sampled OFDM symbol 

becomes 

N 
1 ^ - i jlnnk 

Sn = s{t)\t n r = ^ 2 / f c e N 

k=\ 

= IDFTfA), n=l,...,N. (2.45) 

The block diagrams of the baseband OFDM transmitter and its discrete model 

using IFFT are illustrated in Fig. 2.7 and Fig. 2.8, respectively, where 

h(t) in Fig. 2.8 represents the waveform adopted for digital to analog conversion and its 

frequency response is / / ( / ) . 
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{Ak} 

VN(P) 

Fig. 2.7 Baseband block diagram of the OFDM transmitter [41]. 
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Fig. 2.8 Baseband block diagram of the OFDM transmitter using IFFT [41, 44]. 
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2.5.2.2 Receiver system 

At the receiver, the OFDM signal perturbed by a zero-mean AWGN w(t), as 

expressed by u(t) = s(t) + w(t) is filtered by the receiver filter g(t), whose frequency 

response is G(f). The filtered signal v(t) is sampled at instants nT, obtaining vn = sn + 

wn. The sampled sequence is processed, frame by frame, by the FFT block giving 

Z j2nnk 
vn e—T- = Ak + Wk, (2.46) 

71=1 

where 

N 
j2nnk 

wk • Z j2nnk 
wne N . (2.47) 

n = l 

The discrete model of the baseband OFDM transmitter using FFT is illustrated in 

Fig. 2.9. 
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Fig. 2.9 Baseband block diagram of the OFDM receiver using FFT [41, 44]. 



Chapter 3 

ANALYSIS OF NONLINEAR DISTORTION EFFECTS 

ON BER PERFORMANCE 

Bit error rate (BER) is one of the most desirable performance merits in wireless 

communication systems. Signals characterized by large dynamic range, when 

passed through an HPA, results in distortion for components falling in the highly 

nonlinear regions of the HPA characteristics, leading to degradation in the system BER. 

In this chapter, we analyze the BER performance to explore which characteristics of the 

input signal to the HPA, in relation to the HPA characteristics, contribute to BER 

degradation. 

Two signal types that are widely used in modern communications systems, 

because of their many advantages, are investigated; CDMA and OFDM. Unfortunately, 

such signals typically exhibit large dynamic range, which makes them more susceptible 

to nonlinear distortion due to an HPA. In our analysis, we consider the AWGN as the 

channel impairment, where such an assumption sufficiently serves the goal of the 

dissertation. Also, the PD-HPA pair is considered as the nonlinear amplifier, which 

represents the most cost-effective technique among many HPA linearization techniques 

[46, 47] and has become a common practice in wireless communication to compensate 

for nonlinear distortion due to an HPA [5]. The PD-HPA has an AM-AM characteristic 

46 
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that is linear up to the HPA saturation level £, after which the output signal is clipped, 

and a zero AM-PM characteristic [48], that is 

*C0 = *[*)] = {*> ' * * > * < 

d>[r(t)] = 0 (3.1) 

where r(t) = |s(t)l is the signal envelope input to the PD-HPA. 

In the analysis, we investigate the SNR including the nonlinear distortion noise at 

the receiver input, since it represents the pivoting parameter in the BER performance of 

all types of receivers depending on the adopted modulation format. That is 

BER = /(modulation, SNR). (3.2) 

Table 3.1 summarizes the BER performances of some of the most common 

modulation formats as functions of the SNR per bit and the number of modulation levels 

M [36, 49], in terms of the Q function that represents the area under the tail of the 

Gaussian probability density function (pdf), i.e., 

1 f00 f-u2\ Q(X) = ^LeXP{~)dU- (3'3) 
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Table 3.1 BER performance of different modulation formats. 

BER 

<2(VSNR) 

<3(VSNR) 

2 Q (VSNR • sin ( j ) ) 

(M - 1) Q (VSNR/2J 

0.5 exp(-SNR) 

0.5(M-l)exp(-SNR/2) 

<?(V2SNR.sin(£)) 

logt^1
 ^(IM-I™*) 

Modulation format 

Coherent BPSK 

Coherent QPSK 

Coherent MPSK 

Coherent MFSK 

Non-coherent DPSK 

Non-coherent MFSK 

Non-coherent MPSK 

Coherent MQAM 

3.1 BER performance analysis for CDMA signals 

Consider the synchronous transmission of the CDMA signal in (2.25), where 

users' signals have equal power and the symbols a„ are assumed equiprobable, 

statistically independent identically distributed (i.i.d.) with zero mean and variance of 

£,{lan'C)|2}- A l so> symbols a^ } £ {Xi)i=i M, where Xi E {±«i ±JPi) with a£,ft 6 R. In 

our analysis, we consider QPSK modulation with ^ 6 {+1 ± /} /VP and 16QAM with 

Xi e {±1 ±j, ± 1 ±j3, ± 3 ±j, ± 3 ±;'3}/VP, where P = 2(M - l ) / 3 . Extensions to 
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other modulation formats are straightforward. Therefore, the CDMA signal s(t) in (2.24) 

for one symbol duration can have the form 

?(0 = y V^ank)c(fc)(t) , (n - l ) r < t < nT 
fc=l 

= x(t) + jy(t) = r(t)eye ( t ) , (3.4) 

where r(i) = |s(t)l = yjx2(t) +y 2 ( t ) and 9{t) = z s(t) are the envelope and phase of 

s(t), respectively. 

For large number of users and assuming the pulse shaping filter corresponds to a 

square root raised cosine (SRRC) filter with small roll-off factor, x(t) and y(t) can be 

regarded as two uncorrected zero-mean Gaussian random processes with equal 

variances, a2 = o~y, because of the Central Limit Theorem (CLT) [35, 50]. Consequently, 

s(t) can be regarded as a band-limited zero-mean complex Gaussian process with 

variance 

a} = 2al = Es £ E{\a^\2} = KES , (3.5) 
k = i 

since \c\ \ — 1, and its envelope r(t) has a quasi-Rayleigh distribution [50], whose pdf 

is given by 
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2 

'X 

/ r ( r ) = — e x p ( - — ) , r > 0 (3.6) 

with mean \ir = -Jn a£/2 and variance a? = (4 — n) cr^/2 [36]. 

In presence of the PD-HPA, whose characteristics are given in (3.1), its output 

can be expressed as [48] 

sd(t) = rd(t) eK<KO+*[rCt)]) 

= ( r ( t ) ~ r c ( t ) ) e ; ' e ( t ) 

= s(t) - sc(t), (3.7) 

where sc(t) = r c ( t ) e ; e ^ is the signal portion that is clipped from the input signal s(t) 

by the PD-HPA, E{sc(t)} = 0, and its envelope rc(t) has the form 

rc{t) = r{t)-rd(t) 

l r( t)-C. r(t)>C W 

Examples of the input signal envelope r(t) to the PD-HPA, the corresponding 

envelope of the output signal rd(t) of the PD-HPA, and the envelope of the clipped 

signal portion rc(t) are shown in Fig. 3.1(a), Fig. 3.1(b), and Fig. 3.1(c), respectively. 
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r(t) 
• 

C 

PD-HPA 

/ \ 

<r lit) 

rd(t) = r(.t)-rc(t) 

Fig. 3.1 PD-HPA transfer function, (a) envelope of the input signal to PD-HPA r(t), (b) 

envelope of the corresponding output signal rd(t) from PD-HPA, and (c) envelope of the 

clipped signal portion rc(t). 

Using the Bussgang theorem extension for a complex Gaussian input to a 

memoryless nonlinear device, the output of the PD-HPA can be represented as the sum of 

two uncorrelated components: a scaled linear component and a nonlinear component, 

n( t) , [35, 50, 51, 52], that is 
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sd(t) = a0s(t) + n(t) (3.9) 

where E{n{t)} = 0, E{s(t)n*(t + T)} = 0, V t,T, and a0 is the linear gain of the 

amplifier given by 

£{^(Qs(t)} = g{rd(Qr(£)} 
ff° £{|s(t)|2} £{r2(t)} 

= ^ ( | r 2 / r(r)dr + ( J r/ r(r)di 

= i- e xp(-S)4JS e r f c(fei- (3-io> 

Consequently, the variance of the distorted output signal sd(t) is given by 

al = \a0\
2aj + al (3.11) 

where <r̂  is the variance of the nonlinear component n(t). As far as s(t) is considered as 

a zero-mean complex Gaussian process and using the transfer function of the considered 

nonlinear PD-HPA in (3.1), the variance of the distorted output signal ad can be 

calculated as 

r2 — c f l c r<A|2l — cfr.2 °l = E{\sd(t)\
2} = £-{r|(t)} 
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= f r2fr(r)dr+ \ ?fr(r)dr 
Jo J$ 

2 o - j ( l - e x p ( - ^ j 

_£2 

2a? 
ai 1 - e x p \-i-r . (3.12) 

At the Ath user's receiver, complex zero-mean AWGN w(fc) with power spectral 

density of N0/2 is introduced and the received signal is expressed as 

" ( 0 = s d( t ) + w(t) 

= a0s(t) + n(t) + w(t). (3.13) 

Assuming perfect synchronization, after coherent demodulation and phase 

recovery, the received signal is match-filtered with the Ath user's spreading waveform 

c ^ ( £ ) and passed to the detector. Thus, for the signal in the interval (n — 1)T < t < nT, 

the input to the detector of the kXh user, with setting n = 1 without loss of generality, is 

given by 

rT 

u[k) = udt)cw(t)dt 
Jo 

= aQ(s[k) + MAl) + n[k) + w[k\ (3.14) 

file:///-i-r
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where 

s[k) = JE~S a[k) f[c«\t)]2dt = JFS a[k) (3.15) 

and 

K rp 

= YV^a1
0)f c^Xt)c^(t)dt MAI 

j*k 

= ^jE~saMpJk(0) (3.16) 

is the multiple access interference (MAI) component due to users j =£ k, which vanishes 

for CDMA with orthogonal codes. For nonorthogonal CDMA, MAI can be assumed a 

Gaussian distributed random variable when the number of users K and spreading factor L 

are sufficiently large [35]. The variance of the MAI for synchronous CDMA can be 

easily evaluated [53, 54], leading to 

ojK-1 

°mi=Y—K— ( 3 ' 1 7 ) 

In (3.14), 

n[k) = [ n(t)c(fe)(t)dt (3.18) 
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is the nonlinear component due to the nonlinear device and 

T 

wf = f w(t)c(k\t)dt (3.19) 
•'o 

is the additive Gaussian noise component with variance o^ = E{\n[ |2} = 

OVQ/2) fQ[c^\t)]2dt = NQ/2 [36, eq. (15.3-29)]. 

Evaluating the BER in the case of an optimum receiver is extremely difficult and 

tedious. Hence, in the presence of AWGN only, the BER for a single-user receiver in the 

absence of other users in the channel can be used as a lower bound, where the SNR per 

bit in this case is given by 

2Eb 
SNRfc = - A (3.20) 

'Vfl 

where Eb is the kth user's signal energy per bit. The BER for a suboptimum receiver can 

be used as an upper bound [36]. In our analysis, we adopt one of the well known 

suboptimum receivers; the decorrelating receiver, where the other-user interference is 

completely eliminated at the expense of noise enhancement [36, 51]. For the 

decorrelating receiver, in presence of AWGN only (without nonlinearity), the SNRfc at 

the Ath user's receiver is given by [36, eq. (15.3-67)] 

a}k/\og2M 2Eb 
S N R f c = S N R A W G N , f c = S'fc/

 2 = —f (3.21) 
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where SNRA W GN
 ls the SNR per bit due to the AWGN only and sk = (IRJ1)*^ ^ 1 is the 

noise enhancement factor introduced by the decorrelating receiver [36], where Rs is the 

correlation matrix with elements p;-jc(0) = / c^l\t)c^\t)dt. Clearly, for orthogonal 

CDMA systems, sk = 1 since Es becomes an identity matrix. 

In the presence of a nonlinear amplifier, the nonlinear distortion noise component 

(k} (k) 

n{ and the AWGN component w^ in (3.14) are two uncorrelated noise contributions 

that distort the received symbols. For large K and consequently large L, the nonlinear 

distortion noise n\ can be modeled as a zero-mean Gaussian random process, because 

of the CLT [35, 51, 52], with variance 

= if{|n«>|2}|r[c<*)(t)]2dt = ^ . (3.22) 

In this sense, the distortion affects the constellation mapping, in the same way as 

the Gaussian noise term. As a consequence, the system performance of a CDMA system 

can be derived, making use of the same relation used for AWGN channels but with 

redefining the SNR at the detector input taking into account the nonlinear distortion noise 

contribution. The nonlinear distortion noise is uncorrelated with the thermal noise; they 

can be added in power and therefore, the SNR at the kth detector input can be defined as 
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CMD CMD K l 2 ^Ifc/lOgzM 
SNRk = SNRNLfe = —= 5— 

l«o|2^ b 

^ O ^ + ffw/loS2 W) 

l«o|2^ i> 

£k\aw + \og2M) 

\<*o\2Eb 

f f c T + Llogk
2M (^- | ao |2f f | ) 

(3.23) 

Let us define two important characteristics of the input signal in relation to the 

PD-HPA. First, the threshold exceeding rate RE is defined as the total time intervals 

where the signal exceeds the PD-HPA threshold, or equivalently the probability that the 

signal exceeds the threshold £, as 

/.00 

RE = P(r>0 = j fr(r)dr 

T-2 

'x 
e x p ( ~ J . (3.24) 

Second, the variance of the signal portion that exceeds the PD-HPA threshold sc(t), or 

equivalently the variance of the clipped signal portion a^, which is given as 
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el = E{\sc(t)\
2} 

r00 

= J (r-02fr(.r)dr 

2o~x exp I — 2o-2 -V2^|Cerfc(-7==Y (3.25) 

Rearranging (3.24) and (3.25), and substituting in (3.10) and (3.12), respectively, gives 

RE at 

«o = l - ^ - - T T I ' (3-26) 
2 2(7/ 

ad
2 = a s

2 ( l " ^ ) . (3.27) 

Substituting (3.26) and (3.27) in the SNR of (3.23), we obtain 

(1 - RE/2 - a2
cl2alYEb 

SNR„,* = NL.fc - 717, £ * f + n ^ A ^ ' C l - ^ - (1 - /?E/2 - <r2/2a2)2) 

1 (2 - /?E - ollalYEb 

.1 (2 - Rg - gc
2/g2)2 

4(SNRAWGN,k)
_1 + fa(ai/*? ~f(KE + *c

2Atf)2)' 
(3.28) 
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It is concluded from (3.28) that the effect of the nonlinear distortion caused by the 

amplifier can be represented by the signal characteristics RE and a^. This new 

characterization opens new avenues to minimize the nonlinear distortion via controlling 

such characteristics as will be demonstrated later. 

3.1.1 Analysis validations and interpretations 

It is more convenient in the context of this dissertation to relate the signal 

parameters to the IBO level instead of the threshold £. Such a relation allows the system 

operator to determine the appropriate IBO level required to work at, according to the 

design demands. The IBO is defined as the ratio of the input power at which the HPA 

start to saturate, Psat, to the signal average power Pav. For the considered PD-HPA, the 

IBO y is defined as 

Y = j r =?/*? = <2/2al (3.29) 

Hence, the parameters a0,a^,RE, and a^ are, respectively, expressed as 

1 
a0 = 1 - exp(-y) + -Jny erfc (^7), (3.30) 

ffj = o-s
2(l-exp(-y)), (3.31) 

RE = exp(-y), (3.32) 
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and 

o"c = °s2 (exp(-y) - Jny erfc(y7)) . (3.33) 

To verify the analytic expressions of a0, a\, RE, and a}, 8, 16, and 64-user 

CDMA signals filtered using an SRRC filter with Walsh codes of length L = 64 are 

simulated. The signals are normalized such that a} — 1. RE, a^, a0, and a\ are measured 

for the simulated signals at different IBO levels and compared against the analytic 

expressions in (3.30), (3.31), (3.32), and (3.33), respectively. The relations of such 

factors versus IBO are shown in Fig. 3.2, where the agreement between the analytic 

curves and simulated points confirms the accuracy of the developed analytic expressions 

and the assumptions taken during their derivations for K > 8. 

3 4 
7(dB) 

Fig. 3.2 Analytic and simulated plots of Rg, a^, a0, and <rj versus IBO levels. 
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In order to visualize the impact of the CDMA signal characteristics RE and er2 on 

the system performance, the SNR in (3.28) is computed at SNRAWGNfc of 5 dB and 

plotted against RE and CT<? in Fig. 3.3. Computations are done at different IBO levels 

ranging from 0 dB up to the level that passes almost all of the signal without clipping, 

i.e., RE = a* = 0. From (3.28) and Fig. 3.3, it is clear that RE and <rc
2 represent the main 

contributors to the system performance in presence of the nonlinear distortion due to the 

PD-HPA; as RE and erc
2 increase, the overall SNR, SNRNLJJ, decreases. 

3 

in 

2.4e-4 0.003 

cr2(r) 
0.091 0.366 

Rp(y) 

Fig. 3.3 SNRNL.fe versus RE and o} at SNRAWGNk = 5 dB. 
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Finally, the BER performance using the expressions in Table 3.2 for the 

considered QPSK and 16QAM modulations are, respectively, given by 

, 1 (2-RE- a-c
2/a-s

2)2 

BERNLfcLocl, = Q\- - r -^-^ (3.34) 
' lQPSK * 2 l(SNRAWGN,fc)

_1 + &{*}/*} -%RE + o}/a}y)i 

and 

i (2 - RE - a}/a}Y 
BERNLkLAM = T Q | « I p ^ - ^ 1.(3.35) 

The importance of such a BER expression is that it is formulated based on the 

signal characteristics in relation to the PD-HPA characteristics. Accordingly, knowing 

such signal characteristics provides an efficient tool that gives potential insight into the 

effects of nonlinear distortion before the signal even hits the amplifier. Moreover, these 

characteristics can be adopted as key features in several techniques in the literature; such 

as precoding, SLM, or PTS, where the input signal to the HPA is modified to have the 

minimum of these characteristics as will be demonstrated later in Chapters 5 and 6. Thus, 

an improved performance of the system is expected. 

The "apparent" SNR per bit measured at the Ath receiver input is the ratio of the 

power of the transmitted signal including nonlinearity, o\k — |a0|
2crs

2
fc + <r2

fc, to the 

noise power o^, that is 
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app log2 M alf log2 M Ua. 

2 ^ ( 1 - ^ ) 2£b | app 

Wn Nn 

(3.36) 

where 

^ lap P = ^ ( l - ^ ) (3-37) 

and the relation between SNRfc|app and SNRAWGN,kis given by 

SNRNL,fc|app = SNRAWGN,fc(l - RE). (3.38) 

The derived BER expressions in (3.34) and (3.35) are computed and compared 

against the BER measured for simulated 64-user CDMA signals with Walsh codes of 

length L = 64. Two modulation formats are considered in the validation of the derived 

BER performance: QPSK and 16QAM. The measured BER presented in this section 

represent the average BER of 100 frames. Each frame consists in 10,000 random data 

symbols. Fig. 3.4 and Fig. 3.5 show the BER curves versus Eb\app/N0, where it is evident 

that good agreement exists between the analytic curves and the measured points for all 

IBO levels. 
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E
b\J

No W> 
Fig. 3.4 Comparison of the analytic BER performance against measured BER from 

simulations for QPSK 64-user CDMA signal at different IBOs. 

0 2 4 6 8 10 12 14 16 IS 20 

Fig. 3.5 Comparison of the analytic BER performance against measured BER from 

simulations for 16QAM 64-user CDMA signal at different IBOs. 
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It is also worth mentioning the impact of the ratio of the number of users to the 

spreading factor (K/L) on the BER performance. Fig. 3.6 shows the BER performance 

for a 64-user CDMA signal modulated using QPSK modulation at IBO of 2 dB and 

spreading factors of L = 64, 128, and 256, where it is clear that the lower this ratio the 

better the performance. Such an interpretation is also consistent with the findings 

reported in [50]. 

0 2 4 6 8 10 12 14 

W'vo (dB) 

Fig. 3.6 Effect of the ratio K/L on the BER performance of a 64-CDMA signal at IBO 

Y = 2 dB. 
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3.2 B E R performance analysis for O F D M signals 

Since it does not impact the goal of the analysis approach in this dissertation, the 

effect of the guard interval required to alleviate the ISI is not considered for brevity. 

Consider the OFDM signal in (2.41), where the complex data symbols Ak are assumed 

equiprobable, i.i.d. with zero mean and variance of £'{|i4fe|
2}. Also, symbols Ak G 

{Xiii=i M, where Xi £ {±1 i.j}/yf2 assuming QPSK modulation. Therefore, the OFDM 

signal s(t) can be expressed as 

5 ( 0 = ^ 2 / ^ " ' o < t < r 
fc=i 

= *(t) + jy(i) = r ( t ) e ; e ( t ) , (3.39) 

where r(t) = \s(t)\ = A/x2(t) + y2(t) and 6{i) = /. s(t) are the envelope and phase of 

s( t ) , respectively. 

In order to proceed in the theoretical analysis of OFDM signals, some 

assumptions are necessary. It is assumed that the baseband OFDM signal of (3.39) 

converges to a complex Gaussian random process for large number of subcarrier N. Such 

an assumption can be justified as follows. At any given time instant, the two signal 

components x(t) and y(t) are given by the sum of i.i.d. zero mean random variables, 

therefore, x(i) and y(t) can be regarded as two uncorrected zero-mean Gaussian 
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random processes with equal variances, o% = Oy because of the Central Limit Theorem 

[21, 44]. Consequently, s( t ) can be regarded as a zero-mean complex Gaussian process 

with variance 

N 

a} = 2o-l = § i ^ E{\Ak\
2} = ^ , (3.40) 

fc=i 

and its envelope r(t) has a quasi-Rayleigh distribution, whose pdf is given in (3.6). 

In presence of the PD-HPA, whose characteristics are given in (3.1), its output 

can be expressed as 

sd(t) = s(t) - sc(t) = rd(c) e ^ \ (3.41) 

where sc(jt) = r c ( t ) e ; 0 ( ^ is the signal portion that is clipped from the input signal s(t) 

by the PD-HPA and E{sc(t)} = 0. 

It is clear that the OFDM signal has a similar statistical characterization to that of 

the CDMA signal, provided that the number of users and subcarriers are large. In turn, we 

can apply the same analysis approach pursued for the CDMA signals to OFDM signals. 

Since the OFDM signal s(t) has been modeled as a zero-mean Gaussian process, we can 

invoke the complex extension of the Bussgang Theorem in order to express the HPA 

output as the sum of two uncorrected components: a scaled linear component and a 

nonlinear component, n(t), [35, 50, 51, 52], that is 
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s d ( 0 = «o s( t) + n(t) (3.42) 

where E{n(t)} = 0, £"{s(t)n*(t + T)} = 0, V t ,r , and a0 is the linear gain given by 

(3.10). Consequently, the variance of the distorted output signal sd(t) is given by 

<rJ = |aol2o-5 +ffn. (3.43) 

where o% is the variance of the nonlinear component n( t) . The variance of the distorted 

output signal trj for the zero-mean complex Gaussian process s(t) can be expressed as 

aJ = a / ( l - e x p ( - J l ) ) . (3.44) 

At the receiver, the signal is perturbed by a complex zero-mean AWGN w(t) 

with power spectral density ofN0/2, as expressed by 

" ( 0 = sd(t) + w(t) = a0s(t) + n{t) + w(t). (3.45) 

The received signal u(t) is filtered by the receiver filter g(t), which is assumed 

to be matched to the transmitter filter h(t), i.e., G(/) = H*(f)/T. A practical example to 

ensure the time invariability of a0 is the use of a raised-cosine functions with small roll-

off factor a, i.e., / / ( / ) G ( / ) = CG(f). The filtered signal v(t) is sampled at instants nT, 

giving 

vn = a0sn + nn + wn. (3.46) 
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The sampled sequence after the FFT block is given by 

Vk = a0JTsAk + Nk + Wk, (3.47) 

where 

jlnnk 

w, ' Z jznriK 
wn e N (3.48) 

n = l 

is the additive Gaussian noise component with variance a^ = No~w = N N0/2 and 

N 
j2itnk 

Nk ' Z j2nnk 
nne N (3.49) 

n = l 

is the nonlinear component due to the nonlinear device, which represents the sum of N 

uncorrected random variables. Therefore, for large N, Nk can be assumed to be complex 

Gaussian because of the central limit theorem and its variance is given by a^ = No^. 

Consequently, in presence of AWGN only (without nonlinearity), the SNR per bit at the 

decision device input is given by 

E.l log2 M 2Eb 
SNR = SNRAWGN = 2

62 = Trrp (3.50) 

The SNR per bit in presence of both nonlinear distortion and AWGN at the input of the 

decision device can be evaluated as (see (3.43)) 
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CMD CUD |«0 |2£ s / log2M \a0\
2Eb 

SNR = SNRNL = —5 5— — = —rr 
< + <tf/loga M NN± + yVanVlog2 M 

l«o|2gb 

^ T + b g T M ^ - ^ l 2 ^ 2 ) ' 

Substituting (3.26) and (3.27) in (3.51), we obtain 

(1 - RE/2 - GlllalYEb 
SNRNI = N L M N 

(2-RE- oZ/o£YEb 

1 0--RE- °II°IY 
4 (SNRAWGN)"1 + <TC

2/<XS
2 - i(fl£ + 0}Io}Y' 

(3.51) 

(3.52) 

It is concluded from (3.52) that, for OFDM signals, the effect of the nonlinear 

distortion due to the amplifier can be characterized by the signal characteristics RE and 

a?- Such a finding is expected since OFDM and CDMA have the same statistical 

characterization as both can be modeled as complex Gaussian processes, provided large 

number of subcarriers and users, respectively. In turn, the amplifier nonlinearity affects 

both signals in almost the same manner. 
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3.2.1 Analysis validations and interpretations 

In order to verify the analytic approach pursued to characterize the effect of the 

nonlinear distortion on OFDM signals, the BER for the QPSK modulation is given by 

. . (2-RE- a?/a})2 . 
BERNL|QPSK = Q U 7 ^ i — " -^-T • (3-53> 

The analytic BER expressions in (3.53) is computed and compared against the 

BER measured for a simulated QPSK modulated OFDM signals with N = 256 

subcarriers. The measured BER represent the average BER of 1,000,000 OFDM blocks. 

Each block consists of 256 random data symbols. Results are obtained at three IBO levels 

Y = 1 dB, 2 dB, and 3 dB. 

Fig. 3.7 shows the BER curves versus Eb\apv/N0, where it is evident that good 

agreement exists between the analytic curves and the measured points for all IBO levels. 

Also, the curves plotted based on the derived BER performance at the IBO levels of 

interest seem consistent with the measurements in [43, Figure 3.4 (b)] as shown in Fig. 

3.8, with keeping in mind that Eb/NQ (dB) = SNR (dB) - 10 log 1 0 ( log 2 M). 
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i 1-

E, IN (dB) 

Fig. 3.7 Comparison of the analytic BER performance against measured BER from 

simulations for QPSK 256-OFDM signal at different IBOs. 
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Fig. 3.8 BER versus SNR of QPSK 256-OFDM signal at different IBOs [43]. 
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3.3 SNR relative efficiency 

In the previous analysis, we focused on the nonlinear distortion effects on the 

BER, where the BER represents the main desirable performance merit in communication 

systems [36]. In this section, we additionally investigate another performance merit 

derived from the BER, namely SNR relative efficiency, that turns out to be useful in the 

analysis, design, and further understanding of the effects of the amplifier nonlinearities. 

The efficiency was originally defined for multiuser communication systems as 

ratio of effective to actual SNR of each user—the effective SNR being that required to 

achieve the same BER in the absence of interfering users [36, 37]. In the context of this 

dissertation, the relative efficiency r\ is defined as the ratio of SNRs with and without the 

presence of nonlinear distortion. Accordingly, the SNR in (3.28) can be rewritten as 

SNRNL,k = SNRAWGN,k • rj(yl (3.54) 

where 
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is the SNR relative efficiency, which represents the SNR attenuation factor (performance 

loss) due to the amplifier nonlinear distortion. A similar relation can be developed for 

OFDM signals using (3.52) as 

SNRNL = SNRAWGN • V(y), (3.56) 

where 

t > Kl2 Kl 
1+ *" 1+ al 

ofa log2 M °l log2 Af 

(l-e-y-y^erfc(^y))2 

1+im-0{
e~Y-^yerfc(^ - ie~r - y*y erfc(Vy))) 

< 1. (3.57) 

The relation of SNRNL versus IBO / at different values of SNRAWGN, in (3.56), is 

shown in Fig. 3.9 for an example 256-OFDM signal, at S N R A W G N = 4 , 6,..., 30 dB, where 

it is clear that as the IBO increases, the relative efficiency increases approaching unity 

and the difference between SNRNL and SNR A W QN vanishes. Also, at a fixed IBO level, it 

can be observed that as the SNR A W GN increases, the relative efficiency deteriorates, since 

<r̂  decreases and in turn the nonlinear distortion becomes dominant. 
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SN*AwfeT 45:30 m 

Fig. 3.9 SNR relative efficiency for a 256-OFDM signal at different IBOs. 

Finally, based on the reformulation of the relation between SNRNL and SNRAWGN 

using the relative efficiency r\ that is function in the IBO level, the IBO required to 

achieve a certain error rate can be determined through developing a direct relation 

between the BER in presence of AWGN and nonlinear distortion, BERNL, and the BER 

in presence of AWGN only, BERAWGN = Q(TJSNRAWG^), assuming QPSK modulation, 

as follows 

BER^ = Q(TSNR^) 
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= QU<?"1(VBERAWGN)-J7(r)J- (3.58) 

The relation in (3.58) is shown in Fig. 3.10 for a 256-OFDM signal at different 

IBO levels. By knowing the BER in the presence of AWGN only, the required IBO level 

can be determined directly from the curves in Fig. 3.10 as the one that achieves certain 

required BER in presence of the nonlinear distortion. Again, it can be observed that as the 

BERAWGN decreases, the thermal noise becomes more dominant and, in turn, the 

difference between BERNL and BERA WQN tends to vanish. 

io'5 io° IO"4 io"3 io"2 IO"1 i o s 

BERAWGN 

Fig. 3.10 BERNL versus BERAWGN for a QPSK 256-OFDM signal at different IBOs. 
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3.4 Conclusion 

In this chapter, we first analyzed the nonlinear distortion effects caused by a PD-

HPA on BER degradation for the CDMA and OFDM signals. Based on this analysis, we 

then established which signal characteristics at the PD-HPA input represent the main 

contributors to BER degradation. Such characteristics are the threshold exceeding rate of 

the input signal RE and the variance of the clipped portion of the input signal a^. We 

developed new BER performance expressions for CDMA and OFDM signals. The 

importance of such BER expressions is that they are formulated based on the signal 

characteristics in relation to the PD-HPA characteristics. Accordingly, knowing such 

signal characteristics provides an efficient tool that gives potential insight into the effects 

of nonlinear distortion before the signal even hits the amplifier. Moreover, these 

characteristics can be adopted as key features in several techniques in the literature; such 

as precoding, SLM, or PTS, where the input signal to the HPA is modified to have the 

minimum of these characteristics as will be demonstrated later in Chapters 5 and 6. 

Verification of the derived analytic expressions through simulations shows good 

agreement and confirms the validity of the assumptions taken during the derivations. 

Finally, defining the SNR relative efficiency leads to further understanding of the 

amplifier nonlinear distortion and provides a useful way to determine the IBO level 

required to achieve a certain BER in presence of both AWGN and amplifier nonlinearity. 



Chapter 4 

ANALYSIS OF NONLINEAR DISTORTION EFFECTS 

ON SPECTRAL REGROWTH 

The RF spectrum is an precious component in wireless communications systems. 

Service providers have to pay annual fees for the RF spectrum usage according to 

national and international regulations. These fees represent a substantial part of system 

cost. For instance, in the US administration budget for 2009, service providers are 

required to pay as much as $550 million per year for the right to hold a spectrum license. 

Accordingly, efficient spectrum utilization has grabbed great attention of service 

providers. As we mentioned previously, nonlinear distortion due to HPA creates 

additional emissions outside the input signal's bandwidth, known as spectral regrowth. 

This spectral regrowth could have a negative effect on nearby channels and in turn 

negatively affects the overall system capacity. 

In this chapter, we first briefly review the conventional analysis of spectral 

regrowth due HPA nonlinear distortion. Then, we study the effects of the nonlinear 

distortion due to PD-HPA on the output PSD. We pursue a piecewise analysis approach 

to explore which signal characteristics at the PD-HPA input represent the main 

contributors to spectral regrowth. Finally, we study the special case of synchronous 

78 
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CDMA signals with orthogonal spreading codes, where the relation between the Walsh 

code properties and the resulting spectral regrowth is shown. 

4.1 Conventional analysis of spectral regrowth 

Spectral regrowth has been extensively analyzed in the literature [55—59], where 

the HPA is modeled by an «th-order polynomial. Using higher-order statistics as a tool 

for the analysis of spectral regrowth, Zhou [55] developed a closed form expression for 

the covariance function of the HPA output, which upon taking the Fourier transform 

gives the PSD, assuming a 3rd-order polynomial HPA model. Then [56] extended the 

results of [55] to up to 7th-order nonlinearities and showed how spectral regrowth can be 

predicted based on measured HPA data. 

In [57], Aparin studied the spectral regrowth in the reverse-link CDMA signal. 

The advantage of [57] is the separation of the components responsible for different forms 

of nonlinear distortion (in-band distortion and spectral regrowth) in the PSD at the HPA 

output. For a weakly nonlinear HPA modeled by a 3rd-order polynomial with an input 

s{t), the distorted output signal sd(t) is given by 

sd(t) = ats(t) + a3s
3(t) = a^it) + a3s3(t). (4.1) 

where the second-order term is omitted since it contributes to components distant from 

the signal bandwidth. The autocorrelation function of the output signal sd(t) is 
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Rsdsd(T)=E{sd(t)s'd(t + T)} 

= E{(alS(t) + a3s3( t))(oIs*(t + T) - a*3s*3(t + T ) ) } 

= \ai\
2E{s(t)s*(t + T)} + aia'3E{s(t)s;(.t + T)} 

+a{a3E{s3{t)s*(t + T)} + |a3 |2£{s3(t)s3*(t + T)} 

= K | 2 / ? S S ( T ) + aia^/?SS3(T) + a;a3flSsS(T) + |a3 |2^S353(T), (4.2) 

where i?i ;(r) represents the cross-correlation function of the arbitrary signals £(t) and 

j(t). The Fourier transform of the autocorrelation function in (4.2) gives the PSD of the 

output signal, that is 

SSdsd(D = K l 2 5 s s ( / ) + aia*3SSS3(0 + o.{a3SS3Sif) + |a3 |25S 3 S 3(/)- (4.3) 

The first summand in (4.3) is the PSD of the linear response of the input signal 

s(t). The second and third summands are the cross PSDs between the input signal s(t) 

and the third-order response s3(t), which are responsible for the in-band gain 

compression or expansion. The last summand is the PSD of the third-order response 

s3(t) that gives the spectral regrowth. Additionally, [57] gives interesting analytic 

expressions for such forms of distortion. In [58], Banelli and Cacopardi have introduced a 

closed form expression for the output spectrum from a nonlinear device, when the OFDM 

signal is modeled by a complex Gaussian process, as 
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ssdsdan = ^2ssstn+£ ^2Jyn+i • t^c/)®! - ®2„+i^s(/)] (4.4) 
n = l 

with cn calculated as in [57, eq. (7)], 2<r2 is the input signal power, and ® is the 

convolution operator. In [58], Gard et al. has also provided general expressions for in-

band distortion and spectral regrowth, but for a generalized «th-order polynomial model. 

The advantage of such an expression is the separation of the output power spectrum into 

logical contributions to both the in-band gain compression/expansion and the out-of-band 

distortion (spectral regrowth), respectively, as 

SsHSnif) = SSHSA (f) + SSriSJ . . if), (4.5) 
sdsd\j J sds<*'Gain y s<*5dlDistorionw v J 

where 

2 

n=l 

(/) + ( / )) (4-6) 

are the spectral terms correlated to the input signal that represent the gain expansion or 

compression of the desired signal at the output and 
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M - l W - l 

q I m - Y V « 2 n + A + i (2n + 1\ /2m + IN 
sdsllDistorionW; Z J Z J 22(n+w) V 71 + 1 / I m + 1 / S(^+Ds(»+DU ^ ^ J 

n = l m = l 

are the cross-correlations of the higher-order components that represent the spectral 

regrowth. 

4.2 Spectral regrowth analysis 

The approaches in [55—59 and the references therein] primarily look at modeling 

spectral regrowth due to the HPA nonlinearities, while in this dissertation, the main goal 

is to explore which signal characteristics at the PD-HPA input represent the main 

contributors to spectral regrowth. The motivation of such goal is to provide the system 

designer/operator with an efficient tool to estimate the severity of the spectral regrowth 

before the signal hits the amplifier chain. Accordingly, one would be able to control such 

input signal characteristics in order to minimize spectral regrowth. 

Consider the input signal x(i) to the nonlinear PD-HPA with clipping threshold 

£, the output from the PD-HPA can be expressed as 

xd(t) = x(t) - xc(t) , (4.8) 

where xc(t) is the signal portion that is clipped from the input signal x(t) by the PD-

HPA, which is given by 
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(x(t) + ( x( t) < -C 
Xc(t) = \ 0 | x ( t ) | < C -

83 

(4.9) 

Examples of the input signal x(t) to the PD-HPA, the corresponding output signal xd(t) 

of the PD-HPA, and the clipped signal portion xc(t) are shown in Fig. 4.1(a), Fig. 4.1(b), 

and Fig. 4.1(c), respectively. 
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Fig. 4.1 (a) Input signal x(t) to PD-HPA, (b) corresponding output signal xd(t) from 

PD-HPA, and (c) clipped signal portion xc(t). 
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In investigating the main contributors to spectral regrowth due to the considered 

nonlinear device, it is convenient to study the PSD at the output of the PD-HPA. The 

autocorrelation function of the output xd(t) is 

RXdXd(T) = E{xd(t)xd(t + T)} 

= E{(x(t) - xc(t))(x(t + T) - xc(t + r))} 

= Rxx(r) ~ RXXc(r) - RXcX(z) + RXcXc(r), (4.10) 

where the first summand in (4.10) is the autocorrelation of the linear response of the input 

signal x(t) the second and third summands are the cross-correlations between x(t) and 

xc(t), and the fourth summand is the autocorrelation of the clipped signal portion xc(t). 

The Fourier transform of the autocorrelation function in (4.10) gives the PSD of the 

output signal, that is 

sxdxd(.o>) = Sxx(<o) - SXXc(o>) - SXCX((D) + SXcXc{oi), (4.11) 

where Sxx(jU)) is the PSD of the input signal to the PD-HPA, SXXc{oi) and SXcX(oS) are the 

cross PSDs of the input signal and the clipped signal portion, and SXcXc(a)) is the PSD of 

the clipped signal portion. This relation can be seen in Fig. 4.2 (a) and Fig. 4.2 (b) that 

show the PSDs in (4.11) for two examples of a 16-user DS-CDMA signal and a 64-

channel OFDM signal, both filtered by an SRRC filter with roll-off of 0.22. The PSDs are 

calculated using the Welch estimation method with 50% overlap. 
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Fig. 4.2 PSDs 5XdXd(co), S ^ O ) , SXXe(<o), SXeX(<o), and 5XcXc(co) in (4.11) for: (a) 16-

user CDMA signal and (b) 64-channel OFDM signal. 
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It is clear that the cross PSDs ( S ^ C ^ ) , Sx x((o)) between the input signal x(t) 

and the clipped signal portion xc(t) have very low energies outside the signal bandwidth 

(|OJ| > B/2), and most of the energy is concentrated inside the signal bandwidth. This 

implies that these cross PSDs have a negligible effect on the out-of-band portion of the 

output spectrum, and mainly affect the in-band gain compression or expansion. On the 

other hand, the PSD of the clipped signal portion, SXcXc((o), has a high energy outside the 

signal bandwidth compared to the input PSD, resulting in a significant increase in the 

out-of-band of the output PSD. Spectral regrowth can be defined for the upper channel as 

the additional out-of-band power at the output of the HP A, i.e., 

, . 0 0 

ttjR = SXdXd(co) - Sxx(oo) dco. (4.12) 
jR/7 'B/2 

As shown in Fig 4.2, the PSD of the clipped signal portion almost coincides with 

the output distorted PSD outside the signal bandwidth, which means that the energy of 

the clipped signal portion outside the signal bandwidth represents almost all of the out-of-

band energy of the output distorted signal, i.e. 

SXdxd(fi>) = SXcXc{co), M > - . (4.13) 

Since the PSDs of the baseband bandlimited CDMA and OFDM signals are almost 

rectangular for large number of users and large number of subcarriers, respectively [21], 
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the input PSD can be assumed constant over the entire bandwidth B and zero elsewhere, 

i.e., 

Substituting (4.13) and (4.14) in (4.12), gives 

PSR = f SXcXc(a>)da>. (4.15) 
JB/2 

Therefore, it can be concluded that spectral regrowth depends primarily on the PSD of 

the clipped signal portion and, in turn, as the variance of the clipped signal portion 

ac = f^oo^xcXc^) do) increases, spectral regrowth increases. 

Since the signal x c( t) and its PSD are responsible for spectral regrowth, we adopt 

a piecewise analysis approach for such a signal to determine what other signal 

characteristics at the PD-HPA input, in addition to o",?, would contribute to spectral 

regrowth. In such an approach, we consider xc(t) as a piecewise signal, following the 

example in Fig. 4.1(c), where each piecewise segment xci(t) is realized in the intervals 

[ti-i,ti) with i = 1,.. . , / to accommodate / piecewise segments, where tt > t(_x and 

with t0 arbitrarily assigned as t0 = 0 sec. Therefore, xc(t) can be represented as a 

piecewise signal, based on its definition in (4.9), as 
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/ 

xc(t)=YjXc,i(t). (4.16) 
i = i 

where 

xc,i(t) = x(t) \wrectti(t; T()| - <" wrectii(t; r t ) . (4.17) 

For our purposes, wrectii(t; Tj) are represented by rectangular windows as 

where 

(sgn{x(t)}, tt-Tt<t<ti 
Wrect,t(t;Ti) = J , (4.18) 

(. 0, otherwise 

x(t) 
sgn{x(t)} = T - 7 ^ 7 (4.19) 

\x[t)\ 

and T[ = t[ — t j . ! is the duration of the /th piecewise segment. 

In our scenario, the piecewise signal is restricted to segments that alternate, as in 

(4.9), between zero corresponding to x(t) for undipped regions and xc(t) for the clipped 

regions, as shown in Fig. 4.1(c). Without loss of generality, we assume that even values 

of i correspond to time intervals with clipping and odd values of i correspond to time 
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intervals with no clipping (i.e., xc(t) = 0). The CDMA signal and the OFDM signal can 

be represented as in [50, eq. (1)] and [44, eq. (1)], respectively, as 

N-l 

x(t) = V xn h{t - nT), (4.20) 
n=0 

where /i(t) is the pulse shaping filter. Following this convention, xc(t) can be rewritten 

as 

/ Z 

£=1 
i even 

Xc(t)= / / ^ n ^ ( t - ^ ) | W r e c t , i ( t ; T i ) | - < ' w r e c U ( t ; T i ) . (4.21) 

Taking the Fourier transform of (4.21), the power spectrum of the clipped signal portion 

can be written as 

SXcXcW = \Xc(<»)f 

I 
i=l 

i even 

L - l 

£ /E~kaf £ c^e-W'GiicS) -<" Wrectil(a>) 
fc=l 1=0 

(4.22) 

where 
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Gt(w) =//(<u) * |wrert i t(<u)| (4.23) 

and where * is the convolution operator. 

It should be clear that in the frequency domain, the rectangular windows 

wrect,i(t;T{), i = 1,. . . , / , form a set of sine functions with main lobe widths that are 

inversely proportional to the durations T£'S of the clipped subintervals in the time domain. 

At each new clipping event i, the sine function W rec ti(a)), when convolved with the 

frequency response of the pulse shaping filter H(co) with arbitrary bandwidth B as in 

(4.23), results in Gi(oo) with bandwidth Bt > B. Consequently, given the power spectrum 

of the clipped signal portion in (4.22), it is concluded that as the number of segments / 

increases, additional windowing with slower fall-off are introduced causing an increase in 

the out-of-band power of the clipped signal, and so increases the spectral regrowth. In 

fact, the number of segments / in a fixed time interval determines the number of zero-

departures and zero-arrivals in the clipped signal portion. These zero-departures/arrivals 

in the clipped signal portion represent the threshold crossings Nc in the input signal to the 

PD-HPA. 

Therefore, it is deduced that the signal characteristics at the input of the PD-HPA 

that mainly contribute to spectral regrowth in relation to the PD-HPA clipping threshold 

are: 
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1) the variance of the signal portion exceeding the PD-HPA clipping threshold a^, 

2) the threshold crossing rate Rc = Nc/L, and 

3) the time durations of the crossing events T£ 'S. 

The above signal characteristics can be developed for both CDMA and OFDM 

signals as far as both are characterized as band-limited zero-mean Gaussian processes, 

provided that the number of users in CDMA signals and the number of subcarriers in 

OFDM signals are large. In the following, we investigate two cases; when the input 

signal s( t ) , with variance o%, to the PD-HPA is purely real and is complex. It is 

convenient to relate the signal characteristics contributing to spectral regrowth to the IBO 

Y instead of the threshold £, where y is related to £ as y = ^2/ff|. When the input signal 

s(t) = x(t) is purely real with variance a*, it has a pdf of 

^^"" ( "S - (4-24) 

When the input signal to the PD-HPA is given by s(t) = x(t) + jy(t), where 

x(t) and y( t ) are characterized as band-limited zero-mean Gaussian processes with 

variances a% = o~y, s(t) is characterized as a band-limited complex zero-mean Gaussian 

process with variance of ol; = 2cr| and its envelope r(t) can be regarded as a Rayleigh 

random process with the pdf in (3.6). 
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The variance a2 of the clipped signal portion sc(t), where £"{sc(t)} = 0, for both 

real and complex signals can be, respectively, calculated using (4.9) and (4.24) as 

<r?\re*=E{\sc(t)\
2} = E{\xc\2} 

r0 0 

= 2j (x-Q2fx(x)dx 

=(^+c2)erfc[ , £ te£ 

= a J ( l + y ) e r f c ( > | ) - J ^ e x p ( - 0 j . (4.25) 

and using (3.6) and (3.8) 

^complex = E{\sc(t)\
2} = £{r c

2( t)} 

= J (r-02fr(r)dr 

=2cj2x exp {~h) - V27rc^2erfc (jh 
= 20-1 (exp(-y) - v^7 e r f c ^ ) ) . (4.26) 
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Threshold crossing rate for real Gaussian random process is readily available in 

the literature [60, 61] as 

Kclreai = r febxpf-^l, (4.27) 
7rJ(X| V 2oV 

where a\ — E{x2(t)} and the dot denotes the derivative operator. 

Substituting crj from (A.3) into (4.27) (see appendix A for determining the variance of 

the derivative of a random process with rectangular passband), the threshold crossing rate 

Re I real c a n De written as 

B I !2 

= ^ f f i e x p ( " S - (4"28) 

In the derivation of the threshold crossing rate for the case of the complex 

Gaussian process, we are not only interested in the probability distribution of the 

envelope r(£), but also in the joint probability distribution of the envelope r(£) and its 

first derivative r(t). The joint pdf of r and r is given by (see appendix B) 
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For a random process r(t), the expected number of points Tt in an interval of 

length T that cross a threshold ^, is given by [60, ch. 16] 

E{n^T)} = Tfr{OE{ |r(t)l I KO = fl 

= 7 7 r ( 0 [ | r | / , | r ( r |Odr 

•̂  — 00 

/ . 0 0 

= 7 1 |r| frAMdr. (4.30) 
./— 00 

Substituting (4.29) into (4.30), and integrating with respect to r, the threshold crossing 

rate Rc | compiex f°r the signal envelope can be written as 

E{n,(T)\ \2o-l ( ? \ 

Substituting crj from (A.3) into (4.31), the threshold crossing rate Rc I complex can be 

written as 

I C2 / C2 \ 
^complex " ^ j B e x p ^ - ^ J 

= J f Bexp( - r ) . (4.32) 

file:///2o-l
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The time durations of the crossing events or sojourn intervals have been addressed 

in the literature [61, 63]. Rice [61] has introduced approximate expressions for the 

distribution of such intervals for both Gaussian and Rayleigh random processes [61, p. 

605, and p. 615]. However, these expressions are only valid for very high threshold levels 

and small values of T^'S. Unfortunately, no exact expressions have been developed yet. In 

1958, Rice [61, p. 582] has commented that "although it is generally accepted that the 

probability of a longer fade interval decreases exponentially, no convenient method of 

exact calculation is available as yet". In 2007, Morgan [63] comments, "sadly, that still 

seems to be the state of affairs even today". Therefore, in our approach, we use the mean 

threshold crossing duration f, as an indicator to the durations of crossing events. 

Expressions for the mean threshold crossing duration r of both the real and complex 

random processes can be found in [61, 63-66], which are given by 

flreai = n h | exp ( ^ J • erfc I ( ^ J (4.33) 

and 

_ 1 In o$ 
Tlcomplex — T J ^ 2 (4 .04J 
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Substituting crj from (A.3) into (4.33) and (4.34), the mean threshold crossing duration 

T of both the real and complex random processes can be respectively expressed by 

f | r e a l = ^ e x p ^ ) . e r f c 

7rVl2 / y \ f JY 
exp B r\2J W2 (§) • •* LK («s) 

and 

1 \6n o% 1 |3 7r 
Tlcomplex = g \-JT~ = g ~ • (4.36) 

4.3 Analysis validation and interpretations 

In order to assess the validity of the developed analytical expressions for the 

signal characteristics contributing to spectral regrowth in the cases of real and complex 

processes, two 64-user CDMA signals are simulated as an example for the signal types of 

interest in this dissertation. The signals are filtered using an SRRC filter with roll-off of 

0.22 and oversampled by 4. The data symbols for the two signals are a„ — ±1 as 

representative for real signals and a^ = (±1 +y')/v/2 as representative for complex 

signals. Then, o"c Ireab ^clreab and T|reai are measured for the first simulated signal, 

file:///-JT~
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while crc
21 complex, ^dcompiex. and f|complex are measured for the second signal, at 

different values of IBO y. The measured results are compared against the computed 

results using the analytic expressions in (4.25), (4.28), (4.35), (4.26), (4.32), and (4.36). 

Fig. 4.3, Fig. 4.4, and Fig. 4.5 show the curves of such signal characteristics, where it is 

evident that good agreement exists between the analytic curves and the measured points 

for all IBO levels. This agreement confirms the analytical expressions of the signal 

characteristics developed for CDMA signals and the validity of the assumptions taken 

during their derivation. 
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Fig. 4.3 Variances of the clipped signal portion. 
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Fig. 4.4 Threshold crossing rates. 
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Fig. 4.5 Mean threshold crossing duration. 
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To demonstrate the effect of the above-mentioned signal characteristics on 

spectral regrowth, different representations of 8-, 16-, and 64-user CDMA signals with 

the same variance (o^ = 1) and Walsh codes of length L = 64 are generated. An SRRC 

filter is used with roll-off and upsampling factor of 0.22 and 4, respectively. It is worth 

investigating whether such characteristics have the same effect on spectral regrowth, or is 

there one that is more dominant than the others. Actually, no mathematical clue is 

available as yet; however, extensive simulations have shown that the threshold crossing 

rate is the most dominant as will be demonstrated shortly. This seems to be logical and 

acceptable, since for other characteristics (clipped portion variance and mean duration of 

threshold crossing events) to occur, there should already be a corresponding threshold 

crossing. 

Spectral regrowth itself has no unique definition. Spectral regrowth can have 

different definitions depending on the system requirements and the application's 

specifications. Such specifications could be the range of frequencies that are considered 

as out-of-band based on the channel separation and the guard bands, or the allowable 

amount of out-of-band power to ensure no impact to neighboring devices/channels. 

Hence, the adjacent channel power ratio (ACPR) is often used as one possible measure 

for spectral regrowth. Since the PSD of the baseband CDMA signal is symmetric about 

the origin, we use the ACPR in the upper channel, which is defined as the ratio of the 

power in the main channel to the power in the upper adjacent channel [67] 
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f C2S(co)dco\ 
ACPRVPPER(dB) = 10 log10 - g f • (4.37) 

Spectral regrowth due to the nonlinear amplifier chain is not the only cause of 

adjacent channel interference, since the input signal to the amplifier could also have 

different amounts of adjacent channel interference caused by other factors such as 

filtering and modulation. Thus, to have a fair comparison, the signal representations are 

generated such that they have the same ACPRi before the amplifier. 

The PSDs of the input, output, and clipped portions for all representations are 

evaluated at different IBO values and plotted in Fig. 4.6, Fig. 4.7, and Fig. 4.8. Fig. 4.6 

shows the PSDs of the representations Rl—R4 of an 8-user CDMA signal, Fig. 4.7 

shows the PSDs of the representations R5—R8 of a 16-user CDMA signal, and Fig. 4.8 

shows the PSDs of the representations R9—R12 of a 64-user CDMA signal. 
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Fig. 4.6 (a)-(d) PSDs for representations R1-R4 of 8-user CDMA signal: the solid line 

represents input linear PSD Sxx((o), the dotted line represents the output distorted PSD 

SXdXd(a>), and the dashed line represents the PSD of the clipped signal portion Sx x (cS). 
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Fig. 4.7 (a)-{d) PSDs for representations R5-R8 of 16-user CDMA signal: the solid line 

represents input linear PSD Sxx((o), the dotted line represents the output distorted PSD 

SXdXd(a)), and the dashed line represents the PSD of the clipped signal portion SXcXc(co). 
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Fig. 4.8 (a)-(d) PSDs for representations R9-R12 of 64-user CDMA signal: the solid line 

represents input linear PSD Sxx((o), the dotted line represents the output distorted PSD 

SXdXd((o), and the dashed line represents the PSD of the clipped signal portion Sx x (co). 

Looking to Fig. 4.6—4.8, it should be clear that the PSD of the distorted output 

signal almost coincides with the PSD of the clipped signal portions in the adjacent 

channels for all representations. This agrees with (4.13) that the PSD of the clipped signal 

portion is the primary component responsible for the additional out-of-band emissions 

due to the PD-HPA, i.e., spectral regrowth. 
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The threshold crossing rate Rc, the variance of the clipped signal portion a*, the 

mean threshold crossing duration f, and the ACPR of the distorted output signal ACPR0 

are calculated at different IBO levels y for each representation and tabulated in Tables 

4.1-4.3, respectively. 

Table 4.1 Signal characteristics for 8-user DS-CDMA signal representations 

Rl 

R2 

R3 

R4 

ACPRi (dB) 

-40.86 

-40.86 

-40.86 

-40.86 

X(dB) 
1 

1 

3 

3 

Rc 
0.06 

0.17 

0.06 

0.17 

°l 
0. 162 

0.056 

0. 114 

0.019 

f(s) 

2.5 

2.3 

2.4 

1.5 

ACPR0 (dB) 

-24.81 

-21.75 

-27.79 

-26.08 

Table 4.2 Signal characteristics for 16-user DS-CDMA signal representations 

R5 

R6 

R7 

R8 

ACPRi (dB) 

-41.58 

-41.58 

-41.58 

-41.58 

K(dB) 

1 

1 

3 

3 

Rc 
0.14 

0.14 

0.14 

0.11 

°l 
0.144 

0.139 

0.076 

0.078 

f(s) 
2.0 

1.8 

1.3 

1.5 

ACPR0 (dB) 

-24.00 

-24.36 

-25.66 

-28.31 

Table 4.3 Signal characteristics for 64-user DS-CDMA signal representations 

R9 

R10 

Rl l 

R12 

ACPRi (dB) 

-40.00 

-40.00 

-40.00 

-40.00 

y(dB) 
1 

1 

3 

3 

Rc 
0.13 

0.15 

0.08 

0.09 

°l 
0.080 

0. 115 

0.045 

0.075 

f(s) 

1.85 

1.85 

1.65 

1.55 

ACPR0 (dB) 

-23.23 

-22.39 

-24.81 

-24.62 
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From the results in Tables 4.1-4.3, it can be concluded that the threshold crossing 

rate Rc is the main contributor to spectral regrowth and that reducing Rc reduces the 

output ACPR. Also, if two or more representations have almost the same number of 

threshold crossings, other characteristics start to play more of a role in controlling the 

out-of-band emissions. For instance, (Rl, R3), (R2, R4), (R5, R6, R7), (R9, RIO), and 

(Rl l , R12) have almost the same number of threshold crossings. In this case, the 

representation with the smaller clipped signal portion variance has a lower ACPR0. 

Therefore, the results of the simulation experiments agree with our analysis that the main 

contributors to spectral regrowth due to the nonlinear PD-HPA are the threshold 

crossings rate Rc, the variance of the signal portion exceeding the PD-HPA clipping 

threshold a^, and the mean threshold crossing duration f. Moreover, the usefulness of 

establishing such contributors clearly appears in the cases of small number of users. For 

instance, in (Rl, R2) and (R7, R8), an attenuation of about 3 dB in ACPR0 is achieved 

just by finding other representations with different signal characteristics. Also, it is clear 

that when the number of users is high, the signal characteristics are very close, since the 

CDMA signal approaches a Gaussian distribution, which is fixed. In this case, finding 

different representations with different noticeable characteristics is difficult. Therefore, 

the suggested solution to have different characteristics that lead to lower spectral 

regrowth is to increase the IBO level thru the developed expressions in (4.25), (4.28), 

(4.35), (4.26), (4.32), and (4.36). 
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4.4 Special case: spectral regrowth reduction in CDMA systems with 

orthogonal codes 

In our previous analysis, we were dealing with spreading codes in general. In this 

section, we study CDMA signals with orthogonal spreading codes as a special case. It 

will be shown that the PSD of orthogonal CDMA signals depends primarily on the PSDs 

of the assigned codes to each user in the system. And hence, based on the specific 

properties of the spreading codes used, we would be able to reduce the amount of the out-

of-band emissions and, in turn, reduce the spectral regrowth at the HPA output. The 

orthogonal spreading codes considered herein are the Walsh codes. 

4.4.1 PSD analysis for CDMA signals with orthogonal codes 

In this subsection, we study the dependence of the CDMA signal, particularly the 

PSD, on the spreading function assigned to each user in the system. For a synchronous 

CDMA system with equal users' power, the complex envelope of the CDMA symbol is 

given by 

K K 

sit) = £ 5fe(t) = £ jE~k a?Vk>(t) . (4.38) 
fc=l fe=l 
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Since s(t) is assumed to be stationary, the notation can be simplified by introducing 

subscripts to indicate quantities at different times as follows. 

sx(t) = s(t + T) 

cT
(ft)(t) = c<k>(t + r) . (4.39) 

Using (4.38) and the simplified notations, the autocorrelation function of the CDMA 

signal can be expanded as 

Rss(j) = E{s(t)s*(t + T)} = E{s0 s;} 

E\(t^a™c°k)) { t v^mv(m)) 

= E H - E [ , U ) | 2 (D„(D , „(1)„(2)* (1)„(2) (D„GO* (D„0O an \ co cr "•* an an co c r + '" + On an CQ CT 

+ a ( 2 ) a ( 1 ) V 2 ) c ( 1 ) + la ( 2 ) f c ( 2 )c ( 2 ) + - + a ( 2 )a ( J° V 2 ) c ( J ° 

+ 

„ao„(i)* oo„(i) , AK)(2)\ mm (K)\ JK) 
+an an c0 cx +an an c0 cT +•••+ \an c0 c. ;<*}J. (4.40) 

Assuming perfect synchronization and neglecting the partial cross-correlation for 

simplicity, the Walsh code functions have approximately zero cross-correlation [68]. That 

is 
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Kc(k)c(m)(T) = E{C™C™} ^ ( * « « ' * = m ( 4 4 1 ) 

With such zero cross-correlations between the Walsh code functions and using the fact 

that the data symbols arn are independent of the Walsh code functions, (4.40) reduces to 

+E{\a^\ySir) + ... 

+E{|a?)|2}*2)(T)). (4.42) 

(k) 

Moreover, with the assumption that the symbols are a„ are statistically i.i.d with zero 

mean and variance E\ a„ j = P, V/c, P is constant depending on the modulation 

format adopted, the autocorrelation function of the CDMA signal can be written as 

K 

^ W S ^ - P ^ ^ C T ) . (4.43) 

Finally, the PSD of the CDMA signal is obtained as the Fourier transform of the 

autocorrelation function, 

f00 

Sss(f) = Rss(j) e-Wdi 
J —CO 
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k = l 

K 

EK-P^SCCV)- (4-44) 
fc=i 

From (4.44), it is clear that the PSD of a synchronous CDMA signal, with 

orthogonal spreading codes, is approximately a scaled sum of the PSDs of the Walsh 

codes assigned to each user in the system. This relation is demonstrated in Fig. 4.9 for 

three different Walsh code assignments, where three representations of an 8-user CDMA 

signal with three different Walsh code sets of length L = 64 are generated. An SRRC 

filter with an upsampling factor of 4 and 0.22 roll-off factor is used. Let Wm = 

juy \,i = 0,...,L — \,k = 1,...,K denote the Walsh set for the mth representation 

where w> is the Walsh function assigned to the Ath user, which corresponds to the z'th 

row of a Hadamard matrix of size L x L. For the examples in Fig. 4.9, the three different 

Walsh code sets are as follows: 

Wi = {w0, w1( w2, w3, w4, w5, w6, vv7}, 

W2 = {w0, w3, w8, w9, wlv w16, w24, w30}, 

W3 = {w0l w6, w10l w24, w36, w42, w49, w59}. (4.45) 
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Fig. 4.9 PSD plots for an 8-user CDMA signal with three different Walsh code 

assignments; (a) Wt, (b) W2, and (c) W3. 
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The solid lines in Fig. 4.9 (a)—(c) show the PSDs of the three representations 

with the code sets Wx, W2, and W3, respectively. The sums of the PSDs of the Walsh 

functions {w£} in each Walsh code set (VKl5 W2, and W3) are also plotted with circle 

markers. From the curves, it is clear that the PSDs of the CDMA signals are nearly 

identical to the scaled sum of the PSDs of the Walsh codes assigned to each user, which 

agrees with (4.44). 

4.4.2 Walsh code properties 

In the previous section, we have shown that the PSD of a synchronous CDMA 

signal with orthogonal Walsh spreading codes depends primarily on the PSDs of the 

Walsh functions assigned to the users in the system. In this section, we study the 

dependency of the PSD of the Walsh functions on the Walsh code properties. Through 

the investigation of Walsh codes, we find that each Walsh codeword has its own PSD 

shape depending on the maximum runlength. The maximum runlength is defined as the 

maximum number of successive similar elements in the codeword, i.e., the maximum 

number of continuous +l ' s or - l ' s . The set of all Walsh codewords of length L = 8 are 

shown in Fig. 4.10. An important property regarding the relation between the runlength r̂  

of a Walsh codeword of length L and its corresponding index i is 

{I , i = 0 

n = \l , i = l. (4.46) 

, 2 6 + 1 , i > 1 
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Fig. 4.10 Walsh codewords of length L = 8. 

In (4.46), 

b = \og2[ max gcdfi, 2^ )1 , toZ \/?e{o,-,M-i} f c' v V 
(4.47) 

where 

M = max( l , l log 2 i J ) . (4.48) 
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and gcd(v) determines the greatest common divisor. 

Based on (4.46), two useful rules regarding the PSD of Walsh codewords and 

their sums are provided: 

1. The higher the value ofb in a Walsh codeword with index a multiple of 2 , the more 

the power is concentrated around the centre frequency in its PSD. 

2. In a set of Walsh codewords, the higher the number of Walsh codewords whose index 

is a multiple of 2 , especially for b > 3, the more the power is concentrated around 

the centre frequency in the PSD of the set sum. 

To illustrate the above rules, the PSDs of three different sets of Walsh codes after 

using the SRRC filter with roll-off of 0.22 and upsampling factor of 4, are plotted in Fig. 

4.11. The following sets of Walsh codes are used: 

Wi = iwo- wi. w2> w3, w4, w5, w6, w7}, 

W2 = {w0, wt, vv4, w8, H/n, w16, w24> w48), and 

W3 = {w0, w8, w16, w24, w32, w40, w48, w56}. 

The PSD is calculated using Welch's method with parameters of a Hamming 

window with segment length of 40 samples and 50% overlap between segments. 
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Fig. 4.11 PSD plots of different Walsh code sets with SRRC filtering. 

From the above discussion, it is clear that by selecting certain Walsh code sets 

having Walsh functions of indices equal to a multiple of 2b (b is as large as possible), we 

achieve a narrower bandwidth. For the example shown in Fig. 4.11, we see that all the 

codewords in the third code set are multiple of 2* compared to one codeword (w0) and six 

codewords (w0, w4, w8, w16, w24, w48) in the first and the second code sets, respectively. 

Consequently, as can be seen in Fig. 4.11, as the number of the codewords of multiple of 

2* in the code set increases, the signal bandwidth decreases. This decrease in bandwidth 
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allows more room in the main channel for power leakage when the signal is applied to a 

nonlinear amplifier chain. 

4.4.3 Walsh code assignment algorithm 

Walsh codes assignment have grabbed much attention as a tool for reducing the 

effect of HP A nonlinearity in CDMA systems such as [20, 69, 70]. Different parameters 

have been adopted as measures of the signal's sensitivity to the nonlinear amplifications, 

upon which the assignment is performed. 

In [20], PAR was adopted as the nonlinearity measure, where the author described 

that within the set of Walsh codes in the system, there exists some Walsh codes that lead 

to minimum PARs and others that lead to higher PARs. So, as new users are added to the 

system, they are assigned Walsh codes so as to keep a minimal PAR. In [69], based on 

the properties of Walsh codes and the relation between Walsh codes' runlengths and their 

indices, the authors introduced an algorithm for Walsh code assignment to reduce the 

PAR. However, as Lau [20] observed, the PAR cannot always be taken as the 

nonlinearity measure since, in cases of large number of users, the pdf of the CDMA 

signal approaches a Gaussian distribution, which is fixed, and hence the differences 

between PARs among different representations tend to vanish. Therefore, the introduced 

techniques of Walsh codes assignment for PAR reduction work primarily for small 

number of users. 
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The power variance was proposed as a measure of the signal's sensitivity to the 

HPA nonlinearity in [70]. In [70], it was shown that each code of an L-Walsh code set 

can be represented as the product of log2 L (or fewer) Hadamard basis functions, where, 

for instance, the basis functions of a 64-Walsh codes are: w0,w1,w2,wi,w8,w16,w32-

The author established, based on such a fact, that as long as the selected Walsh codes 

have a larger representation of the basis functions, especially w± and w2, the power 

variance will be small. 

In our scenario, our focus is to reduce spectral regrowth caused by the amplifier 

nonlinearity. Hence, we present an effective Walsh code assignment algorithm to reduce 

spectral regrowth, based on two facts. First, the PSD of the synchronous CDMA signal 

depends primarily on the sum of individual PSDs of the Walsh codes assigned to the 

users. Second, the Walsh code properties given in Rules 1 and 2 described in Section 

4.4.2. 

The base station maintains the bins {vb}, b = 0,..., M — 1, where M = log2 L and 

L is the Walsh code length. First, bin vM_1 is filled with vv0 then each bin, vb, is filled 

with every Walsh code with index i according to (4.47) and (4.48). Then, the base station 

starts assigning Walsh functions for traffic and overhead channels starting from the bin 

with the highest value of b. At each new call origination, the base station looks at the 

remaining highest bin that has an available Walsh code to assign to the new user. Fig. 

4.12 illustrates the setup of the Walsh code assignment algorithm for L = 64. 
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Fig. 4.12 Walsh code assignment algorithm for L = 64. 

4.4.4 Performance assessment of the Walsh code assignment algorithm 

In this section, we assess the performance of the Walsh code assignment 

algorithm to effectively reduce spectral regrowth due to the nonlinear amplifier chain. 

The ACPR is used as a measure for spectral regrowth following the expression of the 

upper ACPR in (4.37). 

In assessing the performance of the Walsh code assignment algorithm, we 

consider the same scenario as in [69] with 14 active traffic channels and 3 overhead 

channels. The overhead channels are the pilot, paging and sync channels. Three 

representations for a CDMA signal with Walsh code length of L = 64 are generated. An 

SRRC pulse shaping filter is used with roll-off factor 0.22 and upsampling factor of 4. 

The Walsh code sets used for three representations are as follows: 
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W% = (wo- wv w2, w3 , w4, w5 , w6, w7 w8 , w9, w1Q, w l l f w1 2 , w1 3 , w1 4 , w1 5 , w 3 2 } , 

W2 = {w0l w1( w2 , w6 , w1 0 , w1 6 , u/20, w2 8 , w3 0 , w3 2 , w3 4 , w3 8 , w4 2 , w4 8 , w5 2 , w 5 4 w 6 0 } , 

and the third set is built using the Walsh code assignment algorithm as 

W3 = {w0, w4, w8, w1 2 , w1 4 , w1 6 , w20, w2 4 , M/28, w3 2 , w3 6 , w4 0 , w4 4 , w4 6 , w4 8 , w5 2 , w 5 6 } . 

The ACPRs are calculated for the CDMA signal representations with these Walsh 

code sets in the presence of a PD-HPA at different IBOs. The results for the ACPR in the 

upper adjacent channels, in dB, are tabulated in Table 4.4. From the table, it is clear that 

the CDMA signal representation whose Walsh codes are assigned according to the 

proposed Walsh assignment algorithm has the lowest ACPRUPPER at all values of IBO, 

particularly at lower IBOs. 

Table 4.4 ACPRUPPER of the three Walsh code selections. 

IB
O

 (
dB

) 

1 

2 

3 

4 

Linear 

ACPRUPPER 

W\ 

-24.4334 

-28.6523 

-33.6196 

-36.0161 

-36.3235 

W2 

-25.1743 

-29.4131 

-33.4546 

-37.1007 

-38.1975 

Wi 

-30.4360 

-33.1910 

-36.1319 

-38.1273 

-38.4938 
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From the results depicted in Table 4.4, it is clear that the proposed Walsh code 

assignment algorithm achieves lower spectral regrowth in terms of ACPR at all values of 

IBO. It is worth noting that, at lower values of IBO, the spectral regrowth reduction is 

really remarkable. Also by looking to the results in Table 4.4, one can observe that using 

the proposed algorithm offers a 1 dB gain in the IBO to achieve the same ACPR. This 

implies that using this algorithm the HPA can operate at high values of input power 

approaching the saturation level with minimal spectral regrowth and, in turn, the HPA 

efficiency is improved. 

Fig. 4.13 shows the PSD for the CDMA signal with the three Walsh code sets in 

the presence of a PD-HPA at different values of IBOs. The PSD is calculated using 

Welch's method using a Hamming window with segment length of 64 samples and 50% 

overlap between segments. From the curves in Fig. 4.13, it is clear that the representation 

with the Walsh code set selected using the proposed Walsh assignment algorithm has 

lower spectral regrowth as compared to the other two representations with different 

Walsh code sets. 
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4.5 Conclusions 

In this chapter, we analyzed the spectral regrowth in the transmitted signals 

caused by nonlinear amplification. Based on this analysis, we established which signal 

characteristics at the PD-HPA input mainly contribute to spectral regrowth. In relation to 

the PD-HPA saturation level, the input signal's threshold crossing rate Rc and clipped 

signal variance a^ are correlated well with the expected spectral regrowth, with lower 
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values in Rc and a* resulting in a lower ACPR0. In cases of input representations with 

similar Rc and a^, the mean threshold crossing duration f provides additional 

discrimination between input representations to select the one with a lower ACPR0. 

Based on the assumption that CDMA and OFDM signals are characterized as Gaussian 

processes for large number of users and subcarriers, respectively, analytical expressions 

for such characteristics were developed. Such an approach provides potential insight into 

how the CDMA signal characteristics and the HPA characteristics interact to produce 

spectral regrowth. Accordingly, one would be able to control such characteristics in order 

to minimize spectral regrowth before the signal hits the HPA using any of the available 

techniques such as SLM, PTS, precoding, and so forth. 

Then, we investigated the CDMA signals with orthogonal spreading codes as a 

special case. It was shown that the PSD of orthogonal CDMA signals depends primarily 

on the PSDs of the assigned codes to each user in the system. Also, it was established that 

the PSD of a Walsh codeword and the PSD of the sum of Walsh codewords depend on 

the specific properties of the Walsh codes used, maximum runlength and indices. Based 

on such a trilateral relation among the PSD, maximum runlength, and indices, an efficient 

Walsh code assignment algorithm was proposed, with which Walsh code functions are 

assigned to the users so as to keep the spectral regrowth at the HPA output minimal. 



Chapter 5 

CHARACTERIZATION 

OF NONLINEAR DISTORTION 

Over the decades, much research has been conducted trying to reduce the 

vulnerability of the amplifier input signal to nonlinearity. Such research often 

seeks to define a measure for the nonlinear distortion, which when reduced often allows 

the nonlinear distortion to be also reduced. Several measures were adopted to quantify 

nonlinear distortion in relation to the input signal to the HPA. In this chapter, we first 

present a brief survey on the most currently known nonlinearity measures highlighting 

their advantages and their disadvantages. Then, we introduce an effective measure for 

characterizing the nonlinear distortion as an alternative to the existing measures, which is 

characterized by having a direct link to the system performance. 

5.1 Existing measures for nonlinear distortion characterization 

Several measures were adopted to quantify nonlinear distortion in relation to the 

input signal to the HPA. PAR is the most commonly used measure of the potential 

nonlinearity due to HPAs, which when reduced decreases the dynamic range of the input 

signal to the HPA [20, 21]. In turn, the signal traverses a smaller range of the inherent 

nonlinearity of the HPA transfer function. Also, PAR allows the system designer to 

122 
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determine the required amount of IBO to achieve a certain acceptable performance. For a 

signal s(t) of duration T, E{s(t)} = 0, the PAR xp is defined as 

max|s( t ) | 2 

Recently, other measures have been adopted such as the instantaneous power 

variance (IPV) [22, 23, 69, 71, 73] and the cubic metric (CM) [22, 24, 72, 73]. The 

motivation for the IPV measure is to reduce the envelope fluctuations [73]. In order to 

remove the dependence on the average power, The IPV o~?s>2 is defined normalized to the 

average power as [22, 69] 

2 _ var{|s(t)|2} _ g{|5(t)|4} 
ffH2 [var{s(t)}P [£{|s(t) |2}]2 ' { } 

The CM measure was proposed with the motivation of reducing the third-order 

modulation product as it is the cause of the major distortion [24]. The CM is defined as 

CM = VsKkmsCOl3)2}- (5.3) 

While the existing measures have their use and have led to remarkable 

improvements, none of them has a close relation with the system performance. In other 

words, no clear mathematical relation exists between these measures and the resulting 

different forms of nonlinear distortion (BER degradation and spectral regrowth). 
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Accordingly, their reduction may not lead to optimum performance. An example to 

illustrate the above idea is presented, where the BER is considered as the performance 

merit. Consider an example 16-user CDMA signal of duration T with Walsh codes of 

length L= 64 and filtered with an SRRC filter. Many representations of this signal have 

been generated. Three of them were selected in order to emphasize that the above-

mentioned measures do not always lead to optimum performance. The three 

representations (Rl, R2, and R3) of such a signal are generated with the same average 

power Pav using the SLM technique [14]. Fig. 5.1 shows the instantaneous power of the 

three representations rl(t), r%(t), and r$(t). 

FW^) 

3.7397 

'^^V^An^ H P 

=H P 

Fig. 5.1 Instantaneous powers r{(t), r^it), and rj;(i) of Rl, R2, and R3, respectively. 
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The reader is reminded that it was established in Chapter 3 that the signal 

characteristics contributing to BER degradation caused by amplifier nonlinearity are: the 

threshold exceeding rate RE and the variance of the clipped signal portion <?,?. The PAR, 

IPV, and CM are calculated for each representation. Also RE, and a^ are measured for 

each representation at different values of IBO y and tabulated in Table 5.1. 

Table 5.1 Signal characteristics of representations Rl, R2, and R3. 

PAR (dB) 

IPV 

CM 

RE 

°l 

BER 

Rl 

4.46 

0.61 

0.36 

0.432 

0.280 

0.246 

0.140 

0.058 

0.027 

0.015 

0.006 

0.137 

0.124 

0.121 

0.113 

R2 

5.73 

0.51 

0.36 

0.489 

0.341 

0.164 

0.083 

0.125 

0.033 

0.015 

0.004 

0.146 

0.129 

0.115 

0.109 

R3 

8.85 

1.51 

0.12 

0.337 

0.322 

0.212 

0.155 

0.048 

0.142 

0.097 

0.063 

0.129 

0.131 

0.121 

0.116 

0 

1 

2 

3 

0 

1 

2 

3 

0 

1 

2 

3 

w 
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It is clear from Table 5.1 that, among the three representations, Rl has the 

minimum PAR, R2 has the minimum IPV, and R3 has the minimum CM. Looking to the 

calculated parameters in Table 5.1, it can be observed that a representation with a 

minimum of one of the considered measures might have higher values of RE and a£ at 

certain IBO values. Hence, such a representation, according to the analysis in Chapter 3, 

will be more vulnerable to nonlinear distortion leading to greater BER degradation. For 

instance, Rl that has the lowest PAR, has the lowest values of RE and <x,? only at IBO = 1 

dB, while has higher values than those of R2 and R3 at other IBO values. Similarly, R2 

that has the lowest IPV, has the lowest values of RE and a* at IBO = 3 dB and 4 dB, 

while has higher values than those of Rl and R3 at other IBO values. Also, R3 that has 

the lowest CM, has the lowest values of RE and a* at IBO = 0 dB, while has higher 

values at other IBO values. Moreover, the BER for all representations at the considered 

IBO levels are computed based on the developed BER performance in (3.34), which is a 

function in the measured signal parameters RE and <x,? and given by 

/ l I (2-RB- o}lalY 
BER = Q\- v, <LLJLL 

* \ i . \ (SNRAWGN)"i + £ {a}la} - \{RE + a} I a}?) 

The BERs are computed at SNRAWGN of 5 dB and tabulated in Table 5.1, where it 

is evident that a representation with a minimum value of one of the nonlinearity measures 

of interest may achieve the best performance at certain IBO threshold values and fails at 

others. Therefore, it is concluded that the considered measures are not closely related to 

(3.34) 
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the system performance and do not always lead to the optimum performance. They also 

lack an important parameter, which is the IBO level that must be borne in mind when 

drafting any nonlinearity measure.. 

Finally, regarding the PAR issue particularly, it can be justified as follows; in the 

presence of a PD-HPA, the signal dynamic range is already determined by its threshold, 

after which the output signal is clipped (distorted). Accordingly, using the dynamic range 

in terms of peak power as a measure for the nonlinear distortion loses its importance, and 

in this case, it is better to sacrifice high peaks by letting them be clipped in favor of 

keeping larger portions of the signal in the linear region below the PD-HPA threshold. 

5.2 Characterization of nonlinear distortion via nonlinearity severity 

measure (NLS) 

In Chapter 3 and Chapter 4, we explored which signal characteristics at the HPA 

input are responsible for performance degradation (BER degradation and spectral regrowth). 

Based on such characteristics, we introduce an efficient measure to quantify the severity of 

the nonlinear distortion, as an alternative to the existing measures, namely nonlinearity 

severity (NLS) measure. 

In Chapter 3, it is established that the signal characteristics contributing to BER 

degradation are the threshold exceeding rate RE and the variance of the clipped signal 
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portion a]:. In Chapter 4, it is established that the signal characteristics contributing to 

spectral regrowth are the threshold crossing rate Rc, the variance of the clipped signal 

portion a*, and the mean duration of crossing event f. For the sake of having a simplified 

measure, it is useful to use the interesting relation between Rc and f, where their product 

gives /?£ [63, 64]. Recalling the definitions of /?clreai <*nd ^c I complex in 

(4.31) and 

(4.44), respectively, and the definitions of f|reai and T|complex in (4.47) and (4.48), 

respectively, it can be shown that 

rrVl2 1 / Y\ 7 rv l2 (Y\ 
flclreal ' ^Ireal = ~J=B e XP \~ 7J ' ~~R~~ e x P ( 9 ] " e r f C 

Yy 

7rVT2 rV 2) B ™r\2J " " W 2 

= e r f c(. | f) = ^lreal (5.4) 

and 

^clcomplex " flcomplex — JTZ^ exp(— y) ' Tj \—— 

= exp(- y) = /^complex (5.5) 

Thus, it can be argued that the signal characteristics affecting system performance, 

in relation to the nonlinear distortion, are limited to RE and a^. Thus, we define the NLS 

measure in a manner with similarities to the threshold crossing intensity parameter of 
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[74], but explicitly using the signal characteristics that are directly linked to BER 

performance and spectral regrowth as 

NLS(s(t); Y) = 5 ' (5-6) 

where a mathematical expression for NLS can be developed under the assumption that 

the signal (CDMA or OFDM) is characterized as a zero-mean Gaussian process as 

NLS|real(s(t); Y) = erfc ( f- ) ( (1 + y) erfc D-Jl-H)) ^ 

and 

NLS|complexO(t); Y) = exp(-2 y) - ^ r y exp(- y) erfc(7y). (5.8) 

The above expressions for NLS can be verified through simulation of two 

example 64-user CDMA signals. The signals are filtered using an SRRC filter with roll-

off of 0.22 and oversampled by 4. The data symbols for the two signals are a\ = ±1 as 

representative for real signals and a^ = (± l±y) /V2 as representative for complex 

signals. Then, NLS is measured for both signals, at different values of IBO y. The 

measured results are compared against the computed results using the analytic 

expressions in (5.7), and (5.8). Fig. 5.2 shows the curves of NLS, where it is evident that 
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good agreement exists between the analytic curves and the measured points for all IBO 

levels. 

0.05 
I 

0.045 

0.04 

0.035 
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Q 
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Fig. 5.2 Analytic and simulated plots of NLS versus IBO levels. 

In order to emphasize the relation of the NLS measure and the signal 

characteristics contributing to BER degradation, recall the example drawn in Section 5.1 

and adding four other representations R4, R5, R6 and R7, which are selected such that 

they have a minimum NLS at IBO = 0 dB, 1 dB, 2 dB, and 3 dB, respectively. The NLS 

measure is measured for all representations and shown along with the other parameters of 

interest in Table 5.2. 



Chapter 5: Characterization of Nonlinear Distortion 131 

Table 5.2 Signal characteristics of representations Rl, R2, R3, R4, R5, R6, and R7. 

PAR 

(dB) 

IPV 

CM 

RE 

°l 

NLS 

(dB) 

R l 

4.46 

0.61 

0.36 

0.432 

0.280 

0.246 

0.140 

0.058 

0.027 

0.015 

0.006 

-15.98 

-21.24 

-24.23 

-30.47 

R2 

5.73 

0.51 

0.36 

0.489 

0.341 

0.164 

0.083 

0. 125 

0.033 

0.015 

0.004 

-12.15 

-19.43 

-26.16 

-35.07 

R3 

8.85 

1.51 

0.12 

0.337 

0.322 

0.212 

0.155 

0.048 

0.142 

0.097 

0.063 

-17.90 

-13.41 

-16.87 

-20.08 

R4 

5.59 

0.56 

0.36 

0.323 

0.281 

0.193 

0.076 

0.050 

0.034 

0.022 

0.010 

-17.92 

-20.39 

-23.81 

-31.18 

R5 

5.52 

0.59 

0.34 

0.451 

0.285 

0.189 

0.095 

0.058 

0.024 

0.018 

0.008 

-15.85 

-21.59 

-24.64 

-31.29 

R6 

5.28 

0.55 

0.29 

0.447 

0.360 

0.170 

0.061 

0.052 

0.028 

0.011 

0.006 

-16.35 

-19.89 

-27.51 

-34.55 

R7 

5.37 

0.51 

0.32 

0.496 

0.386 

0.193 

0.057 

0.047 

0.035 

0.014 

0.004 

-16.30 

-18.67 

-25.83 

-36.52 

0 

1 

2 

3 

0 

1 

2 

3 

0 

1 

2 

3 

3 
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As can be seen in Table 5.2, the values of RE and a,? measured for the 

representations with the minimum NLS adjusted to the considered IBO levels are very 

close to the minimum values of RE and al measured for the other representation at the 

corresponding IBO level. Also, the BER for all representations at all IBO levels are 

computed at SNRAWGN of 5 dB and shown in Fig. 5.3, where it is clear that the 

representations with minimum NLS adjusted to a particular IBO level lead to the best 

BER performance at that level. 

0.15 

0.145' 
< 

0.14 
4 

0.135 

0.13 
I 

0.125 

0.12 

0.115 

0.11 

0.105 

» 

0 

o 

+ 
< 

a 
O 
V 
A 
O 

Rl (mm. PAR) 
R2 (min. WV) 
R3 (mill. CM) 
R4 (min. iNLS at 7= 0 dB) 
R5 (min. iNLS at 7= 1 dB) 
R6 (min. >JLS at / = 2 dB) 
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• 
A 

IBO 7(dB) 

Fig. 5.3 BER of (3.34) computed for Rl—R7 versus IBO levels. 
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It appears evident here is another advantage of the NLS measure, in addition to 

being directly linked to the BER performance and spectral regrowth, which is the 

correlation between the NLS measure and the IBO level. 

5.3 Conclusions 

In this chapter, we presented a brief review of the existing measures used to 

characterize the nonlinear distortion showing that such measures are not mathematically 

related to the system performance and do not always lead to optimum performance. 

Based on the signal characteristics developed in Chapter 3 and Chapter 4 that represent 

the main contributors to BER degradation and spectral regrowth, a new measure, NLS, 

which better characterizes the nonlinear distortion, is developed. This parameter is 

characterized by having a direct link to the system performance. Also, being a function in 

the IBO level gives the NLS measure a superior advantage as it can be adjusted to the 

IBO level required to optimize performance according to design demands, which is not 

possible with the existing measures. Additionally, this measure can be used as a selection 

criterion in search and optimization techniques, like SLM and PTS, to select the best 

signal representation to be transmitted. 



Chapter 6 

PERFORMANCE ASSESSMENT 

OF THE NONLINEARITY SEVERITY MEASURE 

In this chapter, the performance of the NLS is assessed. Two performance merits are 

used in the assessment: BER and PSD as a measure for spectral regrowth. The 

selected mapping (SLM) technique is adopted as a platform for performance assessment 

since it represents one of the well known search and optimization techniques that lead to 

improved performance in both CDMA and OFDM. In SLM, several representations of 

the signal to be transmitted are generated, where there should be a selection criterion, 

upon which the best representation is selected for transmission. 

Although any of the nonlinearity measures (PAR, IPV, and CM) described in 

Chapter 5 can be used as a selection criterion in SLM, PAR is the most commonly used 

one. This may be because of its simpler form and the numerous investigations and 

discussions conducted on it in the literature. Accordingly, in this dissertation, the 

performance of the NLS is assessed in comparison with PAR as selection criteria in 

SLM. 

134 
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Then, the performance of the NLS measure is examined with different HPA 

models1 to show that it can also lead to an improved performance. In these experiments, 

Saleh's model and Rapp's model are used as examples for TWTAs and SSPAs, 

respectively. 

6.1 Selected mapping (SLM) technique 

Various techniques have been proposed in the literature to reduce the effects of 

amplifier nonlinearities on CDMA and OFDM signals, where the PAR is often used as 

the nonlinearity measure. Clipping of large signal peaks is the most straightforward 

technique [8-10, 75-78]. However, this technique results in performance degradation in 

terms of BER degradation and spectral regrowth since it distorts the input signal to the 

amplifier [89, 80]. Companding techniques have been proposed for OFDM systems [11-

13, 81-85]. Companding achieves improvement in the BER; however, expansion of the 

compressed signal at the receiver yields noise amplification which can counteract any of 

the performance gains that would otherwise accrue from the increased SNR at the 

receiver [86-89]. Also, search and optimization techniques such as PTS and SLM have 

been introduced and implemented to select the best signal for transmission and, in turn, 

improve the system performance. Such techniques usually adopt the minimum PAR as 

the selection criterion. In PTS [17-19, 90-93], the signal is partitioned into multiple 

' no predistorter is involved in the amplifier chain 
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disjoint subblocks, where the lowest PAR signal is selected by optimally phase 

combining the signal subblocks. 

In this dissertation, we use the SLM technique as the platform for assessing the 

performance of the NLS measure, which was originally proposed for OFDM and then 

applied to CDMA [14-16, 47, 94-100]. In the following subsections, we present the 

basics of the SLM technique used in both the CDMA and OFDM systems. 

6.1.1 SLM in CDMA 

The concept behind the existing SLM technique is based on creating Q equivalent 

representations of the same signal s(t) by rotating the phases of the symbols. Then, the 

signal representation that has the minimum PAR is selected for transmission. The block 

diagram of the SLM technique in a typical CDMA system is depicted in Fig. 6.1, where 

the branches k = 1,..., K represent the number of users. 

A phase rotation vector F = [Plt ...,PM] with Pm = eJ<Pm, q)m = 2nm/M, 

m = 1,..., M is defined. Each &th user's data symbol aP^ is element-wise multiplied by 

the vector P, resulting in a set of M different symbols. These M symbols are then 

multiplied by the corresponding spreading waveform c^(t) forming M different 

representations for each user as 

s™(t) = o « Pm c ( k )( t) , 0 < t < T. (6.1) 
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Fig. 6.1 Block diagram of the SLM technique for a CDMA system. 

Consequently, Q = MK signal representations are generated by performing all 

possible combinations of the M representations for each Ath user signal such that 

s(t) £ {sW(t)}g=1. Among the Q signal representations, the representation m that has 

the minimum PAR is selected for transmission as follows 

m = are min xb^ 
°l<q<Q^ 

= arg min 
°1<<J<Q 

max s 
0<tZT' 

(<7) (Of 
(6.2) 
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The SLM technique remarkably improves the system performance, but at the 

expense of an increased system complexity and computational burden. The system in this 

case performs a large number of computations since the number of the generated 

representations grows exponentially with the number of users (Q = MK representations). 

For instance, for an 8-user CDMA system with a phase rotation vector P consisting of 4 

elements, the total number of possible representations is 65536. In this case, the system 

suffers a tremendous computational burden through performing an increased number of 

multiplications, in addition to the search and optimization procedures that follow. The 

complexity reduction issue in the SLM technique was often raised in the literature and 

various proposals have been presented [94-97, 100]. For the sake of reducing the number 

of generated representations, we showed in [101] that the optimization procedure can be 

performed in a greedy manner. Adopting a greedy algorithm in the search and 

optimization procedure yields a suboptimal selection of the signal to be transmitted. A 

greedy algorithm is an algorithm that always takes the best immediate, or local, solution 

while finding an answer at each stage with the hope of finding the global optimum [102]. 

Using such a greedy algorithm strongly reduces the number of representations among 

which the system selects the optimum one to be transmitted to Q = K(M + 1) — M. 

Clearly, by applying the greedy algorithm, the number of the generated representations 

grows linearly with the number of users. 
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A complexity reduction ratio (CRR) can be defined in a manner with similarities 

to that of [103], but using the number of representations generated in each of the optimal 

and greedy procedures as 

CRR (%) = 1 1 - ir^-1 x 100 %. 
<?l OPT 

(6.3) 

Table 6.1 CRR for the optimal and greedy algorithms. 

K 

2 

4 

8 

M 

2 

4 

8 

2 

4 

8 

2 

4 

8 

Q\OPT 

4 

16 

64 

16 

256 

4096 

256 

65536 

16777216 

Q\GRD 

4 

6 

10 

10 

16 

28 

22 

36 

64 

CRR (%) 

0 

62.5 

84.4 

37.5 

93.8 

99.3 

91.4 

99.94 

99.99 

Table 6.1 shows the number of representations generated using both the optimal 

full search procedure Q\0pr and the greedy algorithm Q\GRD f°r different number of 

users K and different number of representations generated for each user in the system M. 
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The CRR for both procedures is shown as well, where it is evident that a remarkable 

improvement in complexity reduction in terms of reduced number of representations 

exists. 

The issue of computational complexity has been extensively discussed and many 

approaches have been proposed to reduce the complexity for multiuser systems [96-101]. 

It was shown that the multiplication by the phase rotation vector to obtain different 

representations of the same signal represents the main contributor to the system 

complexity, especially in multicarrier and OFDM systems, where complexity becomes 

even more severe since they require several IFFT operations to generate different signal 

representations. For the purpose of reducing such computational burden, we proposed in 

[101] a low complexity technique, namely cyclically shifted sequences (CSS). In the CSS 

technique, the multiplication operations are replaced by cyclic shifting of the users' data 

sequences, which greatly reduces the system complexity. Consider the signal block to be 

transmitted consisting of iV symbols, where the Ath user signal has the form 

N - l 

sk(t) = V aj° cw(t - nT). (6.4) 
71=0 

The CSS technique is based on creating (M+ 1) representations for every user's 

data sequence {a„ }̂ =o by applying M cyclic shifts to the symbols of that sequence. 

Hence, the wth representation of the kth user signal can be expressed as 
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N - l 

sJTk\t) = JTk £ a[X_mk))jv c«\t - nT), (6.5) 
n=0 

where mk = 0, ...,M denotes the »/th shift assigned to the Ath user data sequence and 

(( • )) is the modulo-iV operator. 
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Fig. 6.2 Block diagram of the CSS technique for one subblock. 

In essence, we have 
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K 

fc=i 

K W - l 

fc=i n=0 

where q £ {1, ...,Q} and Q denotes the total number of signal representations according 

to the number of shifts assigned to each user data sequence. Among the Q signal 

representations {s^(t)}q=1, the best representation m is selected for transmission. The 

CSS technique using a greedy algorithm for one block is depicted in Fig. 6.2. 

In order to assess the performance of the CSS technique in comparison with the 

SLM technique, four different representations of an 8-user CDMA signal with Walsh 

codes of length L = 64 and SRRC filtered are generated using: 1) SLM with optimal 

algorithm, 2) SLM with greedy algorithm, 3) CSS with optimal algorithm, and 4) CSS 

with greedy algorithm, with M — 4 for the number of elements in the phase rotation 

vector and the number of shifts in the SLM and CSS, respectively. For each 

representation, the complementary cumulative distribution function (CCDF) of the 

instantaneous power normalized to the average power is computed and plotted in Fig. 6.3. 

It is clear from the figure that the PAR reduction achieved by the conventional SLM 

technique and the proposed CSS technique are similar. Also, it can be seen that adopting 

a greedy algorithm shows a close performance to that of the optimal algorithm up to an 
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IBO of 4 dB, which is quite enough to linearly pass most of the signal in presence of a 

PD-HPA in the cases of fewer users (K< 12). 

It is worth mentioning that the Mi receiver must know the number of shifts mk in 

order to undo the shifting process for the received data sequence, and hence, the number 

of shifts should be transmitted as side information. Transmission of the side information 

is beyond the scope of this dissertation. However, there are various ways to manage the 

side information issue, one of which is transmitting the side information about mk over 

an overhead channel. Also, a few publications have addressed that issue and proposed 

different ways of transmission without (or with embedded) side information [18, 100, 

104]. 

Ix. 

a 
o 
o 

3 4 5 6 7 
Normalized Inst. Power (dB) 

Fig. 6.3 CCDFs of the normalized instantaneous power of an 8-user DS-CDMA signal. 
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6.1.2 SLM in OFDM 

SLM was first introduced for OFDM systems by Bauml et al. [14]. In OFDM 

transmission schemes, a block of N distinct complex-valued subcarriers (OFDM frame) is 

transformed into the time-domain using IFFT. The phase of each data block is rotated 

before the IFFT by M phase vectors resulting in M equivalent distortionless 

representations. The one with the lowest PAR of these representations is retained and 

transmitted instead of the original OFDM signal. The complex baseband OFDM signal 

can be represented as 

N 

s(t) = - ^ T Ake^n^ , 0<t<T, (6.7) 

where Ak is the data symbol carried by the Ath subcarrier, T is the OFDM symbol 

duration, and N is the number of subcarriers. The OFDM signal can be expressed in 

discrete time by sampling s(fc) at a sampling rate of 1/7 as 

N 
1 v—< j2nnk 

s n^s( t ) l t =nT = - 2 ^ f c e N , n = l,..,N. (6.8) 
N fe=i 

Let the data sequence in the OFDM block be expressed as an N-dimensional 

vector A — [Alt A2, ...,AN]T and define the mth phase rotation vector as P m = 

[p}m\p™ P™f, where Pk
(m) = e*r™ with <^m) = 2nm/M, m = 1 M. Then, 
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the frequency-domain version Sm of the mth candidate signal can be generated by 

performing array multiplication (carrier-wise multiplication) of the data vector A and mth 

phase rotation vector IPm as follows 

§ m = [p i
( m )A-P 2

( r n% Pim}ANf. (6.9) 

A set of transmission candidate signals §m can be generated by performing the IFFTs of 

the frequency-domain vectors § m . The candidate signal that has the lowest PAR is 

selected for transmission. The block diagram of the SLM technique in a typical OFDM 

system is depicted in Fig. 6.4. 
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Fig. 6.4 Block diagram of the SLM technique for an OFDM system. 
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6.2 Performance assessment of NLS in presence of PD-HPA 

In our approach to assess the performance of the NLS measure using the SLM 

technique, the best representation m is selected for transmission among the Q equivalent 

representations such that it has the minimal NLS at every IBO level of interest as follows 

m = arg min NLS w ( s ( t ) ;y ) . (6.10) 
l<q<<2 

Performance assessment is conducted through computer simulations for both 

CDMA and OFDM systems. Three CDMA signals with Walsh orthogonal codes of 

length L = 64 are considered with different number of users K = 32, 16, and 8. For 

OFDM, three signals with block lengths (number of symbols per OFDM block) of N = 

128, 64, and 16 (without cyclic prefix) subjected to N = 128, 64, and 16 subcarriers, 

respectively, are considered. Data symbols are QPSK modulated. An SRRC pulse 

shaping filter is used with roll-off factor of p = 0.22 and upsampling factor of 4 in order 

to obtain an adequate signal representation in a nonlinear environment. 

The performance of the NLS measure is assessed through a comparison against 

PAR as two selection criteria in the SLM technique to determine the best signal to be 

transmitted. For such a purpose, three different representations for each of the six signals 

are generated as follows: 1) with no SLM optimization, 2) with SLM using the minimum 

PAR as the selection criterion, and 3) with SLM using the minimum NLS adjusted to the 
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IBO level of interest as the selection criterion. All representations are subjected to a PD-

HPA amplifier chain. Two performance merits are used in the assessment: BER and 

ACPR as a measure for spectral regrowth. Numerical results are given in the following 

subsections. 

6.2.1 BER performance 

The BER performance results presented in this section for CDMA represent the 

average BER of 100 frames of each CDMA signal representation of interest. Each frame 

consists in 10,000 random QPSK data symbols. The average BER for OFDM is carried 

out over 1,000,000 OFDM blocks for each signal representation; each block is of length 

N random QPSK data symbols. Results are obtained at three IBO levels y = 1 dB, 2 dB, 

and 3 dB. 

The BER performance curves for each signal representation in the presence of a 

PD-HPA at the considered IBO levels are plotted in Fig. 6.5—6.10. Fig. 6.5, Fig 6.6, and 

Fig. 6.7 show the BER curves for the 32-, 16-, and 8-user CDMA signals, respectively. 

While the BER curves for the 128-, 64-, and 16- OFDM signals are plotted in Fig. 6.8, 

Fig 6.9, and Fig. 6.10, respectively. 
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Fig. 6.7 BER of 8-user CDMA signals in presence of PD-HPA. 

10 

10"2lr 

itf*H 

£ 10 V 
CD 

10"5H 

10" 

-B -

-A-

-V-

• IBO=0: 

• IBO=i 
[BO=0: 

lBO=l 
lBO=1, 
IBO=1, 

• IBO=2; 

• [BO=2: 

[B0=2 
IBO=3; 

• IBQ=3; 

[BO=3; 

• Linear 

No SLM 
SLM' (PARI 
SLM (NLS) 
No SLM 
SLM (PAR) 
SLM (NLS) 
No SLM 
SLM (PAR) 
SLM (NLS) 
No SLM 
SLM (PAR) 
SLM (NLS) 

Eb!N0 

Fig. 6.8 BER of 128-OFDM signals in presence of PD-HPA. 
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Fig. 6.9 BER of 64-OFDM signals in presence of PD-HPA. 
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Fig. 6.10 BER of 16-OFDM signals in presence of PD-HPA. 
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It is clear from Fig. 6.5—6.10 that using the minimum NLS measure adjusted to 

the IBO level of interest, compared to the minimum PAR as selection criteria to select the 

signal to be transmitted, improves the BER performance. This was expected since the 

NLS measure is based on factors linked directly to the BER performance, RE and a,?, as 

we showed in (3.34). Also, it is worth mentioning that a representation selected based on 

the minimum NLS criterion may also have the minimum PAR. In this case, both criteria 

will lead to the same performance. 

6.2.2 Spectral regrowth 

In this subsection, we use the upper ACPR as a measure to assess the performance 

of using the NLS measure as a selection criterion in the SLM technique in comparison 

with PAR. To compute the ACPR, the PSD of each of the three representations (no SLM 

optimization, SLM using NLS, and SLM using PAR) for each of the six signals under 

test (32-, 16-, and 8-user CDMA and 128-, 64-, and 16- OFDM) is computed. The PSDs 

for time domain signal representations of length 10L (Walsh code length) and ION for 

CDMA and OFDM, respectively, are evaluated using the Welch estimation method in 

MATLAB® (version R2009b) with the following parameters: Hamming window and 

50% overlap between segments. In order to have an adequate trade-off between estimate 

reliability and frequency resolution, the segment length is set to 32. 
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The PSDs for the signal representation in the presence of a PD-HPA at three IBO 

levels x = 1 dB, 2 dB, and 3 dB, are plotted in Fig. 6.11—6.16. Fig. 6.11—6.13 shows 

the PSDs for the 32-, 16-, and 8-user CDMA signals, respectively. While the PSDs for 

the 128-, 64-, and 16-channel OFDM signals are plotted in Fig. 6.14—6.16, respectively. 

The PSDs of the signal representations with no SLM optimization are omitted from the 

plots to allow for clearer comparisons between the two representations of interest in; 

SLM using NLS and SLM using PAR. However, the results of the computed ACPRs for 

all representations are tabulated in Table 6.2—6.7. 
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Fig. 6.11 PSDs of 32-user CDMA signals in presence of PD-HPA at (a) EBO = 1 

dB, (b) IBO = 2 dB, and (c) IBO = 3 dB. 
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PSDs of 16-user CDMA signals in presence of PD-HPA at (a) IBO = 1 Fig. 6.12 

dB, (b) IBO = 2 dB, and (c) IBO = 3 dB. 
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Fig. 6.13 PSDs of 8-user CDMA signals in presence of PD-HPA at (a) IBO = 1 dB, 

(b) IBO = 2 dB, and (c) IBO = 3 dB. 
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Fig. 6.14 PSDs of 128-OFDM signals in presence of PD-HPA at (a) IBO = 1 dB, (b) 

IBO = 2 dB, and (c) IBO = 3 dB. 
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Fig. 6.15 PSDs of 64-OFDM signals in presence of PD-HPA at (a) IBO = 1 dB, (b) 

IBO = 2 dB, and (c) IBO = 3 dB. 
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Table 6.2 ACPR for 32-user CDMA in presence of PD-HPA. 

IBOy (dB) 

NoSLM 

SLM (PAR) 

SLM (NLS) 

Linear 

ACPR (dB) 

1 

-25.10 

-25.86 

-27.31 

2 

-26.66 

-27.97 

-27.98 

3 

-28.48 

-30.53 

-32.14 

-37.22 

Table 6.3 ACPR for 16-user CDMA in presence of PD-HPA. 

IBOy (dB) 

NoSLM 

SLM (PAR) 

SLM (NLS) 

Linear 

ACPR (dB) 

1 

-25.23 

-26.18 

-27.42 

2 

-26.82 

-28.18 

-29.46 

3 

-28.69 

-31.18 

-32.71 

-37.12 

Table 6.4 ACPR for 8-user CDMA in presence of PD-HPA. 

IBOy (dB) 

NoSLM 

SLM (PAR) 

SLM (NLS) 

Linear 

ACPR (dB) 

1 

-25.64 

-29.37 

-30.89 

2 

-26.96 

-32.76 

-36.59 

3 

-28.90 

-36.28 

-36.36 

-37.40 
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Table 6.5 ACPR for 128-OFDM in presence of PD-HPA. 

IBOy (dB) 

NoSLM 

SLM (PAR) 

SLM (NLS) 

Linear 

ACPR (dB) 

1 

-24.93 

-25.01 

-25.22 

2 

-26.42 

-26.56 

-26.78 

3 

-28.13 

-28.39 

-28.68 

-37.13 

Table 6.6 ACPR for 64-OFDM in presence of PD-HPA. 

IBOy (dB) 

NoSLM 

SLM (PAR) 

SLM (NLS) 

Linear 

ACPR (dB) 

1 

-24.94 

-24.64 

-25.36 

2 

-26.44 

-26.35 

-27.19 

3 

-28.17 

-28.29 

-29.36 

-37.12 

Table 6.7 ACPR for 16-OFDM in presence of PD-HPA. 

IBOy (dB) 

NoSLM 

SLM (PAR) 

SLM (NLS) 

Linear 

ACPR (dB) 

1 

-24.97 

-25.82 

-25.98 

2 

-26.50 

-27.41 

-28.22 

3 

-28.31 

-30.50 

-31.20 

-37.12 
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It is clear from the PSDs plotted in Fig. 6.11—6.16 and the computed ACPRs 

tabulated in Table 6.2—6.7 that using the minimum NLS measure adjusted to the IBO 

level of interest, compared to the minimum PAR as selection criteria to select the signal 

to be transmitted, leads to less out-of-band emissions. In turn, lower spectral regrowth is 

achieved. Also, it can be observed that as the IBO level increases, the differences 

between the performances of the representations selected based on the minimum NLS 

measure and those selected based on the minimum PAR tend to vanish. 

Finally, an important concluding remark regarding the performance of the NLS 

measure in comparison with other measures as selection criteria in SLM (or any search 

and optimization technique) should be mentioned here. It is difficult to determine a 

certain value for the outperformance of the NLS measure over other measures, since the 

selection process itself may lead to similar representations, depending on the input signal 

characteristics, resulting in the same performance. Hence, the outperformance can be one 

in a range of values. For instance, in the BER performance, an SNR reduction from 0 dB 

to x dB at a certain BER can be achieved and similarly for the ACPR. 

6.3 Performance assessment with different HPA models 

In our approach for developing the NLS measure, we have assumed the nonlinear 

amplifier chain is a PD-HPA. Such an assumption is quite realistic since a PD-HPA pair 

has become a common practice in wireless communication to compensate for nonlinear 
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distortion due to an HPA and it also represents a cost-effective technique among many 

HPA linearization techniques [46, 47]. However, we claim that the NLS measure would 

also be effective with other amplifier models. Such a claim can be justified through 

understanding the nonlinear behavior of the HPA in the context of this dissertation in the 

following subsection. 

6.3.1 Applicability of the NLS measure with other HPA models 

Consider the three primary regions of the AM-AM transfer function of typical 

HPA models: the linear (or near linear) region, the nonlinear region, and the 

inversion/saturation region. These three regions for a typical traveling wave tube 

amplifier (TWTA) and solid state power amplifier (SSPA) are illustrated in Fig. 6.17. 

In the near linear region, the output signal from the HPA has minimal distortion 

that will not negatively affect recovery of the information sent by the kth user at the 

receiver, unlike in the nonlinear region, where the output signal experiences more 

nonlinear distortion. In the nonlinear region, the distortion is more severe and the signal 

values are clustered at the HPA output and become more vulnerable to noise and other 

channel impairments. However, there is still a one-to-one mapping between the input 

signal values and the output values. Based on this one-to-one mapping, the nonlinear 

region can be linearized using any of the linearization schemes available in the literature, 

such as predistortion. An existing solution is the use of equalization techniques at the 
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receiver to compensate for such a nonlinear distortion. On the other hand, for the 

inversion/saturation region, where the input signal exceeds the threshold (^ or £2)>
 a n 

output signal value has a many-to-one mapping to the input values, as demonstrated in 

Fig. 6.17 for the values with the square and circle markers in the case of the TWTA 

model, and the values with the diamond markers in the case of the SSPA model. In this 

case, uniquely discriminating between these input values would be challenging, resulting 

in additional expected errors at the receiver due to erroneous symbol decoding. From this 

discussion, it is apparent that the severest nonlinear distortion arises when the input signal 

exceeds the HPA inversion/saturation threshold. 

i r 
Linear region i Nonlinear region 

< >f* H-*-
Inversion region 

/ 

L > ^ £ ' ,4-.+-.»-+-*"+-*-4 
<̂ ~ 

f / 1/ 
/ / 
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Fig. 6.17 Typical HPA transfer functions for a TWTA and SSPA. 
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Accordingly, the NLS measure, combined with a suitable choice of threshold, can 

be used as an indicator of the severest nonlinear distortion as it quantifies the amount of 

the signal portion located in the inversion/saturation region, where the data in the 

transmitted signal become unrecoverable at the receiver. In other words, the reduction of 

NLS in the input signal to the HPA means trying to grab as much as possible of the signal 

away from the inversion/saturation region. 

In order to examine the performance of the NLS measure with different HPA 

models, we have considered an example 16-user CDMA signal. Using the SLM 

technique, two equivalent representations of such a signal are generated based on NLS 

and PAR as the selection criteria. The TWTA and SSPA are represented by Saleh's 

model [7] and Rapp's model [29], respectively. Saleh's model is identified by the 

following AM-AM and AM-PM characteristics: 

c w = n 7 2 • (6-n) 

and 

While the AM-AM and AM-PM characteristics for Rapp's model are, respectively, 

given by 
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r 
G [ r ] = ( l + r 4 ) 1 / 4 

and 

0[ r ] = 0 . 

For the TWTA model, a reasonable choice for the threshold is the inversion point. 

For the SSPA model, a reasonable choice for the threshold is the 3-dB compression point, 

which is defined as the input power at which the gain of the HPA falls by 3 dB from its 

linear value. Fig. 6.18 and Fig. 6.19 show the BER performance of a 16-user DS-CDMA 

system in presence of nonlinearity due to TWTA and SSPA, respectively, where it is 

clear that SLM based on the minimum NLS shows an improved performance over the 

minimum PAR at the considered IBO levels. In this case, using the NLS measure as a 

selection criterion can be considered as a generic suboptimum solution. An optimum 

solution likely requires the selection criterion to incorporate characteristics of the specific 

HPA model. 

(6.13) 

(6.14) 
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E6«o(dB) 

Fig. 6.18 BER performance of 16-user CDMA signals in presence of TWTA. 

Fig. 6.19 BER performance of 16-user CDMA signals in presence of SSPA. 
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6.4 Conclusions 

In this chapter, the performance of the NLS measure was assessed by applying it 

as a selection criterion in the SLM technique in comparison with the PAR, where 

simulation results have shown better performance at all IBO levels of interest. Also, 

performance assessments have also shown the efficiency of the NLS measure with 

TWTA and SSPA models. This was justified through the investigation of the transfer 

function of a typical HPA, where it was apparent that the severest nonlinear distortion 

arises when the input signal exceeds the inversion/saturation threshold of the HPA. 

Accordingly, the NLS measure can be used as an indicator of the severest nonlinear 

distortion as it quantifies the amount of the signal portion that falls in the 

inversion/saturation region of the HPA's transfer function, where the data in the 

transmitted signal become unrecoverable at the receiver. 



Chapter 7 

CONCLUSIONS 

AND SUGGESTIONS FOR FUTURE RESEARCH 

In this chapter, we conclude the dissertation with a summary of the presented 

analyses, the established results, and the significance of the contributions drawn from 

the dissertation. Future areas of research as a follow-up to the work presented in this 

thesis are also discussed. 

7.1 Conclusions 

In this dissertation, we investigated the nonlinear distortion effects on 

communication signals passing through a nonlinear amplifier chain. We have considered 

two of the current most widely used signaling schemes; CDMA and OFDM. These 

nonlinear distortion effects represent degradation in the overall system performance in 

terms of BER degradation and additional out-of-band emission (spectral regrowth). The 

goal behind this investigation was to determine which signal characteristics at the 

amplifier input represent the main contributors to such effects of nonlinear distortion. We 

have seen that such an action-oriented research in the input signal to the power amplifier 

is worthwhile as it seeks to minimize the impact of the nonlinear distortion before the 

signal even hits the amplifier. Based on the analysis of the nonlinear distortion effects 

168 
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(BER degradation and spectral regrowth), we were able to characterize the signal's 

nonlinear behavior through its statistical characteristics in relation to the amplifier 

characteristics. In our approach to the analysis and characterization of the nonlinear 

distortion, some assumptions were considered. The considered CDMA system is assumed 

synchronous with equal users' powers. A memoryless PD-HPA pair is considered as the 

amplifier chain, where it has no AM-PM conversion, and has an amplitude transfer 

function that is linear up to a certain level, after which it saturates (clips) the output 

signal. An AWGN is considered as the channel impairment. In the following, we 

summarize the results established in this dissertation. 

• The SNR at the detector input of both CDMA and OFDM systems in presence of 

nonlinear distortion was investigated. SNR expressions were developed as functions of 

characteristics of the amplifier input signal in relation to the PD-HPA. Through these 

expressions, the signal characteristics contributing to BER degradation are established. 

These characteristics are: the rate at which the signal exceeds the saturation threshold 

and the variance of the signal portion above the threshold [48]. 

• An SNR relative efficiency was defined in a manner with similarities to the efficiency 

defined for multiuser communications systems [36, 37]. Defining the relative 

efficiency leads to further understanding of the amplifier nonlinear distortion and 

provides a useful way to determine the IBO level required to achieve a certain BER in 

presence of both AWGN and amplifier nonlinearity. 
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• Based on the analysis of the PSD at the PD-HPA output and the piecewise analysis of 

the clipped signal portion, it was established that the signal characteristics contributing 

to spectral regrowth are: the variance of the clipped signal portion, the threshold 

crossing rate, and the mean duration of crossings [105]. 

• Based on the established signal characteristics that represent the main contributors to 

BER degradation and spectral regrowth, a new measure, NLS, which better 

characterizes the input signal to the PD-HPA in relation to the PD-HPA 

characteristics, was developed. This parameter represents a quality measure for the 

potential nonlinear distortion. Additionally, being a function in the IBO level gives the 

NLS measure a superior advantage over the existing measures as it can be adjusted to 

the IBO level required to work at according to design demands. 

• The performance of the NLS measure was assessed by applying it as a selection 

criterion in the SLM technique in comparison with the PAR, where simulation results 

have shown better performance at all IBO levels of interest. Also, performance 

assessments have shown that the NLS measure is also effective with TWTA and SSPA 

models. This was justified through the investigation of the transfer function of a 

typical HPA, where it was apparent that the severest nonlinear distortion arises when 

the input signal exceeds the inversion/saturation threshold of the HPA. Accordingly, 

the NLS measure can be used as an indicator of the severest nonlinear distortion as it 

quantifies the amount of the signal portion that falls in the inversion/saturation region 
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of the HPA's transfer function, where the data in the transmitted signal become 

unrecoverable at the receiver. 

During the research work in this dissertation, other relevant contributions have 

been achieved that also have significant practical applications. In the following, we 

summarize such contributions. 

• Synchronous CDMA signals with orthogonal spreading codes were analyzed as a 

special case. It was shown that the PSD of the CDMA signal depends primarily on the 

PSDs spreading functions assigned to each user in the system as it is approximately a 

scaled sum of the PSDs of the spreading functions assigned to all users. For the case of 

using Walsh codes in synchronous CDMA signals, it was shown that the PSD of 

Walsh functions and the PSD of the sum of Walsh functions depend on the specific 

properties of Walsh codes. Based on such properties of Walsh codes, an effective 

Walsh code assignment algorithm was presented to minimize spectral regrowth [106]. 

• It has been shown in the literature that the main drawback in search and optimization 

techniques such as SLM and PTS techniques is the computational complexity and 

exhaustive search. In this dissertation, we presented a low complexity technique CSS 

[101], as an alternative to the SLM technique. The concept of the presented technique 

is based on cyclic shifts of the symbol data sequences, as a replacement of the 

multiplication by the phase rotation vector, to reduce computational burden. 



Chapter 7: Conclusions and Suggestions for Future Research 172 

Additionally, the search procedure is simplified by adopting a greedy algorithm. In 

this case, the number of generated representations, among which the best signal is 

selected, grows linearly with the number of users. As a result, an exhaustive search, 

among a huge number of representations growing exponentially with the number of 

users, is averted. 

7.2 Suggestions for future research 

The work presented at this stage of research lays a foundation for analyzing and 

characterizing nonlinear distortion effects on signals passing through nonlinear amplifier 

chain. In light of the current contributions, we shed light on some of the opened issues 

and suggest future areas of research as a follow-up to the work presented as follows. 

• The approach in this dissertation provides a potential insight into the interaction 

between the signal characteristics and the amplifier characteristics, which results in the 

nonlinear distortion forms; BER degradation and spectral regrowth. Following such an 

approach, one would be able to control the signal characteristics in order to minimize 

the NLS measure and, in turn, reduce the severity of such distortion forms before the 

signal enters the HPA. We have shown one application to do so by using NLS as a 

selection criterion in the SLM technique. The SLM, like PTS, is flawed by its 

computational complexity and exhaustive search. Hence, we suggest adopting the 

NLS minimization in other less complexity techniques such as, for instance, the 
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interesting linear block precoding introduced by Falconer [23] that addresses the 

minimization of the IPV. 

• The NLS measure is formulated assuming the nonlinear amplifier chain includes a 

predistorter, PD-HPA, which is a realistic assumption. Also, we have shown that the 

NLS measure leads to performance improvement with other amplifier models, with no 

predistorter involved in the amplifier chain, as it tries to grab most of the HPA input 

signal to fall before the saturation/inversion region. Hence, it reduces the signal's 

vulnerability to the severe nonlinear distortion. Unlike the existing nonlinearity 

measures (PAR, IPV, and CM) that represent generic measures in the sense that they 

do not take the nonlinear behavior of the signal along the typical transfer function of 

the HPA into consideration, the NLS measure does characterize such a behavior by 

classifying the transfer function into two region; before and after the 

saturation/inversion threshold. However, we may say that the NLS measure is still a 

generic measure as it does not characterize the signal's nonlinear behavior before the 

threshold, which depends on the particular HPA characteristics. Therefore, we may 

also say that the performance improvement achieved by adopting the NLS measure is 

suboptimal. Hence, seeking the optimum performance requires accurate 

characterization of the signal's behavior in such a region. Actually, such a research 

avenue is very challenging and poses an analysis paradox to find a measure that 

characterizes the signal's nonlinear behavior along its dynamic range and, at the same 

time, is suitable for all HPA models. 
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• The presented analyses were conducted under the assumption of memoryless 

nonlinearity. Memory nonlinear effect causes scattering and/or hysteresis of the AM-

AM and AM-PM curves, and asymmetry in the IMD products. Consequently, more 

sophisticated techniques that consider the frequency dependent behavior of the HPA 

are required to analyze and characterize its effect on the HPA input signal. 



Appendix A 

VARIANCE OF THE DERIVATIVE OF A RANDOM 

PROCESS WITH RECTANGULAR PASSBAND 

To get the variance of the derivative of a random process, it is convenient to 

introduce spectral moments since each moment of order 2i is equal to the variance of the 

z'th derivative of the process [62]; 

/•OO 

hi = o)2iSxx(u) dco = o j 0 , 04.1) 
• ' — O O 

in which x^ denotes the rth derivative of x(t). Therefore, the variance of a derivative 

can be computed by integration in the frequency domain, which is much simpler than 

differentiating a process' variance in the time domain. 

Since the PSD Sxx(aj) of the baseband filtered CDMA signal is nearly 

rectangular, it can be assumed constant over the entire bandwidth B and zero outside such 

a band as follows 

xxK J I 0, otherwise v J 

175 



Appendix A T76 

where B = 2n/Tc = 2nL/T. Therefore, substituting Sxx((o) of (A.2) in (A.l) for /' = 0 

and 1, gives 

B< 

12 0* = 7**1 04"3) 



Appendix B 

JOINT PROBABILITY DENSITY FUNCTION OF 

THE ENVELOPE AND ITS FIRST DERIVATIVE OF 

COMPLEX GAUSSIAN PROCESSES 

Consider s( t ) = x(t) + jy(t) is a zero-mean complex Gaussian process. Since 

x(t) and y(t) are zero-mean Gaussian processes with variances a% = Oy, their 

derivatives x( t ) and y(t) are also zero-mean Gaussian processes with variances crj = 

a^ — E{x2(t)}. Consider the zero-mean Gaussian random vector 

X = [x(t) x{t) y(t) y(t)]T whose pdf can be written as [60] 

Am = s» e x p (4 x r K" , J £ ) (B.1) 

in which K = £,{XXr} is the covariance of X. Since x(t) and y(t) are uncorrelated and 

E{x x) = 0, this covariance matrix can be written as 

K = 

al 
0 

0 

.0 

0 

*J 
0 

0 

0 

0 

°l 
0 

0 

0 

0 

ol 

(B.2) 
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and its determinant and its inverse are, respectively, given by 

— ^-4_4 \K\=a*a* (B.3) 

and 

K " ^ 

^ r 0 0 

0 

0 

0 

°1 
0 

0 

0 

1 

0 

0 

0 

1 
^^ 

(B.4) 

Since s(t) = r ( t ) e ; e ( t ) = x(t) + y(t), therefore x(t) and y(t) can be written in the 

polar coordinate as 

x{t) = r(fc)cos0(t) (B.5) 

and 

y(£) = r{t) sin 0(t) (B.6) 

Therefore, the pdf of the random vector ¥ = [r(i) f(t) 6{t) 0{t)]T corresponding to X 

is given by 
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/vO0 = l7l/xCX). (B.7) 

where 

J = 
dX 

= r2 (B.8) 

is the Jacobian determinant of the transformation. It can be found from (B.5) and (B.6) 

that x2 + y2 = r2 and x2 + y2 = r2 + r62. Substituting in (B.7), gives 

/ v W = / v ( r , r , M ) ) 

4n2a£o? 

1 (r f r 9 
exP - i b + j + ' 2\a2 a2 a2 (B.9) 

Integrating 9 from 0 to 2n and 9 from —°o to oo, we obtain the joint pdf of r and f as 

frAr>f) = 
Ina^al 

Ifr2 r2 

2 W + 5 = e x P ( - o ( r i + - 2 ) ) - (B.10) 
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