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Abstract
In the upcoming 5G wireless communication system, the radio frequency (RF) power
amplifier (PA) is a critical component. The signal with low power is amplified by
the PA to the high power signal with as less signal quality loss as possible. The per-
formance of the PA is limited by a trade-off between linearity and efficiency. Some
techniques such as digital predistortion (DPD) and crest factor reduction (CFR)
have been studied to address this trade-off, where the waveform of the PA’s input
signal is optimized such that the output signal of PA is linearly amplified. One
technique is to combine the CFR with DPD, called CFR-DPD, while we argue that
CFR and DPD perform nearly inverse operations in this technique. In this thesis, we
proposed a CFR-free DPD technique where the CFR is removed but a simple limiter
is placed after the DPD for PA safety protection. Simulations on the simulated and
experimental power amplifiers (PAs) are implemented, respectively. The comparison
of CFR-DPD and the proposed CFR-free DPD is analyzed by the distortion level at
the output of a PA, which is evaluated by the normalized mean square error (NMSE)
between the input and output. Also, the peak-to-average power ratio (PAPR) of
the PA’s input signal and the power spectral density (PSD) of the PA’s output sig-
nal are evaluated. Results show that the proposed CFR-free DPD has lower signal
distortion level as well as better control of signal’s PAPR than CFR-DPD.

Keywords: Power amplifier (PA), linearization, digital predistortion (DPD), crest
factor reduction (CFR).
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1
Introduction

1.1 Background

In the upcoming �fth generation (5G) wireless communication system, multicar-
rier transmission, such as orthogonal frequency division multiplexion (OFDM), is
of great importance. OFDM presents attractive advantages such as high spectral
e�ciency, immunity to multipath fading, and simple channel equalization [1]. How-
ever, one major drawback of OFDM signal is the high PAPR, which challenges the
operation range of the RF PAs.

The PA aims to convert low power signals to a suitable high power signal that
can be transmitted by antennas. The ideal PA have constant gain before the sat-
uration point However, in practice, PA design is limited by linearity and e�ciency
constraints[2]. High signal peaks are strongly compressed by the PA, which leads
to in-band errors and out-of-band emissions of the output signal. To smooth the
nonlinear behaviour and relieve the compression e�ect, one solution is to back o�
the PA operation region to a lower power level which is far from the saturation
power point, so the ampli�ed signal experiences less nonlinear distortion. However,
the ampli�ed signal by the PA obtains smaller power gain which may not be enough
for transmission. Besides, the power conversion of the PA is also ine�cient in this
region. So it is no surprise that techniques dealing with the PA trade-o� between
linearity and e�ciency have attracted many research interests.

For many years, di�erent techniques have been developed to address the linearity-
e�ciency trade-o�. Some of them are dedicated to extending the linearity behavior
to the high power region, so-called linearization techniques. DPD is one of the most
popular PA linearization techniques in the modern communication system. It adds
a complementary operation before the PA to compensate the PA nonlinear com-
pression e�ects. By this compensation, the amplitude and phase of the signal are
distorted in a manner that the output signal of the PA is linearly ampli�ed to the
input signal of DPD. To achieve this compensation, DPD �nds the inverse opera-
tion of the PA. The block diagram of this system is shown in Figure. 1.1 and the
behaviors of PA and DPD are shown in Figure 1.2. In practice, DPD techniques are
challenged by the PA identi�cation problem and DPD modeling limitation. DPD-
avalanche [3] is another problem. To compensate the high compression near the
saturation point of PA, DPD distorts the signal to extremely high peaks which may
be physically unachievable, and these peaks su�er more severe compression. This
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1. Introduction

problem leads to a strong performance deterioration.

Figure 1.1: System model. DPD distorts the inputyd(n) such that the PA output
y(n) is linearly ampli�ed.

Figure 1.2: The behaviors of the PA and DPD. For the sake of analysis convenience,
the power of each signal are normalized to the same level.

Another approach to address the PA trade-o� is to reduce the high PAPR (also
known as high crest factor) of the input signal, namely CFR [1] techniques. Because
signals with high crest factor have some high peaks,these peaks may su�er from the
PA compression even if the average output power level is low. To reduce the signal
quality loss, the PA has to work at a low power level, which is not power e�cient.
So if the crest factor of the signal can be reduced, PAs can operate at a higher
power level. A number of CFR techniques have been proposed for multicarrier
transmission such as clipping and �ltering [4, 5], coding [6], interleaving [7] and
selected mapping [8], etc. Iterative clipping and �ltering (ICF) [5] is one of the
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1. Introduction

most used techniques because of simple implementation and hardware friendly. The
block diagram and the behavior of ICF are shown in Figure 1.3, and both time- and
frequency-domain signals at each blocks are illustrated in Figure 1.4. ICF �rst clips
the signal amplitude to the desired level (y to yc), and then �lters the signal out-
of-band distortion out (yc to ycf). The �ltering process generates amplitude peaks
again in ycf, so these two steps are iteratively performed to restrain the amplitude
regrowth. At the cost of signal quality loss, ICF achieves crest factor reduction as
well as keeps a small adjacent channel interference level. Hence, the PA can perform
at a higher power level when the signal has a small crest factor.

Figure 1.3: The block diagram of iterative clipping and �ltering.

Figure 1.4: Time and frequency domain signals before clipping, after clipping,
and after �ltering. Clipping introduces out-of-band distortion. Although �ltering
restricts these out-of-band leakage, it also reproduces peaks in time domain.

3



1. Introduction

Recently, some studies have presented techniques of combining CFR and DPD [9,
10], where CFR is applied before DPD. We denote CFR-DPD in this thesis. It aims
to push the PA operation region to a higher power level so that the PA is more
e�cient. However, we argue that CFR and DPD perform inverse operations on the
signal, and putting CFR before DPD seriously a�ect the quality of PA's output.
The signal distortion at the output will not bene�t from using CFR. Although the
combined system o�ers advantages on reducing out-of-band distortion, this bene�t
can be achieved by some other operations, such as weighted DPD method. We
proposed a CFR-free DPD structure. The block diagrams of CFR-DPD and the
proposed CFR-free DPD are shown in Figure 1.5.

(a) Block diagram of CFR-DPD structure.

(b) Block diagram of the proposed CFR-free DPD structure.

Figure 1.5: System models

1.2 Thesis contribution

In this thesis, we proposed a PA linearization system without CFR, namely CFR-
free DPD, where a simple limiter is placed after the DPD. The performance of the
proposed system is compared with the CFR-DPD system in terms of multiple met-
rics, such as NMSE, adjacent channel power ratio (ACPR), etc. Results show that
the proposed CFR-free DPD structure has better PA linearization performance than
CFR-DPD structure with respect to output signal distortion. The output signal of
the proposed structure has advantage on signal distortion level. This advantage is
much greater at high output power region, which is also the interest region in prac-
tice. Meanwhile, the limiter of the proposed method can not only protect the PA
safety but also reduce the signal's crest-factor (CF) greatly.

More speci�cally, two predistortion identi�cation methods, indirect learning archi-
tecture (ILA) [11] and iterative learning control (ILC) [12] are applied. Results on
two memoryless PA models veri�ed the theoretical NMSE lower bound and proved
the advantage of the proposed method. It also showed that ILC has the best noise
robustness and linearity performance. What's more, experimental results are also
obtained by RF WebLab [13], where a class-AB PA is employed. And the experi-
mental results o�ered further proof for our statement that the proposed system has
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1. Introduction

lower signal distortion level compared to CFR-DPD system.

1.3 Thesis outline

The rest of the thesis chapters will be organized as follows. Chapter 2 introduces
the theory of PA behavior modeling. Chapter 3 presents the concept of di�erent
DPD identi�cation algorithms and a CFR technique. The proposed CFR-free DPD
is described in Chapter 4 which also contains the evaluation strategies. Finally, the
next Chapter presents numerical results, concludes the thesis, and discusses future
work.
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2
Power Ampli�er Modeling

2.1 Nonlinearity of Power Ampli�ers

The nonlinearity of PAs consists of two main parts, static nonlinearity, and memory
e�ects. Static nonlinearity causes the PA to compress the signal with high power,
mainly exhibiting amplitude-to-amplitude (AM/AM) nonlinearity. Memory e�ects
mean that the nonlinearity of PA is time-dependent, so output signals are a�ected by
not only the simultaneous input signal but also the previous input signal. Memory
e�ects can be observed in the AM/AM and amplitude-to-phase (AM/PM) conver-
sions of PAs. In order to have a reliable modeling performance of the PA, both
static nonlinearity and memory e�ects should be considered properly.

Static nonlinearity

In the narrow-band case, the PA is dominated by static nonlinearity, which happens
in the PA compression region. The higher output signal power goes, the more severe
compression e�ect it su�ers. This phenomenon is usually evaluated by the AM/AM
conversion, which represents the amplitude relationship between input signals and
output signals. The AM/AM characteristic of a PA is shown in Figure 2.1, where
measurements are obtained from RF WebLab [13]. The input/output relation is
almost stable at the lower power region, namely the linear region, and it becomes
very nonlinear when the input power is higher than 25 dBm, namely the compression
region.

Memory e�ects

In the wide-band case, memory e�ects cannot be ignored. Because of PA frequency
selectivity, signal with large bandwidth experiences di�erent gain. This selectivity
becomes to be time-dependence in the time domain, where the output signal depends
on both the current input and the previous input. This phenomenon is known as
memory e�ects of PAs. It may result in dynamic distortions such as asymmetries
in inter-modulation and dynamic AM/PM characteristic [14]. The memory e�ect
on AM/PM is shown in Figure 2.2. The attributions of memory e�ects come from
di�erent aspects, such as thermal e�ects and electrical e�ects [15]. Thermal e�ects
happen when the PA temperature is increased by the dissipated power. The tem-
perature change process is often slow, so thermal e�ects are also called long-term
memory e�ects [16]. Meanwhile, electrical e�ects appear due to the varying bias-
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