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Abstract

W
ireless communication has encountered a tremendous growth over the past few decades.
The increased plurality in communication standards, characterized by the use of different
operating frequencies and data rates, has translated into very tough specifications for

the broadcasting base station power amplifier, in terms of efficiency, bandwidth and linearity.
For this reason, currently many high efficiency power amplifier concepts are investigated for their
suitability to handle the upcoming generations of wireless communication standards.

At this moment the Doherty power amplifier (DPA) is a popular concept, which gives good
efficiency in the power back-off, making it a suitable choice when dealing with signals that have
a high peak-to-average power ratio. To be efficient in power back-off operation, the Doherty
power amplifier is composed out of two linear amplifiers with an impedance inverter as an output
power combiner. Due to its high complexity, the traditional Doherty amplifier is limited for its
RF bandwidth. In view of this, the objective of this thesis is to design a linear wideband class-B
power amplifier cell which allows incorporation in the DPA. For this purpose an LDMOS based
push-pull topology together with baluns (implemented by bondwires) at the input and output
of the transistors has been adapted. The described topology helps to achieve an orthogonal
relation between the fundamental path and its second harmonic, resulting in wideband high
efficiency operation. The resulting amplifier provides an output power of 60 W with a power
added efficiency greater than 48% over a relative bandwidth of 40% centered around 1.8GHz.

i



Advisor: Dr.Ir. L.C.N. de Vreede, Microelectronics, TU Delft

Chairperson:

Member:

Member:

Member:

ii



To my parents and grandparents

iii



iv



Contents

List of Figures ix

List of Tables xi

Acknowledgments xiii

1 Introduction 1

2 Basics of RF power amplifier 5

2.1 Transconductance or Gm-based power amplifiers . . . . . . . . . . . . . . 6

2.2 Switch mode power amplifiers . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Efficiency-Bandwidth analysis of the class B/class J power amplifier 17

3.1 Efficiency analysis for a shunt and series output load configuration . . . . 17

3.2 Bandwidth limitation analysis for single-ended topology depicting a shunt
configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.3 Bandwidth limitation analysis for class J - class B - class J* continuum
achieved by the series configuration . . . . . . . . . . . . . . . . . . . . . . 26

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4 The push-pull class B topology 29

4.1 Class B push-pull architecture . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.2 LDMOS device characterization . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3 Balun design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.4 Matching Network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.5 Biasing scheme for low memory effects . . . . . . . . . . . . . . . . . . . . 45

4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5 Class B push-pull design implementation 47

5.1 Input/Output balun implementation . . . . . . . . . . . . . . . . . . . . . 47

5.2 Matching network implementation . . . . . . . . . . . . . . . . . . . . . . 56

5.2.1 First Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.2.2 Second Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6 Doherty Power amplifier 79

6.1 Doherty power amplifier operation principle . . . . . . . . . . . . . . . . . 79

6.2 Bandwidth comparison between the single-ended and push-pull in the DPA 81

v



6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

7 Conclusions and Future Work 85
7.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
7.2 Recommendations and Future Work . . . . . . . . . . . . . . . . . . . . . 88

A Power amplifier performance parameters 91

Bibliography 95

vi



List of Figures

1.1 Block diagram of a base station transceiver system [4] . . . . . . . . . . . 1

2.1 A basic model of the power amplifier . . . . . . . . . . . . . . . . . . . . . 5

2.2 Gm based power amplifier . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Input voltage and output current waveforms of amplifier [10] . . . . . . . 8

2.4 Fourier analysis of reduced conduction angle current waveforms [10] . . . 9

2.5 Switch mode power amplifier . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.6 Class E power amplifier . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.7 Class F power amplifier . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.1 (a)Load pull setup for a class B amplifier (b) Series and shunt configura-
tion loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2 Efficiency contours for different fundamental and 2nd harmonic loading
conditions in a series configuration . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Normalized drain voltage contours for different fundamental and 2nd har-
monic load in a series configuration . . . . . . . . . . . . . . . . . . . . . . 20

3.4 Efficiency contours for different fundamental and 2nd harmonic load in a
shunt configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.5 Single-ended class B power amplifier topology . . . . . . . . . . . . . . . . 22

3.6 Reactance of a shorted λ
4 transmission line across frequency for different

Z0 (
Ropt

2 to 2Ropt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.7 Setup to calculate the impedance offered by a λ
4 shorted stub . . . . . . . 24

3.8 Efficiency contours for fundamental and 2nd harmonic loads around ideal
class B load (black lines) assuming a shunt configuration. Superimposed
on these contours are the impedances offered by a shorted λ

4 T-line (colored

lines) for different Z0 (
Ropt

2 to 2Ropt) over a freq band (F + nδF where,
n=0,1,2,3,4) and δF = 0.1GHz . . . . . . . . . . . . . . . . . . . . . . . . 25

3.9 Efficiency bandwidth of a sinle-ended topology with center frequency 2
GHz, as a function of Z0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.10 Real and Imaginary part of impedance vs frequency for classJ classB
clasJ* continuum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.1 A push-pull architecture for improved efficiency bandwidth performance . 29

4.2 Efficiency vs frequency for a push pull architecture . . . . . . . . . . . . . 31

4.3 A simple balun model with a compensating capacitor connected to the
center tap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.4 Balun model with device capacitances acting as 2nd harmonic short . . . . 32

4.5 DC characteristics of a 60 W LDMOS device (a) Idc vs Vgs (b) Idc vs Vds 34

4.6 Input device capacitance and resistance swept across frequency . . . . . . 34

4.7 Output device capacitance swept across frequency . . . . . . . . . . . . . 35

4.8 Simple model of a balun . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

vii



4.9 Intermediate model describing the primary and secondary side when V˙c
is acting as a virtual ground or open . . . . . . . . . . . . . . . . . . . . . 37

4.10 An intermediate balun model . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.11 Useful balun model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.12 Balun model including the device capacitance . . . . . . . . . . . . . . . . 39

4.13 S-parameter comparison of the useful final model with the simple starting
model of 3 coupled inductors (a) S(1,1) (b) S(2,1) (c) S(2,1) (d) S(2,2) . . 39

4.14 Balun parameter manipulation to achieve a flat response for the optimum
loading condition across the entire frequency band . . . . . . . . . . . . . 40

4.15 Smith chart with constant Q circles denoting the path of a L type matching
network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.16 General schematic of the matching network at input/output . . . . . . . . 42

4.17 Lossy π network for stabilization . . . . . . . . . . . . . . . . . . . . . . . 43

4.18 Lossy Input matching network . . . . . . . . . . . . . . . . . . . . . . . . 44

4.19 Biasing through the center tap of the balun . . . . . . . . . . . . . . . . . 45

5.1 (a) Single bondwire (b) Two bondwires coupled to each other . . . . . . . 47

5.2 (a) Set of bondwires placed in parallel (b) Mapping of the structure into
2 coupled inductors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.3 Balun implementation concept (a)Balun design with bondwires arranged
for the given design constraints (b) Equivalent representation of the balun
structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.4 Geometry of a custom 60 W LDMOS die . . . . . . . . . . . . . . . . . . 51

5.5 Input and output balun connected to the LDMOS die . . . . . . . . . . . 51

5.6 Stability factor k vs frequency for the complete balun structure with the
active device including the parasitic input-output coupling through the
balun structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.7 Coupling between input and output for a bondwire orientation with the
highest point of the bondwire loops close to the LDMOS die . . . . . . . . 54

5.8 Coupling between input and output for a bondwire orientation with the
highest point of the bondwire loops close to the LDMOS die . . . . . . . . 54

5.9 Stability factor, k vs frequency for the new orientation . . . . . . . . . . . 55

5.10 S(2,1) vs frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.11 Efficiency, PAE and Pout vs frequency at 3 dB gain compression . . . . . . 56

5.12 (a) L-C implementation by bondwire type structures (b) L-C implemen-
tation by transmission line structures . . . . . . . . . . . . . . . . . . . . . 57

5.13 Top View of the wideband class B design . . . . . . . . . . . . . . . . . . 57

5.14 Implementation of the biasing network inside the package . . . . . . . . . 58

5.15 Drain voltages at the push and pull node for different Lbias . . . . . . . . 59

5.16 Output pre-match network . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.17 Output T-line matching network overview . . . . . . . . . . . . . . . . . . 61

5.18 Overview of the output matching network . . . . . . . . . . . . . . . . . . 62

5.19 Smith chart depicting the impedance transformation at the output . . . . 62

5.20 Output network inside the package . . . . . . . . . . . . . . . . . . . . . . 64

5.21 Output T-line matching network . . . . . . . . . . . . . . . . . . . . . . . 64

viii



5.22 Differential impedance as seen from the drain of the transistors . . . . . . 65
5.23 Common mode impedance seen by the second harmonic signal . . . . . . 66
5.24 A general overview of the input matching network . . . . . . . . . . . . . 66
5.25 Implementation of the lossy network in the package . . . . . . . . . . . . . 67
5.26 Biasing scheme at the input network . . . . . . . . . . . . . . . . . . . . . 68
5.27 Final layout of the in-package components . . . . . . . . . . . . . . . . . . 69
5.28 Input T-line matching network . . . . . . . . . . . . . . . . . . . . . . . . 69
5.29 S(2,1) of the push-pull class B design . . . . . . . . . . . . . . . . . . . . . 70
5.30 Stability Curves for the push-pull class B design . . . . . . . . . . . . . . 70
5.31 Efficiency, PAE, Gain and Pout vs frequency at 1 dB gain compression . . 71
5.32 Efficiency, PAE, Gain and Pout vs frequency at 3 dB gain compression . . 71
5.33 Lossy network concept overview with a passive die . . . . . . . . . . . . . 72
5.34 Implementation of the lossy network inside the package . . . . . . . . . . 73
5.35 In-package overview of the second push-pull design . . . . . . . . . . . . . 74
5.36 S(2,1) for the second push-pull class B design . . . . . . . . . . . . . . . . 74
5.37 Stability Curves for the second push-pull class B design . . . . . . . . . . 75
5.38 Efficiency, PAE, Gain and Pout vs frequency at 1 dB gain compression . . 75
5.39 Efficiency, PAE, Gain and Pout vs frequency at 3 dB gain compression . . 76
5.40 Photograph of the manufactured (design 1) class B push-pull power amplifier 76

6.1 Simple Doherty power amplifier configuration . . . . . . . . . . . . . . . . 79
6.2 Basic operating principle of a Doherty power amplifier . . . . . . . . . . . 80
6.3 (a) Simulation setup of a DPA (b) Two simulations setup, in one the

push-pull topology being used to implement the main and peak amplifier
and the second in which the single-ended topology is used for the same . . 81

6.4 Efficiency bandwidth around Fo = 1GHz vs. Normalized voltage drive
for DPA implementation with push-pull and single ended power amplifiers 82

7.1 (a) Fundamental Loading (b) Second Harmonic Loading . . . . . . . . . . 88

A.1 Power amplifier cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

ix



x



List of Tables

2.1 Summary of Gm based power amplifier . . . . . . . . . . . . . . . . . . . . 12

4.1 Summarized values of input and output impedances . . . . . . . . . . . . 35

5.1 Lp, Ls and k value for different heights and lengths . . . . . . . . . . . . . 49

7.1 Performance comparison of the two designs . . . . . . . . . . . . . . . . . 86
7.2 Comparison between this work and other recent works published in the

literature based on various performance parameters . . . . . . . . . . . . . 87

xi



xii



Acknowledgments

This report is the culmination of a lot of hardwork and toil that I have put in for my
thesis in the last one year. It has been a challenging albeit a very interesting one. I have
had to go through a good share of ups and downs to reach this stage. But all of this
would have been in vain without the support and counseling of a numerous people.

First and foremost, I would like to thank my supervisor, Dr. Leo de Vreede for his
expert guidance. He has been very approachable and open to discussion of new ideas.
His faith and belief were quite encouraging and helped me bring out the best in me. I
deeply admire his professionalism and pragmatic attitude. I hope to be able to emulate
that further in my career.

I would also like to thank all the people associated with this project starting with
M.sc. David A. Calvillo Cortés, my mentor, for always having my back. The details
to which he will help you is exemplary. I have learnt a lot from him, especially about
keeping an eye on the minute details which always comes back to haunt you. I would
also like to express my deepest gratitude to Dr. Fred van Rijs, my supervisor from
NXP semiconductors for supporting my project. I would also like to thank Rob Heeres
and Steven Theeuwen for promptly helping me out with any questions and for their
expert guidance. Next, I would like to thank Michel de Langen, Antoine van Dijk, Atef
Akhnoukh, Will Straver, Koen Buisman and Ali Kaichouhi for helping me out with the
assembly of my design.

Lastly, my 2 years in Delft would have been hollow with out my group comprising
Shigo, Appy, Chiggy and Minni. I would like to thank Shigo for helping me out in my
course work and being a ”decent” roommate, Chiggy for being the kind-hearted and
reliable person you can always bag upon (though his intentions are still doubtful) and
finally Appy and Minni for taking extremely good care of me by listening to all my useless
demands. I would also like to thank my office-mates for providing a light environment
around - Ajay, Serban, for the good discussions we had and Jing, for all the gossip. I
would also like to thank my parents for supporting me throughout all my studies and
backing me up during difficult times.

Rahul Todi
Delft, The Netherlands
August 30, 2011

xiii



xiv



Introduction 1
Motivation and Objective

Mankind has made tremendous progress in the field of mobile communication. The
fact that life nowadays is difficult to imagine without mobile phones is a testament to
this. This progress would not have been possible without the enormous developments
in the supporting infrastructure required for wireless communication. Base stations
are the most critical components in this supporting infrastructure. They facilitate the
communication between cell phones and network providers. It has been forecasted that
the cellular base station shipment will grow to 13.4 million units in 2013 [2]. Hence, a lot
of research focus is now being placed on designing cost-effective and high performance
base-stations. The block diagram of a typical base station is shown in Figure 1.1 as
taken from [4].
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Figure 1.1: Block diagram of a base station transceiver system [4]

High power RF power amplifiers are an integral part of a base station transceiver system.
They are used to amplify the transmit signals to the end users in the unit cell assigned to
that base station. These transmit signals have a high power level in order to compensate
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2 CHAPTER 1. INTRODUCTION

for the environmental losses in the transmit path. The performance in terms of efficiency,
output power, operation bandwidth of a power amplifier and its cost are important
drivers in base station design.

Currently, the fast growing wireless market is characterized by a plurality of various
communication standards like GSM, W-CDMA, UMTS or WiMAX, which operate in
different frequency bands (900 MHz, 1800 MHz, 2100 MHz, 3500 MHz, etc.) [17]. The
modern communication standards utilize varying envelope signals with high peak to
average ratios (PAR), e.g > 10.5dB for W-CDMA, resulting in high linearity and ef-
ficiency requirements for the power amplifier [33]. High efficiency is also required for
eco-friendly operation and to cut down cooling/operational costs. The high data rates
in these various communication standards make both video bandwidth as well RF op-
erating bandwidth important requirements in the design of a power amplifier. A power
amplifier which can be designed to operate multi-band, multi-mode would decrease the
number of power amplifier modules required to cover the entire application spectrum,
resulting in a low-cost and area-efficient implementation of a base station unit.

The amplifier requirements for linearity, efficiency and bandwidth are key concerns in the
wireless research community and are chosen as the topic of focus in this thesis. In view of
this, Doherty amplifiers consisting of a main and peaking amplifier are currently adopted
in base station applications to relax the efficiency penalty related to the high PAR of
the signals, as it provides good efficiency at power back-off region [12]. The main and
the peaking amplifier in this system are usually linear power amplifiers biased in class
AB/class B configuration. It has been concluded in [20] [11] that these amplifiers cause
bandwidth limitations of the whole system. To overcome this limitation, the objective
of this thesis is to implement a wideband class B power amplifier cell (60 W) which can
be utilized in a Doherty system. For this purpose, a push-pull topology is investigated
and compared to the classical single-ended class B topology. Special attention is given to
the practical implementation, which requires balun structures at the input and output
to convert the single-ended signal to a differential signal and vice versa. These balun
structures and the required matching networks are preferably included inside the package
of the power device. Consequently, the use of bondwire structures is considered to achieve
a low loss compact design implementation. All the design work and implementation has
been done in collaboration with NXP semiconductors.

For the definition of various performance metrics like drain efficiency, power added effi-
ciency (PAE) etc; one can refer to Appendix A.

Thesis Organization

The thesis is organized as follows:

• Chapter 2 introduces power amplifiers in two groups, namely the transconductance
and switch-mode power amplifiers. A detailed analysis of the class B power am-
plifier is carried out, stating the loading conditions which are required for high
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efficiency. It also introduces the class J power amplifier, which has different load-
ing conditions than class B but an efficiency performance similar to the class B
configuration.

• Chapter 3 analyses the bandwidth and efficiency for the class B/class J configura-
tions. A load pull simulation is carried out to plot efficiency for different loading
conditions at the fundamental and the 2nd harmonic. A class J-class B-class J*
continuum is observed in this plot providing high efficiency over a large impedance
range, which gives rise to new possibilities for wideband operation. The implemen-
tation aspects are also discussed by analyzing the classical single-ended topology
to find the maximum bandwidth it can provide. It is concluded that its bandwidth
performance is limited due to the interaction in the circuit implementation between
the fundamental and the 2nd harmonic termination.

• Chapter 4 introduces the push-pull topology with baluns at the input and the
output that helps in the orthogonalization of the fundamental (differential signal
for the balun) and the 2nd harmonic (common mode signal for the balun) signal
path solving the issue of limited bandwidth. The transistors in this design are
implemented using LDMOS devices from NXP semiconductors. The huge device
parasitic capacitances of the active device are used to short the 2nd harmonic
while a model is developed for the balun whose parameters are designed to provide
an optimum load at the fundamental over the operating frequency band. The
design of the matching network is also described with focus not only on obtaining
high bandwidth, but also to solve issues like stability. Also, a biasing scheme is
introduced in this chapter to achieve low memory effects.

• Chapter 5 covers the implementation aspects of the various components described
in Chapter 4, like the balun and the input and output matching networks. The
implementation procedure is divided into two parts: the first part consists of an
in-package design which includes the LDMOS die, the input and output balun, bias
network and a pre-match; while the second part is an external PCB design on which
the package lands, and which consists of transmission line type matching network
continuing the pre-match network and the external decoupling for biasing. The
above implementation results in a compact design. Two designs with differences in
their input matching network are implemented based on the above concept. The
simulation results are also provided for the same.

• Chapter 6 briefly introduces the Doherty power amplifier (DPA) concept. A basic
simulation is carried out with ideal push-pull and single-ended topology replacing
the main and peak amplifiers of a DPA to compare the bandwidth performance in
the two cases.

• Chapter 7 presents the important conclusions drawn during the design of the power
amplifier. A few possible recommendations and future work are also described in
this chapter.
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