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Abstract

In this thesis, an investigation of the use of the poly-harmonic distortion model and
related techniques is conducted, and applied to model fundamental and harmonic
load-pull. Contained within the thesis is a detailed review of the development of the
poly-harmonic distortion model and related methods.

This thesis shows that although the poly-harmonic distortion model improves on the
prediction of fundamental load-pull, over Hot-S-Parameters it still has a limited range
of application. To address this observation, higher order models have been
investigated along with Fourier methods allowing rapid extraction of the behavioral
models. These methods allow conclusions to be drawn on the accuracy of the
extracted models, by the direct observation of the magnitudes of the model
coefficients.

The thesis is concluded with the presentation of the results from third party, using a
model extracted using the methods discussed in this thesis. The Model is of a 0.5W

GaAs pHEMT at 9 GHz and is used within the design of a Class-J MMIC amplifier.
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Summary

¢ Investigated and discussed the limitations of the Poly-Harmonic-

Distortion model

e Developed a Lookup table model of phase polynomials that can be

used to describe fundamental load-pull Contours

e Developed a model of simultaneous fundamental and second

harmonic load-pull

e Demonstrated Models during the design process of a Class-J

MMIC amplifier




Simon P Woodington Acknowledgements

Acknowledgements

| would like to thank my supervisor Prof. Paul Tasker for his fully committed
supervision during my research work. For which | am grateful. It has been a

privilege also to be supported by Prof. Johannes Benedikit

| would also like to thank my industrial sponsor MIMIX Europe Ltd. (now MACOM),
Belfast, Northern Ireland for their support of my research, in particular David
Williams, Andrew Paterson. Also the Engineering and Physical Sciences Research
Council (EPSRC), QinetiQ Ltd., Malvern UK, and Selex Galileo. must also be

acknowledged for their contributions during the course of my research.

| would like to thank Peter Wright, Aamir Sheikh, Chris Roff, Randeep Saini and Dr

Jonathan Lees for there continuing support during my PhD.

Finally | would like to give a special thank you to my family, and all of my friends

outside of university.




Simon P Woodington List of publications

List of publications

Supporting publications

Woodington, S.; Williams, T.; Qi, H.; Williams, D.; Pattison, L.; Patterson, A.; Lees,
J.; Benedikt, J.; Tasker, P.J.; , "A novel measurement based method enabling rapid
extraction of a RF Waveform Look-Up table based behavioural model," Microwave
Symposium Digest, 2008 IEEE MTT-S International , vol., no., pp.1453-1456, 15-20
June 2008

doi: 10.1109/MWSYM.2008.4633053

URL.: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4633053&isnumber
=4632906

Woodington, S.; Saini, R.; Williams, D.; Lees, J.; Benedikt, J.; Tasker, P.J.; ,
"Behavioural model analysis of active harmonic load-pull measurements," Microwave
Symposium Digest (MTT), 2010 IEEE MTT-S International , vol., no., pp.1688-1691,
23-28 May 2010

doi: 10.1109/MWSYM.2010.5517261

URL: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5517261&isnumber
=5514662

J.Powell, M. Uren, T. Martin, S. Cripps, P. Tasker, J. Benedikt, S.Woodington,

A. Mclachlan

“Investigation of high efficiency amplifiers at X-band using GaAs p-HEMT and GaN
HFET technologies”

QinetiQ Ltd, Malvern, Cardiff University, Selex Galileo, Edinburgh,
Electro-Magnetic Remote Sensing (EMRS) Defence Technology Centre (DTC), 7"
Annual Technical Conference,13" -14" July 2010,Conference Proceedings

J. Horn, S. Woodington, R. Saini, J. Benedikt, P.J. Tasker, D.E. Root,

"Harmonic Load Tuning Predictions from X-parameters,"

Agilent Technologies, Santa Rosa, CA, USA; Cardiff University, Cardiff, UK
http://pasymposium.ucsd.edu/papers2009_2/2009 PA_Symp_Final_Program.htm

Saini, R.S.; Woodington, S.; Lees, J.; Benedikt, J.; Tasker, P.J.; , "An intelligence
driven active loadpull system," Microwave Measurements Conference (ARFTG),




Simon P Woodington List of publications

2010 75th ARFTG , vol., no., pp.1-4, 28-28 May 2010

doi: 10.1109/ARFTG.2010.5496327

URL: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5496327 &isnumber
=5496310

Other contributions

Williams, T.; Mojon, O.; Woodington, S.; Lees, J.; Barciela, M.F.; Benedikt, J.;
Tasker, P.J.; , "A robust approach for comparison and validation of large signal
measurement systems," Microwave Symposium Digest, 2008 IEEE MTT-S
International , vol., no., pp.257-260, 15-20 June 2008

doi: 10.1109/MWSYM.2008.4633152

URL.: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4633152&isnumber
=4632906

Hashmi, M.S.; Clarke, A.L.; Woodington, S.P.; Lees, J.; Benedikt, J.; Tasker, P.J.;,
"An Accurate Calibrate-Able Multiharmonic Active Load—Pull System Based on the
Envelope Load—Pull Concept," Microwave Theory and Techniques, IEEE
Transactions on , vol.58, no.3, pp.656-664, March 2010

doi: 10.1109/TMTT.2010.2040403

URL: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5409539&isnumber
=5429083

Hashmi, M.S.; Clarke, A.L.; Woodington, S.P.; Lees, J.; Benedikt, J.; Tasker, P.J.;,
"Electronic multi-harmonic load-pull system for experimentally driven power amplifier
design optimization," Microwave Symposium Digest, 2009. MTT '09. IEEE MTT-S
International , vol., no., pp.1549-1552, 7-12 June 2009

doi: 10.1109/MWSYM.2009.5166005

URL: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5166005&isnumber
=5165586

Lees, J.; Williams, T.; Woodington, S.; McGovern, P.; Cripps, S.; Benedikt, J.;
Tasker, P.; , "Demystifying Device related Memory Effects using Waveform
Engineering and Envelope Domain Analysis," Microwave Conference, 2008. EuMC
2008. 38th European , vol., no., pp.753-756, 27-31 Oct. 2008

doi: 10.1109/EUMC.2008.4751562

URL: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4751562&isnumber
=4751336




Simon P Woodington

Contents

1.1

1.2

1.3

1.4

1.5

1.6

1.7

2

Contents

Title Page

Declaration

Abstract

Summary

Acknowledgements

List of Publications

Contents

List of Abbreviations

Chapter 1- Introduction
Thesis Orientation
Transistor Characterization Methodologies for the
design of power Amplifiers
Microwave Circuit design
Transistor Modeling Strategies
Thesis Objectives
Synopsis of Main Chapters
References

Chapter 2 — Large-Signal S-Parameters to the Poly-

12

14

14

17

18

19

24

25

27




Simon P Woodington

Contents

Harmonic-Distortion model

2.1 Introduction

2.2 Extension of Scattering-parameter measurement and
modeling techniques for use with devices operating in
Large-Signal regimes

2.2.1 Advantages of S-parameters as a high frequency
measurement technique

2.2.2 The problem with S-Parameters for measuring Large-

Signal device operation

223 Improving the relevance of the measurement of “S22”
224 Development of Hot S-Parameters

2.3 Development of the Poly-Harmonic-Distortion-Model
2.3.1 Conversion Matrices and mixer theory

23.2 Investigations into linearized models of large-signal

data as extensions to S-parameters
2.3.3 Phase Normalization and time reference adjustment

234 The Poly-Harmonic-Distortion Model

2.3.5 Current trends In Poly-Harmonic Distortion-modeling
24 Discussion

2.5 References

3 Chapter 3 — Modeling Device behavior at a

Fundamental frequency
3.1 Introduction
3.2 Detailed study of Hot-S-Parameters and PHD models

when used to model fundamental load-pull

31

32

34

36

39

46

50

50

54

55

57

63

67

70

76

76

76




Simon P Woodington Contents

3.3 Development of generic models of fundamental load- 87
Pull
3.4 Measurement and extraction of Model 96
3.4.1 Measurement system 96
3.4.2 Practical Considerations 97
3.4.3 Measurement Results 99
3.44 Amplitude Dependence of coefficients within model 107
3.5 Discussion 110
3.6 References 111
4 Chapter 4 — Multi-Harmonic Device models in the 113

frequency domain

4.1 Introduction 113
4.2 Models of individual harmonic terminations 114
4.3 Multiple Harmonic Interactions 131
4.4 Measurements and observations 133
4.41 Comparison with the Poly-Harmonic Distortion model 135
4.4.2 Verification and Validation of modelling Techniques 138
4.5 Discussion 140
4.6 References 140
5 Chapter 5 — Design of a Class-J, X-Band Monolithic 142

Power Amplifier
5.1 Introduction 142
5.2 Integration of modeling frameworks into CAD 143
environments

5.3 Design and fabrication of a Class J MMIC Amplifier 145

10



Simon P Woodington Contents

5.3.1 Measurement And Modeling of a class-J MMIC 146
amplifier
5.3.2 Results from measurement of Fabricated Amplifier 149
5.4 Discussion 152
5.5 References 152
6 Chapter 6 — Conclusions 154
6.1 Discussion 154
6.2 Future work 156
6.3 Conclusion 157
6.4 References 157
A1 Appendix 1 Mathematical Reference 159

A.2 Appendix 2 Supporting Publications 186

11



Simon P Woodington

Abbreviations

GaN
GaAs
HBT
HEMT
VNA
NVNA
VNNA

LSNA

MTA
S-Parameter(s)
PHD model

X-Parameter(s)

S-function(s)
D.U.T.
RF or R.F.

IP or L.P.

List of Abbreviations

Gallium Nitride

Gallium Arsenide

Hetro-Junction Bipolar Transistor

High Electron Mobility Transistor

Vector-Network-Analyzer
Non-Linear-Vector-Network-Analyzer some work uses VNNA
Vector-Non-Linear-Network-Analyzer see NVNA
Large-Signal-Network-Analyser a type of NVNA Originally sold
by Agilent Technologies

Microwave Transition Analyser

Scattering Parameter(s)

Poly-Harmonic-Distortion model

a parameterization of the Poly-Harmonic-Distortion model
Trademarked by Agilent Technologies

a parameterization of the Poly-Harmonic-Distortion model
Device-Under-Test

Radio Frequency

Intellectual Property

12



Simon P Woodington

Abbreviations

Small-Signal

Large-Signal

MMIC
CAD
PDK
DRC
AM-AM
AM-PM
P,p

H, h

LUT
DFT
FFT

ALP

Operation of a non-linear device in a state where its

response can be considered entirely linear

Operation of a non-linear device in a state where its

response cannot be approximated as linear

Monolithic-Microwave-Integrated-Circuit

Computer Aided Design (tools)

Process Design Kit

Design-Rule-Checker

Amplitude to Amplitude distortion

Amplitude to Phase Distortion

Used in most equations to refer to device under test port index
Used in most equations to refer to device under test harmonic
index also used for the Hermation Conjugate

Look-Up-Table

Discrete-Fourier-Transform

Fast-Fourier-Transform

Active Load-pull

13



Simon P Woodington Chapter 1

Chapter 1 — Introduction

1.1 Thesis Orientation

Radio Frequency (RF) communications have become the standard method for
communicating voice and data information when physical wired connections are not
desirable or possible. The advantages of modern RF communications networks are
made possible thanks to the commercial availability of low cost mobile or cellular
telephony equipment. The first hand-held cellular phone was demonstrated on April
3, 1973, by Martin Cooper, a Motorola researcher who first called his rival at Bell
Labs using his new invention [1]. The popularity of these cellular networks has also
been aided by the increasingly sophisticated portable small computing devices which
utilize RF communications and are now almost ubiquitous in the modern home.
Other applications of radio transmission have also grown including military and

commercial radar, remote detection products and satellite communications.

The expansion in RF communications has been enabled by the development of
affordable solid state semiconductor based transistor and integrated circuit
technologies. The first transistor was demonstrated by John Bardeen, Walter

Brattain working under William Shockley in 1948 [2] this work can also be partially

14



Simon P Woodington Chapter 1

attributed to a patent by J. E. Lilienfeld in 1934 [3], since then the development and
advancement of semiconductor growth and processing technologies has lead to the
development of Integrated Circuits (ICs) [4] and the subset of ICs Monolithic

Microwave Integrated Circuits (MMICs) for use at RF frequencies.

As the complexity of the RF circuits used to power these systems has increased, so
the need for Computer Aided Design CAD packages has arisen to allow the complex
products to be successfully designed in a timely fashion. The first freely available
computer based circuit simulation tool, capable of simulating networks containing
non-linear elements, was the SPICE circuit simulator an acronym for “Simulation
Program with Integrated Circuit Emphasis”. Its first version was announced at the
Sixteenth Midwest Symposium on Circuit Theory on April 12, 1973 [5]. SPICE itself
has gone through many revisions and modifications since its first release and has
been integrated into the commercial electronic CAD Tools for Integrated circuits like

Cadence®.

The two most popular CAD tools for microwave engineers are Advanced Wave

TM»

Research’s “Microwave Office , and Agilent Technologies’ “Advanced Design

System ™

Such modern CAD tools provide the ability to rapidly design and
simulate RF systems including the layout of the artwork used to manufacture MMIC
cells and RF circuit boards with great success. However, the simulation tools have
struggled to gain acceptance for use in accurately simulating RF active transistor
devices operating under large signal conditions necessary for the design of Power

Amplifiers (PAs). It should be noted that the author believes that this is not due to

the availability of accurate modeling strategies but rather the ability to collect and
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process the data necessary to successfully implement them which has lead to a
widespread mistrust in their use among PA designers. This impasse, as stated in
[6], has meant that complex high frequency non-linear measurement systems
designed for measuring large-signal, high frequency power transistors have not
disappeared even with the growth and availability of CAD tools aimed at designers of

high-frequency and microwave systems.

Recently high frequency non-linear measurement systems have gained increased
market interest with the release of a few key instruments. It remains to be seen
whether they will gain popularity within the industry at large. As well as the
availability of new instruments, the recent introduction of X-parameters’ [7], which
are a re-parameterization of the Poly-Harmonic-Distortion (PHD) model [8], along
with specific packaged measurement routines have given further interest to the
problems associated with the handling and usefulness of data collected by Non-
Linear-Vector-Network-Analysers (NVNA) and load-pull systems. With these
advances it is hoped that the collection of suitable datasets and their conversion into
functional parameterized data blocks for use in simulation packages suitable for the

design of large signal power amplifiers will become the default design flow.

In this thesis the author has set out to further investigate modelling approaches
related to the PHD model and the PHD model itself to see if there is a modelling
structure and a measurement method that is best suited to data produced by NVNA
systems augmented by active load-pull. Such a measurement system is available at

the Centre for High Frequency Engineering in Cardiff University. The following

! X-Parameters are a registered trade mark of Agilent Technologies Inc.

16



Simon P Woodington Chapter 1

section discusses current methods for the characterization of high frequency devices

for the design of Power Amplifiers.

1.2 Transistor Characterization Methodologies for the
design of power amplifiers

Present methodologies for characterization of high frequency transistors include
scalar power measurements using Power Meters or measurements with Spectrum
Analyzers which provide information about power, oscillations and spurious signals.
Vector Network Analyzers are also used, providing measurement of s-parameters,
input reflection coefficient and complex transmission gain; allowing the calculation of
Amplitude Modulation to Amplitude Modulation (AM-AM) and Amplitude Modulation
to Phase Modulation (AM-PM). Often, Vector Network Analyzer and/or scalar power
measurements are combined with passive impedance tuners allowing source-pull

and load-pull measurements to be performed.

Load-Pull measurements started as a technique to investigate oscillators. The
frequency of oscillation could be “pulled” by systematically altering the terminating
load at the oscillator's output [6]. These techniques were later found to be useful
when measuring the performance of active devices driven under large signal

conditions.

Load-pull systems are generally used to measure performance at all relevant and

safe impedances that can be reached by the particular tuning mechanism. The

17
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resulting design data is usually plotted as contours against impedance or reflection
coefficient or against swept power for each impedance point, usually high-lighting an

optimized set of conditions for an amplifier designer to use.

1.3 Microwave circuit design

Microwave circuit design is a challenging process and may contain multiple stages.
For Amplifier design these depend on the size of devices to be used, the availability
of samples or accurate reliable models. Two main distinctions however can be
drawn; these are between designs of Monolithic-Microwave-Integrated-Circuits

(MMIC) and designs based on discrete packaged devices at High Power Levels.

Designers of MMICs tend to more heavily rely on model and CAD driven design
flows, due to the availability of commercial Process Design Kits PDK’s, which contain
models and layouts of all circuit elements and structures available in the given semi
conductor manufacturing process along with the rules governing their layout through

“Design Rule Checking” or (DRC).

The quality of commercial PDK’s has become more important with the growth in
foundry-less MMIC design business model via foundries selling space on wafer runs.
In this case the designers work more independently of the foundry, which may not be

located on the same site or within the same company.

Although MMIC designers rely heavily on CAD tools during the design process

designs may still be conducted over multiple wafer fabrication iterations with space

18
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allocated on wafers for development of designs not just raw production. This is often
in addition to the foundries own Process Control Monitoring PCM sites PCMs sites
give useful information about variability of process and opportunity for
measurements to bench-mark or create models, or develop new techniques and

analyses.

Design of High-Power Amplifiers however has a lower level of integration with CAD,
the CAD tools being mainly used to layout physical structure and design matching
networks that are based on impedance gained from load-pull measurements and
reference designs provided by the device manufactures it is less common to use a

commercially available Non-Linear model.

1.4 Transistor modeling Strategies

Transistor modeling strategies can be divided into categories. The first being
physics based models, where the transistor is considered from its physical structure
and the physical equations that describe its operation. These are mostly used by
semi-conductor foundries during technology development and best describe unit
cells. They tend to be too complex for use in CAD circuit design where structures

containing multiples of unit cells are involved.

The second being analytical behavioral models of which there are many different
varieties; common techniques rely on Direct Current (DC) measurements or DC-IV

measurements of transistors which are fitted to generic functions capable of
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describing the behavior of the measurements and or the device type and structure,
then various s-parameter measurements are conducted to extract frequency
dependent parasitic elements of the device being modeled. Figure 1 shows the
construction of a very simple and approximate transistor model in ADS that has been
scaled to the DC characteristics of a 4x75um Gallium Arsenide (GaAs) High Electron
Mobility Transistor (HEMT), which has been used in the simulations throughout the

rest of the thesis.

S S\m le wery A ro)umate .
- EOER .o - yga aAsHemplfrumRFMD

S002P2 model of 437
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=11 T - - T R1 - Beococ E7 | SN NCNCEERE e =
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Approximate Transistor model in ADS

All though the models discussed can be used and do provide good results, this
thesis will focus on behavioural models that can be produced directly from measured
data provided by NVNAs augmented with Active-Load-Pull systems. These being
methods for Direct-Data Utilization [9] which require minimal processing or more

involved techniques like the State Function Model [10] and Volterra techniques [11],

and the Poly-Harmonic-Distortion Model [8].
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The State-Function-Model or Current-State-Function-Model was developed from the
Root Model, [12] a table based model which uses integration of Small Signal bias
dependant s-parameters to approximate the Large-Signal state functions of the DUT.
The State-Function-Model gives a reverse or inverse method to achieve the same
result as the Root Model allowing the mapping between Large Signal RF Waveform
Measurements and the Dynamic-IV's and DC-IV’s of the DUT. Figure (2) shows the
basic configuration of the state function or root model. The approaches to this type
of model are outlined in [10] and can be implemented using time domain or

frequency domain techniques [13].

The State-Function or Root Model concept has recently been used to generate
Large Signal FET models [14] from multiple data sources including NVNA
measurements, in conjunction with a Neural-Network extraction algorithm, to
produce a model that is an advancement of the original state function model as it

included extended structured Dynamic effects.

State Function Models have the advantage over all the other NVNA and load-pull
based models. Because once extracted, they can be utilized in many simulation
domains, they are not just limited to simulation of conditions similar to their
extraction. For example a state function model could be used in a transient
simulation, even when none of the original measurements were performed under
transient conditions. This makes them very powerful, but these types of model
require extensive data sets of widely varying conditions to be accurate and do not

generally give a fast route for utilizing Large Signal Data in CAD software packages.
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Gate Drain
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Drain current:
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Figure (2) Current State Function Device Model

Another approach that uses NVNA data involves the construction of data Look-Up-
Tables. One structure proposed at Cardiff University by Hao Qi et.al. in [9,15,16]
which is being marketed as ‘The Cardiff model' uses the frequency domain
representations of the measured device plane RF-Waveforms for a selection of

loading conditions, and a minimal amount of processing to generate a table that can
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be imported into CAD software and used in as a model. This modeling structure is
described in figure (3). The ideas demonstrated with the Cardiff model were built on
soon after the release of the PNA-X when The Maury Microwave Corporation and

Agilent Technologies released Arbitrary Load Dependant X-Parameters [17, 18]

ix(t) io{t)
A

v v

Relationships that define transfer between data file and simulation tool

Calculation of reflection coefficient at port 2 of the device under test
— ZL _Zo — V21 +[2120

ZL + ZO VZl + IZIZO
Z, =50Q

The Value of I,; in this equation is the value at the previous iteration of the simulation

and can be difficult to obtain and conditional statements have to be used along with this
calculation to insure the simulator is able to Converge
Calculation of the current at the ports of the device under test

h=H
(6= > RYY (V.0 Vi, Vg e |
h=0

L

The instantaneous values of the functions Y, are looked up in a data file containing
many conditions of the state variables V;;, G, Vo, Voo and are calculated as shown
below

L V6TV, V)
7
Figure (3) Cardiff Look-up Table [9, 15, 16]

th(VII’FLﬁVIO’VZO) =
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1.5 Thesis Objectives

This Thesis presents a selection of methods for representing fundamental and
harmonic load-pull data as collected using Non-Linear Network analysers within

simulation packages as functional data sets “behavioural models”.

Different strategies were employed to analyse the non-linear behaviour of different
high frequency devices. These included phase polynomial methods for fundamental
only and for fundamental and harmonic stimuli. Also non-linear mixing based
polynomial models of transistor loading effects were considered. These are
discussed with comparison to the recent developments surrounding the Poly-

Harmonic Distortion (PHD) model and its derivatives.

The methods discussed in this thesis have been demonstrated on a range of
different devices and device technologies these include Gallium Arsenide “GaAs”
Hetro-junction Bipolar Transistors, Gallium Arsenide and Gallium Nitride High

Electron Mobility transistors GaAs, GaN HEMTs.

The main objectives of this thesis are, to establish the best standard set of CW Non-
Linear measurements to perform on an unknown device to gain a functional data set,
which can comprise a basic model having enough functionality and accuracy to aid
the design of Power Amplifiers. Specifically those which rely on harmonic

terminations for example the classes “B” and “J”.
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To establish similarities and differences between the Poly-Harmonic Distortion model
and mixing based models identifying whether it is necessary to perturb

simultaneously every harmonic in the system.

Also to what level of non-linearity of harmonics needs to be considered when
measuring high frequency transistors. Can harmonic terminations as different as
short or open circuits, be considered as linear perturbations?

Does the perturbation of harmonics change the observed polynomial order of the

device under tests behavior?

1.6 Synopsis of Main Chapters

Chapter 2: Large-Signal S-Parameters to the Poly-Harmonic-Distortion model

The Literature Review discusses the origin and development of the Poly-Harmonic-
Distortion model framework through developments in large signal S-parameter
measurement techniques and other measurement driven design and modeling

techniques based on NVNA and Load-Pull Measurements.

The chapter is divided into two sections; the first section of this chapter discusses
the attempts at applying s-parameters to the design of Large Signal Transistor
Amplifiers. Then the second section discusses the origins and formulation of the
Poly-Harmonic Distortion model. In this chapter the model displayed in section 1.4 is

used to demonstrate the techniques described in the literature
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Chapter 3: Modeling Device behavior at a Fundamental frequency

This Chapter contains a detailed discussion of the application of the Poly-Harmonic-
Distortion Model, Hot-S-Parameters and the author’s investigations into mixing
based descriptions to model Constant Wave (CW) fundamental only load-pull data of
unpackaged transistors and the level of approximation each model makes to this
end. Thus providing information about the ability of each model to encapsulate

design relevant information.

Chapter 4: Multi-Harmonic Device models in the frequency domain

This chapter develops the modeling approaches discussed and demonstrated in the
previous chapter adding functionality to account for changes to harmonic
terminations. Simulations are also provided to give insight into the ability of the Poly-
Harmonic Distortion model to account for the behavior of harmonics in load-pull

situations.

Chapter 5: Design of a Class-J X-Band Monolithic Power Amplifier

This chapter demonstrates the application of the developed models to the design of
an X-band MMIC amplifier. The design work was conducted as collaborative
research project with QinetiQ Ltd in Malvern, UK to design a high efficiency X-band

MMIC amplifier. The author providing the model and measurements that assisted in
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the design, the collaboration was successfully completed; showing the value of

precise measurement based non-linear models within the design cycle.
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Chapter 2 — Large-Signal S-Parameters

to the Poly-Harmonic-Distortion model

2.1. Introduction

This chapter aims to review the origin and development of the Poly-Harmonic-
Distortion model framework and its links to the measurement systems that have
driven its development. The first section of this chapter discusses the attempts at
applying s-parameters to the design of transistor amplifiers operating under large
signal conditions. It is then shown how these investigations lead to the formulation
of the Poly-Harmonic-Distortion (PHD) model. A discussion of present work on the
PHD model is provided and how it is currently being applied to model load-pull data.
The examples discussed are explained with the aid of simulations to demonstrate

extraction processes used at each stage.
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2.2. Extension of Scattering-parameter measurement techniques
for use with devices operating in Large-Signal regimes

Scattering-Parameters or “s-parameters” have become the most generally used
network representation in the microwave engineering community. This is due to their
ability to directly encapsulate measurements made by Vector Network Analyzers
whilst being a simple tool for visualizing the effective response of measured
components within systems. Scattering-Parameters were popularised in the 1960’s
with papers by Youla. D.C. [1], and Kurokawa. K.[2]. Kurokawa’s paper was the first
publication to present the scattering matrix in a form that is recognisable today by

microwave engineers.

Both papers presented the scattering matrix in general form with the ability for the
ports of the scattering matrix to be normalized to any real or complex-impedance and
where each port could take on, different normalized impedance. This feature has
subsequently been dropped by the majority of practicing engineers who typically
consider only the standard system impedances of 50 and 75 Ohms. However, the
general definitions are still in use within CAD tools. Figure (1) shows the s-

parameter definition of a two port network.
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S-Parameter Definitions for a two port network
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2.2.1 Advantages of s-parameters as a high frequency
measurement technique

S-parameters fully describe the behavior of a multi-port linear networks operating at
a single frequency. By superposition the description of their behavior simultaneously
at multiple frequencies can be calculated, however this assumption does not hold
true for even weakly non-linear systems. Nevertheless, for transistors operating in a
small signal regime where the error caused is small, s-parameters give useful insight
into stability, gain and matching conditions that are valuable in the design of

transistor based amplifiers.

S-parameters also have the convenience of describing the behavior observed when
a linear network is measured by a Vector-Network-Analyzer (VNA). This
undoubtedly aided the industry wide adoption of s-parameters in the 1960’s with the
commercial release of the VNA by Hewlet Packard and their popular Application

notes.? [3]

Vector Network Analyzers are usually configured to measure 2-port networks but
recently multiport network analyzers have become available. Measurement of the s-
parameters of microwave networks is accomplished by a VNA by injecting a
reference signal from a 50 Ohm source at one port and observing the responses at
all other ports while they are terminated into 50 Ohm impedances. The
measurement is then repeated at all other ports in the system allowing the scattering

matrix of the system to be populated [3]. This measurement technique as stated

? Hewlett Packard spun out their non computer related divisions to become Agilent Technologies in 1999
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allows the use of a microwave source and a load termination with finite impedance
(standard value 50 ohms), which allows the measurement setup to be practical at
microwave frequencies. Figure (2) gives an overview of standard s-parameter

measurements with a network analyzer.

2.2.2 The problem with s-parameters for measuring Large Signal
device operation

The advantages of using s-parameters to describe linear systems being known,
attempts were made at UHF frequencies and up to 1.5GHz to apply s-parameters to
the measurement of large signal devices. W.H. Leighton and R.J Chaffin presented
papers on the design of RF amplifiers with “Large Signal S-Parameters” in 1973° [4,
5]. The papers concluded that s-parameters gave insight into the operation of
devices under large signal conditions. However, they observed that the measured s-
parameters were bias and drive dependent. This made the s-parameters difficult to
use to directly represent the device behavior. The s-parameters were most relevant
when harmonics were either not strongly influencing device behavior, or the device
under test’s (DUT) parasitic capacitances isolated the DUT’s harmonic output from
external circuitry. They also stated that to maximize the relevance of the s-
parameters, the DUT should be operated as close to the final operating conditions as

possible.

To demonstrate the experiment that was conducted by Leighton and Chaffin, a

simulation has been conducted using the harmonic balance simulator within ADS.

3 There was an earlier reference given in the text O. Miiller, “Large-Signal S-Parameters measurement of
Class-C operated Transistors.” Nachrichtentech. Z., Oct 1968, Text for this reference could not be found.
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Here the s-parameters of a model of a 4x75um Gallium Arsenide (GaAs) High-

Electron-Mobility-Transistor (HEMT) have been extracted over a power sweep.

Figure (3) shows the extracted s-parameters.

(top-left) S11; (top-right) S12; (bottom-left) S21; (bottom-right) S22
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The extracted s-parameters clearly show power dependence. Sy; shows a classic
gain compression curve and S11 moves with drive as would be expected. It is also

observed that Sy, and S+, change with drive.

Apart from the drive dependence it is not immediately obvious that there is anything
else wrong with the s-parameters. Since the simulation was conducted using
harmonic balance, it is possible to examine the operation of the device more closely.
Figure (4) shows the intrinsic and extrinsic output current and voltage during the

simulation.

It can be seen that under large-signal conditions the device output for the forward
measurement moves through the device |V-space and interacts with the device
boundary conditions in a completely different way to the reverse measurement. This
means that under large-signal conditions, as the drive increases, the s-parameter set
reflects less the actual forward “desired” operation of the device. In effect the
forward and reverse s-parameters no longer represent the device behaviour under
the same conditions. Therefore, it would become impossible to use these s-
parameters to accurately match the device or predict output power of the device into

different loading conditions at high drive.
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2.2.3 Improving the relevance of the measurement of “S,,”

W.H. Leighton and R.J Chaffin [4, 5 ] highlighted the problems with linear s-
parameters when applied to large signal transistor operation. Their measurement
system was configured in the same way as a standard VNA, and part of their
conclusion was that the measurement of S1, and S, did not give reasonable results.

In 1977 S. R. Mazmder and P. D. van der Puije presented a novel solution to the
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measurement of “S,,” whilst keeping the D.U.T. closer to a forward large signal
operating point [6, 7]. In their paper titled ““Two Signal” Method of Measuring the
Large-Signal S-Parameters of Transistors” a system is explained where by a
constant signal is applied to one port of an active device - for example the gate or
base for transistors. This constant input signal causes the development of another
larger signal at the output of the DUT which allows the measurement of S¢1 and Sy1.
The new approach then required another signal to be injected at the output
simultaneously to the constant input signal, which is used to allow calculation of Sy,

and 812.
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Figures (5-6) give a more detailed description of the two-signal method. This is the
first reference to a technique that has later been called Hot s-parameters or Hot-Sos.
The paper noted that via this method more realistic estimates of S1,, S22 could be
achieved. It also showed that although the method gave expected results when the
reverse injected signal was small, at higher amplitudes the same distortion effects
observed by Leighton and Chaffin would appear. The simulation of the previous
section has been expanded to demonstrate the two signal method for extracting Hot

s-parameters. Figure (7) shows the raw parameters that would be seen on a VNA.

Imag © Imag | ©
522/L 521L
52 52
5217 5227
real real
o o
Imag s12/1 Imag | S1LL
51 51
5117 512"
real real
Figure (6)
Geometric representation of the Two-Signal method for
Measuring S-Parameters
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The results in figure (7) show the same forward s-parameters as the previous
example, but the reverse s-parameters are now calculated from the perturbations of
the large signal State. These measurements are dominated by the forward large
signal state and are not immediately usable until they are processed according to
equations 1 and 2. Values for the actual Sy, and Sy, calculated are shown in Figure
(8).

§22=S522"-S521Leqn (1)

S12=512"-S11L eqn (2)

Rl

5120 eantd
S_120 ]
&j

S22Meant
5290

F_AZPhase (0,000 Lo 360,000) P_A2Phage (0,000 o 360.000)
Pin (-5.000 to 20.000] Pin (-5.000 to 20.000)

(Blue) mean of extracted S22 (left), S12 (right)
Figure (8)
Output S-parameters extracted by two signal method

It can be seen in figure 8 that although the method provides values for S,; and S+
the values are dependent on the magnitude and phase of the pertibation at port 2.
This was observed by Mazmder and van der Puije and the paper suggested that the
best values that could be obtained from this extraction were then the mean of the

residual perturbations. The full set of s-parameters are shown in figure 9.
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Extracted S-Parameters

Comparison of the s-parameters in figure (9) with the previously extracted s-
parameters in Figure (3) shows that both methods agree at low drive levels and
deviation occurs at higher drive levels as the value obtained for Sy, with the two
signal method has a much larger range of movement over drive. As in the previous
example, the intrinsic and extrinsic device operation in terms of voltage and current
can be viewed in figure (10). By comparing the forward and the two source states it
can be seen that the operational state of the device is closely maintained throughout
the whole simulated measurement. This leads to the improved estimate of S,,. The
problems seen in these measurements were not explored further by Mazmder and

van der Puije but were picked up later by other groups.
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Device voltage and current durring measurement

2.2.4 Development of Hot S-Parameters

S. R. Mazmder and P. D. van der Puije started the interest in Hot s-parameter
measurements; however, the topic was not really investigated again until new
instruments became available in the 1990’s. The release of the Microwave
Transition Analyzer (MTA) and the Large Signal Network Analyzer (LSNA) by Agilent
were particularly significant. These instruments provided measurement of the
travelling waves at a calibrated reference plane which allows for the Hot-Sy;
measurement problem to be solved differently to the method used by Mazmder and
van der Puije. Figure (11) explains how the Hot-Sy, problem can be solved by using
measurements of the traveling waves at the device ports combined with a Least-

Squares-method of data extraction.
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During this period work by J. Vershpect [8, 9, 10] introduced the theory of describing
functions, Quadratic Hot S-parameters and then extended Hot S-parameters. These
extended Hot S-parameters have strong similarities to the later Poly-Harmonic-
Distortion model. Work by F. Verbeyst and M. Vanden Bosche, where a method of
constructing fully non-linear s-parameters from expansions of the Volterra series [11,

12, 13] which they named Volterra Input Output Map (VIOMAP) was also important.
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Verspecht's describing functions are a way of collecting all the parameters that are
affecting the ports of a transistor. Equation 3 shows the describing function
proposed in [9] this equation is important because the s-parameters themselves are
not present. In the papers of Verspect, the focus is shifted from describing the s-
parameters to describing the travelling waves at the device ports. This move was
aided by the use of the new instruments which gave access to phase coherent
measurements of harmonics and fully calibrated measurements of the travelling
waves and not just the measurement of ratios, unlike previous work which focused
on just the s-parameters at a fundamental or Carrier frequency. Figure (12) shows
the other way of looking at Hot-S,, measurement data. Shown in the figure are the
actual values of the travelling waves recorded during the Hot-Sy, simulation in the

previous section.

B, = E.j(AH,Alz,...,AlN,AZI,..,AMN,RI,RZ,...,RN) eqn 3 [9]
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Figure (12) Hot-S22 measurement example — shown are travelling
waves rather than ratio S-parameters.
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@

Figure (13)
Load perturbation due to second source
Ploted on 50 Ohm Smith Chart

The other important aspect of this work is the move away from fixed impedance
environments. The link between the extraction measurements and load-pull
contours can be seen in Figure (13), where the amount by which the load was
perturbed during a Hot-S,, measurement is shown. It is clear that this link is very
important if Hot-S,, measurements are to be used to extract relevant device
performance parameters under Large-Signal conditions that cannot be achieved

using small signal s-parameter design relationships.
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2.3. Development of the Poly-Harmonic-Distortion-Model

This Section describes the development of the Poly-Harmonic Distortion (PHD)
model from its early roots in the search for large signal scattering parameters, into its

current forms in X-Parameters and S-functions.

2.3.1 Conversion Matrices and mixer theory

This section gives a brief overview of the construction of conversion matrices and
how they have been formulated for use with s-parameters. Conversion Matrix
Theory was first associated with the design of microwave mixers. The early theories
were developed by Torrey. H. C. and C. A. Whitmer in their work on crystal rectifiers
[14]. This was later explained and expanded upon by S.A. Maas in his book on

Microwave Mixers [15].

Conversion matrices are used to give a mathematical framework to the frequency
translations observed and engineered in a mixer. Figure (14) gives an example of
the use of a microwave mixer for down conversion and describes the major observed

frequencies.

50



Simon P Woodington Chapter 2

‘ A (,Fﬁ 2.+ 00

200 Wi +OWw
e + G

Figure (14)
(left) Use of a Mixer for down conversion (Ideal)
(right) Use of a Mixer for down conversion (practical)

Figure (15) shows the impedance conversion matrix which describes the time
domain multiplication of an impedance waveform with a current waveform to form a
new voltage waveform that is represented in the frequency domain by the use of a

matrix convolution.
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Impedance conversion matrix [15]

The process of convolution can be written in matrix form in the frequency

As shown below forming the Impedance Conversion matrix

Using the impedance and admittance conversion matrices Maas then described the

process of converting these matrices to their scattering parameter equivalents using

the standard relationships given in eqn. 1.

[S]=(+[r]) " (-[rD)=0+[z])]"(z]-1) eqan. 1[15]

The work on mixer theory was used by T. Gasseling et.al. [16], where a two-port

conversion matrix was used to investigate parametric oscillations of a Hetrojunction

Bipolar Transistor (HBT).

Their matrix representation is given in eqn. 2 [16].

Parametric Oscillations occur at different frequencies to the main stimuli and can be
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related to a fractional-N relationship within the device. It is common to observe

these relationships but as explained in [16] they are very complicated to predict.

b, *(KF, - f)] La, *(KF, - f) ]
b, (f ) al(if )
bl(K}«;O + /) _is] al(KF.O + 1) oqn.2. [16]
bz*(K{’o—f) az*(K{?o—f)
b, (:f ) azéf )
I b2(K};O -N1l | az(K};O + 1) |

The [S] Matrix in equation 2 [16] was populated by measuring Hot Small Signal S-
Parameters at relevant frequencies whilst the DUT is run at a Large-Signal operating
point. The Hot S-parameters can then be used to predict the stability factor at each
frequency. The conclusion of this work was that an observed parametric oscillation

was predicted by the Hot S-parameter measurements.

Significantly, this paper was the first to present a full s-parameter matrix that, whilst
filed with linear terms, was capable of predicting cross frequency behavior under
large signal operation and containing representations for all relevant frequencies

within the formulation.
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2.3.2 Investigations into linearized models of large signal data as
extensions to s-parameters

In 2005 the topic of producing linearized s-parameters from large signal data was
revisited. In the paper by Verspect et.al. [17] a matrix factorization was presented,
which forms a base for the Poly-Harmonic-Distortion model. The result of this
factorization is given in eqn.3. This equation is important as it added a set of vectors
describing the system state and partitions the conjugate of the stimuli into a separate

matrix product:

[8]=[8,}+ skl [s'14%] ean3. (171
This paper also introduced time normalisation that is used in the PHD model. The
paper presented an extraction method for the parameters of eqn.3. This method is

shown in figure (16) after restricting the time reference i.e. Za, =0
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S =Byl |+, +5 .
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By| |1 a a* SOl
B l a, a* Si

8]=18ls]
[s]= (181" (8) 181" [5]

Where the Super-Script “H” refers to the Hermitian Conjugate operation
(Complex conjugate of all elements in the transposed matrix)

Figure (16) [17]
Extraction of Linearized S-Parameters

The paper concluded that a linearization of the scattering functions had been found
which encompassed conversion matrix theory previously in use for electrical mixers
which could now be used to describe weakly non-linear states in amoplifiers.

However, more study was required to validate the method.

2.3.3 Phase-Normalization and time reference adjustment

The phase normalization in use for all the methods discussed in this section [18, 19,
20] sets the phase of the injected fundamental signal at port 1 to zero. This is so
that the injection at the fundamental at port 1 happens at time t=0. When this is
conducted for multiple measurements it allows all the measurements to be
compared. This process can be found in most Mathematics texts [21] and makes

use of the time shifting property of the Fourier transform.
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Figure (17) demonstrates the time re-referencing principle. In the figure, two
waveforms have been constructed, the original waveform (red triangles) and a time
shifted version of the waveform (blue circles). The original waveform was

constructed using eqn. 4.

S = 005[2—m] + cos[Zz—mj + cos(32—mj eqn. 4.
T T T

Time shifting of the waveform in this figure is accomplished using egn. 5.

Sit-7)= COS(MJ + cos(Z—zﬂ(t — T)j + 005(3 2m(i=7) T)j
T T T

2m 2rrT 2 2wt 2 2wt
=co§| ————|+cos| 2——-2—— |+cos| 3——-3—
T T T T T T

eqn. 5.

This process preserves the harmonic relationships within the waveforms and
therefore the waveform shape, but importantly allows multiple measurements to be
viewed simultaneously from the same reference point in time. This is important as
most nonlinear network analyzer hardware does not preserve a time reference
between measurements, and a common time reference must be preserved for

derived models to be successfully used in simulation packages.
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Figure (17)
Time Referencing and phase Normalization of the Poly-harmonic-
Distortion Model

In the Poly-Harmonic-Distortion-model this process is represented in the frequency

domain as follows in egn. 6:

5]
Ph — ejhz9 — ejh(éal) — e‘ T _ ejharr eqn. 6.
Each component of the signals incident and scattered from the DUT is multiplied by
‘P’ to the power of its harmonic number, as in eqn. 7.

G(wh) = f(oh)P"  eqn.7.

2.3.4 The Poly-Harmonic-Distortion Model

The main papers on the Poly-Harmonic-Distortion model were published in 2005, by
J. Verschpect and D.E. Root [18, 19] these papers presented work based around

eqn. 8, which describes the Poly-Harmonic-Distortion model.
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B, =38 (4.4, +>1T,..(4,)P"" 4, * eqn.8.[18]
qn

qn

The Poly-Harmonic-Distortion model was proposed as a simple way of capturing the
transmission behavior of non-linear system components for use in simulation of
cascaded systems. To this end, it stated that it was necessary to not only capture
behavior at the frequency or frequencies of interest but to also capture the behavior
of all other spurious products in the system. It was also intended that these models
should allow full intellectual property (IP) protection. In effect, none of the
information contained within the model would allow the user to reverse engineer the
model or the component the model was created for. This is a problem with models
that contain physical circuit information or equivalent circuit models. The papers also
intended that the model should be developed without any prior knowledge of the

DUT and should be extracted using a simple set of measurements.

As discussed, the PHD model is heavily based on previous work involving extraction
of large signal or Hot s-parameters. In these measurements it became common
practice to use perturbations by another source at the same and different
frequencies to extract parameters from the DUT. The same techniques were refined
for the extraction of the Poly-Harmonic-Distortion model. One of the main
assumptions of the Poly-Harmonic-Distortion Model and the reason for its name, is
the assumption that small perturbations of any harmonic or carrier can be treated as
linear perturbations of every other spectral line in the system at every port and that
these interactions can then just be added. This was called “The Harmonic Super

Position Principle” in [18, 19] and is shown graphically in Figure (18).
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Figure (18)
Harmonic Super-Position-Principle [18, 19]
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The Harmonic Super Position concept leads to the linear equation of the PHD model
(eqn. 8.) which has ‘N’ dimensions representing all the ports at each of the

harmonics but is linear at all ports and harmonics.

As stated, the PHD Model is represented by a linear equation which allows for a very
limited set of measurements to be used to extract the model coefficients. Namely a
reference measurement, a small perturbation of the reference state and the
quadrature of the perturbation can be used to directly compute the parameter set.
This calculation is shown in Figure (19). It is noted that figure (19) presents the
minimum extraction measurement set and it would probably not give the best or
most accurate extraction due to the measurement uncertainty. As in previous
sections the extraction process from figure (19) has been simulated on the model of
a 4x75um GaAs HEMT. The results of this process are shown in figures (20, 22).
The results show the same trends for S¢4 and Sy¢ as in the previously presented s-
parameter and the Hot-Sy,; measurements. However, the X-Parameter extraction

seems to have solved the ambiguity in the Hot-S,, where the method was corrupted
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by phase dependence that was not accounted for within the s-parameters. This is
due to the assumption of the presence of the phase conjugated terms “X(W" " The
phase conjugate term appears when the forward Sy term is ether expanding or
compressing and goes through a minimum when the gradient of Sy¢ is near zero
between the expansive and compressive regions of the power sweep. The gain
expansion in Sy is due to the bias point of the modeled transistor. Shown in figure
(10) are the intrinsic and extrinsic voltage and current waveforms from the extraction

process which are very similar to the Hot Sy, case.
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Assuming that three measurements of the scattered b-wave at a port have been made for
three distinct values of the incident a-wave at the same port then:

a,=0 ;b,=b,

a,=a ;b =b

a, =a*;b, =b,’
P=1

From these results:
Sya, =X, =b, =b,

Szz =X
T,=X,;
and

b=X,+Xa, +X,a*
b'=X,+Xga+X,a*
and
by=X,+Xga,+X,a,*
by'=X,+Xsa*+X,a

(1)

(2)

Solving (1) and (2) simultaneously gives:

(bl _XF)aZ +(b2 _XF)al

X, =
a *a,-a,*a,
X, = (b1 '—b, ')a * +(b2 '—b, ')a
T 2
T
and
X, = (bl _XF)aZ *+(b2 _XF)al
’ a,a, *—a,a, *
X, = (bl '—b, ')a + (bz '=b, ')a

a? — (a *)2

Figure (19)
Extraction of the Poly-Harmonic-Distortion-Model [18]

61



Simon P Woodington Chapter 2
0.00 005
- T N B
o $% 020 015 010 005 000 105 010 015 020
|
&
Pin{-12.000 to 13.000) Pin {-12.000 to 13.000)
\\\ \\
. \\
// \ \\\
- / \
& a4 B |
w 5 4 -3 2 -1 1 3 4 5 ;% C\ }
. ]
\\ /
/ \ /
(‘;\\{/ //
‘><\
Pin (-12.000 to 13.000) Pin (-12.000 to 13.000)
Figure (20)
Results of the simulated extraction of the PHD model on a 4x75um GaAs
HEMT
0.20 .
§ "}.\‘__, 0.15—3
EEEE' %%%I 0107
BEO 53U
__= ——a
283 2xg o005
E Mg ]
ug % U.UU—:
B B e R  mmma w
a 2 4 6 g 10 12 14 16 18 2 2 4 6 1 10 12 14 16 18 2
ldezlkodelDC. W ldealtodelDC. W
ts(vds2) ts(x2 v_drain)
ts{vids 1) ts(x3 v _drain)
Figure (21)

Device Voltage and Current during the simulated extraction of the PHD
model on a 4x75um GaAs HEMT
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Figure (22)
Results of the simulated extraction of the PHD model on a 4x75um GaAs
HEMT

2.3.5 Current trends In Poly-Harmonic Distortion-modeling

The release of the PNA-X in 2008 included an optional NVNA feature which provided
the measurement of X-parameters. X-parameters are a restructuring of the Poly-
Harmonic-Distortion model which simplifies the terminology used providing a more
commercial framework. The updated form is shown in eqn.9. [20], the method of

measurement of the X-parameters is explained in the literature but is based on those
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presented in the original papers [18, 19]. Although these explain the hardware setup
they do not give the exact software setup, for instance the number of measurement

points and the extraction algorithm used.

The author believes that the X-parameter extraction process involves more
measurements than those presented in figure (19) and probably the structuring of
the equation into a Least Squares Problem. This information has not been directly
published by Agilent Technologies, but a possible solution is shown in figure (23).
This approach is more in line with the method presented in [17]. In a further
development, the X-parameters have been measured in conjunction with passive
load-pull tuners to create a load look-up table based X-parameter model [22] which
is discussed further in the next section and figure (24) shows a description of how

the author assumes this model works.

b
’%’: = X)(DC,|4,))+

Sl oca 4, , P+
Pshs eqn.9.[20]

> WG OC 4, ) P

Ds>hs

Agilent’'s reformulation of the Poly-Harmonic-Distortion model is not the only
commercially available formulation. Belgian company NMDG and Rhode-Swarchz

have released a competing formulation called S-functions, as shown in egn. 10. [23]
B= H(al(fo )aaz(fo)avdc)+ Sy (a1(fo):a2(f0 )9vdc )A(kfo)+ S Sy (al(fo)aaz(fo )avdc)A(kfo)*

eqgn. 10, [23]
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The approach taken for the measurement of this model differs from the solution
provided by Agilent in so much as the perturbing signals are injected at a different
but close frequency to those created by the signal that sets the initial Large Signal
state. This frequency offset allows the parameters that are extracted to be directly
related to independent spectral lines. This can be viewed as a continuous time
extraction of the PHD model if the injected signals are considered as phase
modulation. Additionally, tools are available through NMDG for the analysis of S-

functions.
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Presented here is a method for formulating the extraction of the poly-harmonic distortion-
model as a Least Squares Problem in matrix form. Assuming that the phase of “A;” has
already been set to zero and all components adjusted accordingly. The X-Parameter
equation can be written for the fundamental and second harmonic as:

_VF s T * s T %
bp,h = Xp,h + Xp,h,2,1a2,1 + Xp,h,2,la2,l +Xp,h,2,2a2,2 + Xp,h,z,zaz,z

If multiple samples of points on this equation are taken where more than the minimal set
of measurements are made then:

F s T % s T "
bp,h,o Xp,h + Xp,h,Z,laZ,l,O +X 10 +Xp,h,2,2a2,2,0 + Xp,h,2,2a2,2,0

p.h,2,1
F S T %k S T %k
bp,h,l _ Xp,h + Xp,h,Z,laZ,l,l + Xp,h,2,1a2,1,l +Xp,h,2,2a2,2,1 + Xp,h,2,2a2,2,1
F N T % S T %
bp,h,n Xp,h + Xp,h,2,1a2,1,n + Xp,h,2,1a2,l,n +Xp,h,2,2a2,2,n + Xp,h,z,zaz,z,n

This is factorized as:

* * psh
bp,h,O 1 Q10 910 Aryo0 Qy00

* * p,h,2,1
ol 1 Ay Ay, ayory Ayo)

® *
bp,h,n 1 Ar1n Aoip Aron D22,

This can be represented symbolically with the equation:

[B]=[4] x]

Noting that [A] is complex and is not always square:

[4]"[B]=[4]"[4]x]

[x]= (4] [4)) [ [8]

Where the Super-Script “H” refers to the Hermitian Conjugate operation or the
conjugate transpose of a matrix

The method presented can be expanded to fit the amount of measurements that can be
made by any particular setup but it is noted that X° and X' Parameters cannot be
extracted at for stimuli that is not perturbed.

Figure (23)
Least Squares Extraction of the Poly-Harmonic-Distortion-Model [17, 20]
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Figure (24) Load Dependant X-Parameters [20, 22, 24]

2.4. Discussion

To summarize this section the different methods and techniques that have lead to

the development of the Poly-Harmonic Distortion model have been discussed and

67



Simon P Woodington Chapter 2

described. In turn the methods that are relevant to this thesis have been
demonstrated these being normal s-parameter measurements Hot Sy, and the Poly-
Harmonic distortion model. These have been demonstrated with the use of
simulations performed on a model of a 4x75um GaAs HEMT. Figures (25-26) show
the results of these simulations, it can be seen in figure (25) that the forward s-
parameters “Sy¢” and “Sq4” for all the methods give the same results but the reverse
parameters figure (26) give different results under Large Signal conditions but tend
toward the same small signal point at low drive levels. So far however no
conclusions have been drawn about the accuracy of any of the methods that have
been discussed and how useful or misleading the parameterizations could be

regarding to design data.
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Extracted forward S-Parameters by 3 methods
Normal Network Analyser Extraction (pink)
Hot S-Parameters (blue)

PHD model (red)
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At this point it would be prudent to consider how relevant this direction of research is;

as it was indicated in the introduction, industry has adopted Load-Pull as its standard

technique for collecting design data about non-linear devices. Industry had lost most

of its interest in “Large Signal” or “Hot” S-Parameters, however, the release of the X-

parameters, sold under the premise that they would replace the use of s-parameters

for Non-Linear devices and fix the ambiguities of “Large Signal” and “Hot” S-
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Parameters, has revived the interest in these techniques. This has lead directly to
their publicized application to Load-Pull where the author assumes they made a
change to the stated X-parameter formulation this was shown in figure (24). In this
figure a method was displayed that used a Look-Up-Table (LUT) instead of X-
parameters at the fundamental frequency. The author considers this as a
fundamental admission, where previously the X-parameters were a replacement to
s-parameters, this change would detract from this claim and brings up the question
“Will there ever be a Non-Linear equivalent to s-parameters?” and how useful are the

X-parameters for encapsulating design relevant data.

The following chapters discuss these points in more detail, and propose other related
techniques for looking at the problem of encapsulating design relevant data for use
in CAD packages. This will be based around waveform measurements and
simulations of active load pull and measurements with active perturbations of

transistors for the purpose of designing transistor amplifiers.

2.5. References

1. On Scattering Matrices Normalised to Complex Port Impedances

Youla. D.C, Proc IRE. vol 49, July 1961, p 1221

2. Power waves and the Scattering Matrix

K. Kurokawa, IEEE Transactions on Microwave Theory and Techniques,

1965, pages194-202

3. AN 154 S-Parameter Design

70



Simon P Woodington Chapter 2

Agilent Technologies, Inc. 1990, 2000, 2006, Printed in USA, June 20, 2006,

5952-1087

4. RF Amplifier Design with Large Signal S-Parameters
William. H. Leighton, Roger J. Chaffin, John G. Webb
IEEE Transactions on Microwave Theory and Techniques Vol MTT-21, No.12,

December 1973.

5. Large-Signal S-Parameter Characterization of UHF Power Transistors

R. J. Chaffin and W.H. Leighton, MTT 1973.

6. An Experimental Method of Characterizing Nonlinear 2-Ports and its
Application to Microwave Class-C Transistor Power Amplifier Design
S. R. Mazmder P. D. van der Puije

IEEE Journal of Solid-State Circuits, Vol SC-12, No. 5, October 1977

7. “Two-Signal” Method of Measuring the Large-Signal S-Parameters of
Transistors
Shamsur. R. Mazmder P. D. van der Puije
IEEE Transactions on Microwave Theory and Techniques Vol MTT-26, No.6,

June 1978.

8. Hot S-Parameter Techniques: 6 = 4+2
Jan Verspecht, Denis Barataud, Jean-Pierre Teyssier, Jean-Michel Nébus

66th ARFTG Conference, December 2005

71



Simon P Woodington Chapter 2

9. Characterizing Components under Large Signal Excitation: Defining Sensible
‘Large Signal S-Parameters’?!
Jan Vershpect, Marc Vanden Bossche, Frans Verbeyst

49th ARFTG Conference, 1997

10. Everything you’ve always wanted to know about Hot S22
(but were afraid to ask),Jan Verspect, Presented at the Workshop Introducing
New Concepts in Non-linear Network Design, MTT-IMS 2002, Fall Power

Amplifier Symposium 2009

11.The Volterra input-output map of a high frequency amplifier as a practical
alternative to load-pull measurements
Verbeyst, F.; Bossche, M.V,
Instrumentation and Measurement Technology Conference, 1994. IMTC/94.
Conference Proceedings. 10th Anniversary. Advanced Technologies in | & M.,
1994 |IEEE
Digital Object Identifier: 10.1109/IMTC.1994.352068

Publication Year: 1994 , Page(s): 283 - 286 vol.1

12.Verbeyst, Frans; Bossche, Marc Vanden; , "VIOMAP, 16QAM and Spectral
Regrowth: Enhanced Prediction and Predistortion based on Two-Tone Black-
Box Model Extraction," ARFTG Conference Digest-Spring, 45th , vol.27, no.,

pp.19-28, May 1995

72



Simon P Woodington Chapter 2

doi: 10.1109/ARFTG.1995.327101

13.Verbeyst, Frans; , "Using Orthogonal Polynomials as Alternative for VIOMAP
to Model Hardly Nonlinear Devices," ARFTG Conference Digest-Spring, 47th ,
vol.29, no., pp.112-120, June 1996

doi: 10.1109/ARFTG.1996.327171

14.Crystal Rectifiers, Torrey. H. C., C. A. Whitmer, New York: McGraw-Hill 1948

15.Microwave Mixers Stephen A. Maas Second Edition Artech House, 1993

ISBN 0-8900605-1, Chapter 4 Diode Mixer Theory, section 4.3.2

16.Hot Small-Signal S-Parameter Measurements of Power Transistors Operating
Under Large-Signal Conditions in a Load-Pull Enviroment for the Study of
Nonlinear Parametric Interactions
Tony Gassling, Denis Barataud, Sébastien Mons, Jean-Michel Nebus, Jean
Pierre Villotte, Juan J. Obregon, Raymond Quere
IEEE Transactions on Microwave Theory and Techniques Vol 52, No.3,pp

805-812, March 2004.

17.Linearization of Large Signal Scattering Functions
Jan Verspecht, Dylan F. Williams, Dominique Schreurs, Kate A. Remley,
Michael D. McKinley
IEEE Transactions on Microwave Theory and Techniques Vol 53,No.4,pp

1369-1376, 2005

73



Simon P Woodington Chapter 2

18.Poly Harmonic Distortion Modelling
David E. Root, Jan Verspecht,

IEEE Microwave Magazine, Vol. 7, Issue 3, June 2006, pp. 44-57

19. Broad-Band Poly-Harmonic Distortion (PHD) Behavioural Models from Fast
Automated Simulations and Large Signal Vectorial Network Measurements.
David E. Root, Jan Verspecht, David Sharrit, John Wood, Alex Cognata

IEEE Transactions on Microwave Theory and Techniques Vol 53,No.11,2005

20.X-Parameters: The new paradigm for measurement, modeling and design of
nonlinear RF and microwave components
David E. Root, Jason Horn, Loren Betts, Chad Gillease, Jan Verspect

Microwave Engineering Europe,Dec 2008, www.mwee.com

21.Advanced Engineering Mathematics,
Glin James, Third Edition, Pearson Educational LTD, 1993, 1994, ISBNO

13045425-7, section 5.33, pp359-360

22.Load Pull + NVNA = Enhanced X-Parameters for PA Designs with High
Mismatch and Technology-Independent Large-Signal Device Moels
Gary Simpson, Jason Horn, Dan Gunyan, David E Root,

Application Note 5A.041,www.maurymw.com

74



Simon P Woodington Chapter 2

23.SFunctions.pdf, downloaded from http://www.nmdg.be/start.html on 12"

August 2010, page 6

24. A Novel Approach for Effective Import of Nonlinear Device Characteristics into
CAD for Large Signal Power Amplifier Design,

Hao Qi, Johannes Benedikt, Paul Tasker, MTT IMS 2006, pp477,480

75



Simon P Woodington Chapter 3

Chapter 3 — modeling device behavior at

a fundamental frequency

3.1 Introduction

This chapter contains a detailed discussion of the application of the Poly-Harmonic-
Distortion Model and Hot-S-Parameters. Also the author’s investigations into mixing
based descriptions to model continuous wave (CW) load-pull data of transistors and
the level of approximation each model makes to this end, providing information about
the ability of each model to encapsulate design information. The author notes that
the Poly-Harmonic-Distortion model was originally designed to look at cascaded
systems constructed from designed and matched components and the work in the

following sections should not detract from the results of those investigations.

3.2 Detailed study of Hot-S-Parameters and PHD models when
used to model fundamental load-puli

In this section the simulations that were presented in chapter 2 have been revisited

and further developed to explain in more detail the extraction of Hot-S-Parameters
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and PHD Model. Figure (1)(top) shows a data set produced by the simulation where
a sweep of the magnitude and phase difference between the fundamental travelling
waves at the ports of the simulated device has been made. This is shown in figure
(2); figure (1) (bottom) shows the gain and power curves for the center of the sweep.
The labeled points ‘A’’B’ and ‘C’ are points at which the extraction of Hot-S-

Parameters and PHD model will been made.
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Simulated Hot-S-Parameter Measurements
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Figure (2)
Hot-S-Parameter sweeps of a two-port-network

Figure (3a) shows the extraction of PHD Model and Hot-S-Parameters at Location ‘A’
in figure 1. At Location ‘A’ the device under test is operating in an approximately
linear manor. In this region the loci drawn by sweeping the magnitude and phase of
‘Az4’ is nearly circular, also indicating that the device can be approximated to a linear
system under these conditions. Figure (3b) shows the load perturbations due to the
sweep of ‘A1’ and figure (3c) shows the difference in the predictions of power around
the sweep of phase for the largest magnitude of ‘Az¢’; between the PHD Model, Hot-
S-Parameters and the harmonic balance simulation. At this level of |A44| and within
this region of the sweep the both the X-parameter and the s-parameter extractions

agree with each other and both model the devices’ performance accurately.

RN ]

Q
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«
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Figure (3A)
Extraction of Hot S-Parameters and PHD Model at point (A) in figure (1)
Output Load Area Swept
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. simulated data
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Extraction of Hot S-Parameters and PHD Model at point (A) in figure (1)
Simulated and extracted Loci of by,

Result of X-Parameter Extraction
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Figure (3C)
Extraction of Hot S-Parameters and PHD Model at point (A) in figure (1)
Simulated and extracted power delivered by ‘bz’

Moving further up the sweep of ‘|A14|" to location ‘B’ figure (4), the loci of ‘B2¢" have
become distorted, due to a compression at locations within the sweep. The
extraction of both the Hot S-Parameters and the PHD Model has begun to fail.
Figure (4c) shows the prediction of the power that each extraction would give it can

be seen that both the PHD Model and the Hot S-Parameters failed to predict the
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compressive region within the sweep and that the PHD Model give a less accurate
prediction of the output power from the simulated device than the Hot S-Parameter
solution. The PHD Model solution is less accurate due to the fact that it was locked
onto three extraction points, one at the origin of the ‘Az¢’loci, and the two quadrature
points on the loci. This gives good agreement on the non compressed sides of the
loci and poor agreement on the compressed side where the over prediction of power
occurs. The Hot S-Parameter extraction is better but still fails, because it finds the
best mean solution to fit the observed data set. It should also be noted that different
extraction algorithms for the PHD Model can give improved results, but are still

unable to capture the actual device behaviour.

[indep(m1),Pinindex,::,1)/sw1_b2[indep(m1),Pinindex,::,1]
_a2[:;,PinIndex,::,1]/sw1_b2[::,Pinindex,::,1]

sw1_a2[:,Pi

\/

Pval (0.000 to 360.000)
Figure (4A)
Extraction of Hot S-Parameters and PHD Model at point (B) in figure (1)
Output Load Area Swept

sw1_a2|
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Extraction of Hot S-Parameters and PHD Model at point (B) in figure (1)
Simulated and extracted Loci of by
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Figure (4C)
Extraction of Hot S-Parameters and PHD Model at point (B) in figure (1)
Simulated and extracted power delivered by ‘b,

Figures (5) and (6) show the same extraction when applied at the highest level of
|A11], approximately the 3dB compression point for the largest |A2|, figure (5) and a
smaller |A4| figure (6). Figure (5) shows the same but more accentuated problems

as in figure (4), but in figure (6) as the magnitude of |az¢| is reduced, the Hot S-
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Parameters and the PHD Model give better results and more accurately represent

the simulated data sets.
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Figure (5A)
Extraction of Hot S-Parameters and PHD Model at point (C) in figure (1)
Output Load Area Swept

sw1_a2

0.30

0.25— B

. simulated data

B B Points used in X-Parameter extraction

Resuit of hot-S-Parameter axtraction

Result of X-Parameter Extraction

a10—

015 e e e e e I
-10 09 -08 0.7 06 -05 04 0.3

Figure (5B)
Extraction of Hot S-Parameters and PHD Model at point (C) in figure (1)
Simulated and extracted Loci of by
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. simulated data
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Figure (5C)
Extraction of Hot S-Parameters and PHD Model at point (C) in figure (1)
Simulated and extracted power delivered by ‘bz’
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Figure (6A)
Extraction of Hot S-Parameters and PHD Model at point (C) in figure (1)
Output Load Area Swept
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Extraction of Hot S-Parameters and PHD Model at point (C) in figure (1)
Simulated and extracted Loci of b4
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Figure (6C)
Extraction of Hot S-Parameters and PHD Model at point (C) in figure (1)
Simulated and extracted power delivered by ‘b,

Figures (3), (4), (5) and (6) show how the extracted Hot S-Parameters and PHD
model predict the devices output power, and the values of ‘B¢’ that were used within

the extraction process it has not been discussed how these parameters behave
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when used to extrapolate or interpolate. Figures (7) and (8) show extrapolation and
interpolation of hot S-Parameters and the PHD model at the highest level of |A4|. As
in figures (5) and (6), figure (7a) shows how the use of Hot S-Parameters give
erroneous extrapolation results. In this figure a nearly circular loci of ‘B4’ is scaled
up to predict a ‘B¢’ loci that is neither circular nor located around the same origin as
the original extraction. Figure 7b shows the same problem the other way round.
Here the largest ‘B¢’ locus was fitted, and the extracted parameters were used to
predict smaller ‘By¢" loci. This fails at the centre because of the failure of the
extraction process to predict the locations of the smaller ‘B,+’ loci, as the origin of the
loci cannot be included within the extraction. The extrapolation using the PHD Model
shows the same problems as with the Hot-S-Parameters, when a small drive loci is
used to predict large drive loci of ‘By4’ in figure (8a). But unlike the Hot-S-Parameters
as the origin of the loci was used in the extraction process the PHD Model is able to

interpolate back to the origin of the loci and the parameters work best closer to the

origin.
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Figure (7)
Figure 7a-(left) Extrapolation of Hot S-Parameters
Figure 7b-(right) Interpolation of Hot S-Parameters
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Figure 8a-(left) Extrapolation of PHD Model
Figure 8b- (right) Interpolation of PHD Model

These simulations give some insight into the expected accuracy of any extraction of
Hot S-Parameters and the PHD Model. Both methods generate linear-
parameterizations which cannot be guaranteed to predict outside the linear region of
the DUT output characteristic. In the compressive region of the DUT characteristic,
the area over which the assumption holds reduces as a function of how compressed
the DUT is. This observation was made also in [1] where the author suggested that
Polynomials of higher order were needed to model significant areas of load-pull data
that are required to model a design relevant data, this conclusion can also be
inferred in work by Vershpect [2]. These observations explain why Agilent adopted a

lookup table approach when looking at fundamental load-pull using X-parameters.

3.3 Development of generic models of the effects of fundamental

load-Pull

The previous section explained the problems with using Hot S-Parameters and the

PHD Model to represent fundamental load-pull data. To develop the ideas further it
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was decided to investigate other related frameworks to see if better descriptors of
load pull could be found. One such route was exploited by H. Qi in [3][4] and will be

developed further in this section.

In [3-4] H. Qi used a polynomial method which can be related to the voltera series as
shown in (1) or (2) to derive 3™ order equivalents of the Poly-Harmonic-Distortion
Model. The result that was derived in Qi’s work is shown in (3)

b, (0 =g, + g0, () + g, (a,0) +...+ g, (0, ()" )x

2 (1)
(k, + kyay (1) + by (ay (O +... 4k, (ay ()"
b, (6) = (g + 2,(a, () +a,(0)+ g, (a,()+ a, ) +..+ g, (@, () + a, ()" 2)

by =8,a,+T,q, *QZ +Spa, +T),a, *P?

— % )2 * p2
b, =S8,a +T,a *0" +S§,a,+T,a,*P

C

a,(t)= |a“|cos(a)t +Zay,)= |a“| cos(0+ Za,, )= %ﬂaldejge-"”“ } 4)
a,(t) = |a21|cos(a)t +Zay, )= |a21| cos(6+ Za,, )= Eﬁﬂa21|ej9e’z”” } (5)

By substituting (4) and (5) into (2), then assuming that only the fundamental
frequency is injected into the system, then expanding the equations and collecting
terms that return to the fundamental frequency the equations figure 9 can be

derived®.

* An extended derivation is provided in appendix 1
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Figure (9)
Result of 3" order expansion of eqn 1

Equation (6) in figure (9) can be summarized with a describing function as in (7)
which has the same phase reference adjustment as the Poly Harmonic Distortion
model [3]. Equation (8) provides one expansion of the describing function in (7)
where the magnitude dependence has been absorbed into the Ry(...) functions.

b21(9)= ER{e'ﬂgp'Bn(‘azl »(D)} (7)

an‘)q)_z + R—l Q% > all‘)q)_l + Ro qazl > all‘)+

(8)
an‘)q)"'Rz(‘aﬂ all‘)q)2+R3(‘a21 all‘)(D3

The Poly-Harmonic-Distortion model can be calculated from the functions R.q(...),

ap

2

> (I)) =R, qazl
R, qazl

leqazl ay

b b

2 b 9

Ro(...) and Ry(...) to calculate X", X" and X° as in equation (9) which can also be
used to test the validity of the Poly-Harmonic-Distortion model in any particular

situation.
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relate to Sy and Sz,. The original equations presented by H. Qi can be written in a

similar manner and is shown in (9) and (10)

2 p?
b = S“|a1|P+ T11|a1|%+ S12|a2|Q+ T12|a2|5 =

g -1
P[S“|a1| + Tll|al |(%j + S12|a2|%+ T12|Clz|(%j ] = 9)

P(le|az|(l)_1 + Su|a1| + Slz|az|q) + Tll|al|q)2)

2 2
b, = Szl|a1|P+T21|a1|*%+Szz|a2|Q+T22|a2|P_

p(szl a|+ 7, M[%] s S22|a2|% s T22|a2|(%j_ J - (0

P(Ty|a,|@7 + S, |a,|+ San|as |® + T3 [, |©3)
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Figure (10)
Terms generated up to 7" order by:
Figure (10a) (top) eqn 1
Figure (10b) (bottom) eqn 2

Figures (10a) and (10b) show the results of successive expansions of (1) and (2)
after collection terms that arrive back at the fundamental frequency. In Figures (10a)
and (10b), looking across the top of the figures the phase difference between the
input and output fundamental signals a{s and ay is raised from negative powers
through to positive powers and down the vertical axis powers of the magnitude of ay;
are represented each element that is filled is colour coded and labelled to represent
the order of the term that generated it, in equations (1) and (2). It is interesting to

note that for both initial equations (1) or (2) that the same space and locations would
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be filled at infinite order and by populating the grids in (10) it would not be possible to
determine the original source polynomial. The results shown in figure (10) probably
have similarities to the VIOMAP formulations suggested by Verbyst in [5]. If in figure
(10a) the magnitude terms are implied by functional variables as in (6) and (7)

equations (8) and (9) can be written and for figure 7b.

N
b, Qall )|, ,bias,frequency,9)= %{eﬁP ZR(‘a“ )|, ,bias,frequency)cb”} (8)
n=N-1
N
B, Qall )|y, ,bias,frequency,®)= ZRQaH )@y, ,bias,frequency)d)” 9)
n=N-1
‘ Vo(n+1)
b, Qan )|, ,bias,frequency,é’)z Rie’P ZRQaH )|, ,bias,frequency)d)” (10)
n:—%(N—l)
%(NH)
B, (‘a“ )@y, ,bias,frequency,d))= ZRQaU )|y, ,bias,frequency)d)" (11)
n==1/(N-1)

It should be noted however that equations (8) - (10) do not provide a linearization or
a simplification of the complexity of the original equations. Instead they allow the
phase behaviour of the DUT to the incident travelling waves to be partitioned from
the response to the magnitude of them. To extract a set of values for the coefficients
to these functions requires only a sweep of the phase difference between the
incident travelling wave’s a{1 and az; while there magnitudes are held constant. After
collecting these data sets, it is possible to extract the coefficients using a method of
means or averages similar to that of the complex Discrete Fourier Transform DFT, or
the complex Fast Fourier Transform FFT; this is an extension of the method used in
[1]. If X’ samples are taken of By(...) at equidistant phase locations then the

coefficients of (9) can be extracted using (10) or a equivalent.
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X —j2m>
R, Qa“ ,|ay, ,bias,frequency)z ZBP (‘a” ,|ay, ,bias,frequency,x)e T
x=0
(10)
ne /Z, —£ <n< {
2 2

This technique has been demonstrated on the simulated Hot S-Parameter data of the
previous section and the Zero Order, 3" order and 5™ order extractions in phase in

terms of (11) are shown in figure 11.
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Figure 11a (top) 3" order extraction in phase
Figure 11b (bottom) 5" order extraction in phase

Figure 11 showed a 0, 3" and 5" order extractions in phase. The extraction at zero
order which is the mean location of each b21 loci has been performed for each

magnitude of ‘ay¢’ this shows that the centre term in the extraction process moves as
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a function of the amplitude of ‘a1’ as expected from figure (10), this movement limits
the range of the PHD model, as the PHD model would assume that the large signal
point X" is Invariant to the magnitude of ‘a;’. The 3™ and 5" order extractions show
successively better fits to the simulated data for the largest value of |ay4|, the order to
which the extraction of phase terms can be extracted depends on the number of

phase locations measured.

Performing the extraction process for the full set of coefficients, in the case this is
limited to the 36 data points so that coefficients -17 through to18 can be extracted.
Plotting the magnitudes of the coefficients relative to coefficient Zero, figure (12) can
be generated. Figure 13 shows the same extraction process where the phase sweep
has been conducted in 1° steps and 360 coefficients have been extracted. The two
figures show that care must be taken to ensure that aliased coefficients do not raise

the noise floor of the extraction above that of the measurement system.
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< -80 —
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coefecent number
Figure (12)
Results of full extraction process on simulation with 36 phase steps
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Figure (13)
Results of full extraction process on simulation using 1° Phase Steps
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Inclusion of harmonics can be accomplished by extending the formulation as in

equation 12, which was used to propose the Direct Waveform Look Up Table,

DWLUT in [1].
_ %(NH)
bP,h (|a11 5|41 ,bias,frequency,9)= Ry’ P" /sz,h (|a11 5|d1 ,bias,frequency)d)" (12)
n:—lz(N—l)

3.4 Measurement and extraction of Model

The previous section discussed the formulation of a general mixing based
behavioural model of fundamental load-pull and extracted parts of the model on data
sets generated from simulations. In this section the practical considerations and
adjustments to the framework will be discussed, as an attempt to directly measure
the functions in (9) and (11) is made. This is different from previous work that
extracted them from grids load-pull measurements. The results of the extraction of a
model of a HBT device supplied by Mimix Europe (now MACOM) will be

demonstrated.

3.4.1 Measurement system

The measurement system in use for this extraction is a nonlinear network analyzer
system that has been developed at Cardiff University Centre for High Frequency
Engineering by Tasker, Benedikt, Williams and others [6]. The systems available are
modified network analyzer architectures with receivers capable of measuring “GHz”
time domain waveforms. In this thesis, the instruments used were the Microwave

Transition Analyzer and a Tektronix Sampling Oscilloscope DSA8200. The system
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can be calibrated to measure the voltage and current waveforms present immediate

to DUT’s RF ports. A diagram of one of these systems is provided in figure (13).

The system augmented by an open loop Active-Load-Pull ALP system capable of

emulating any passive impedance but can also be used for active injection

measurements as in Hot S-Parameters.

10MHz Reference
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INPUT | | | | outpuT
BIAS T T BIAS
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‘I_ N o <t
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Figure (13)
Non-Linear network analyzer “Waveform” measurement System

3.4.2 Practical Considerations

The required load-pull locus can be achieved by terminating the device into a

matched signal source as in the ALP system, injecting power and rotating the phase.

However the signal source optimally has a 50 Ohm output impedance, but not
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exactly, and the optimum impedance of the DUT may not be anywhere near 50
Ohms. Also any connection between the signal source and the DUT degrades the
match to the DUT. This means, that although during the Hot S-Parameter sweep, it
was intended to inject a set of waves for ‘ay;’ that map out a circle on the complex
plane. In practice the finite reflection coefficient terminating the DUT will distort the

sweep as shown in figure (10).

b,e >0
=0
o< °
ay a,
dr = dg
b, e ;I
=0
a,es l:: e d.
dr = bzr + ag
Figure (14)
(Top)Flow diagram of Ideal System load
(Bottom)Flow diagram of Actual System load
in 50 Ohm Referenced System

These problems can be corrected by renormalizing the travelling waves to the
impedances presented at the DUT reference planes using egn’s (13) and (14).
These are similar to the renormalizations that were demonstrated in [1] which come
from the original definitions of travelling waves and s-parameters [7], and were used

in [1] to improve the model accuracy.

y 0OR@) 42,52, 0182, 02,5 M@) gy

’ 2R(z, ™(Z,)
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b, = al(Zl *—~Z, *)+b1(21 +7Z, *)
, =

2JR(Z)R(Z,)

To allow the measurement to be conducted near the devices optimum impedance for

(14)

power, the ay signal is injected on top of a reflective termination through a
directional coupler which modifies the system shown in figure (13). The new
configuration is shown in figure (15) and in [1] which allows adjustment of the

impedance to which the measurements are normalised.
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Figure (15)
Architecture for generating the required load-pull loci by integrating an
active source with a passive load-pull system

3.4.3 Measurement Results

The techniques and system outlined were applied to a GaAs 8x2x30um 0.5W HBT

operating at 0.9 GHz, Device supplied by Mimix broadband. During the RF
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waveform measurements at each input drive level (fixed |A44]), @ measurement of a
Hot S-Parameter/ Load-pull loci consisting of a sequence of n=64 uniformly stepped
source phase points, for a sequence of 11 constant |A,| values were measured.
The resulting load-pull data is shown in Figure 16. The output power load-pull
contours from these measurements show that the load-pull surface covered a 3dB

output power range.

The corresponding stimulus A1 and Az¢ and response B4 and B»4 travelling waves,
as measured, referenced to 50 Ohms are shown in figure 17. The observed
behaviour of By, clearly indicating that the device is exhibiting non-linear behaviour.
These transform to the required data, for model extraction, of simple fixed A4,
circular Ay1 contours, as shown in Figure 18, after renormalization to the system
impedance, which was set to be close to the device’s optimum impedance of

Zopt=37.13 + 20.02 Q.

3 L
2157222152

1,

Figure (16)
Measured load-pull loci and the associated output power contours.

100



Simon P Woodington

Chapter 3

s

imaginary

2
L

S
/"f:j\

Sy
(

\
O

S

N\
?}\}\}

}
Ny
N ‘57 o/

-

-0.6

-0.4

-0.2 0.
real

Figure (17)

referenced to the system impedance
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renormalized.

Measured a and b travelling wave on the sequence of load-pull loci, once
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Figure (19)
Comparison the measured and modelled b,’ travelling wave using the 3™
order S and T parameter DWLU behavioural model.
As proposed by H. Qi

Figure (19) shows the results of the 3™ order extraction that was proposed by Qi,
using the extraction process outlined in this thesis. As can be seen in the figure the
extraction fails to map exactly the B,4 data which is consistent with the formulation
being only 3™ order, where as, the data maps a higher order function. At low
magnitudes of ‘Az¢’, however the model tracks the actual response more closely.
Thus 3™ order is clearly adequate for small values of Ay, but as A, increases higher

orders mixing terms must be considered.

Increasing the order of the extraction, as shown in Figure 20, up to 5" order provides
a behavioural model that can now more accurately predict ‘B»4’, and hence the load
pull-contours. Figure 21 compares the output power load-pull contours computed
from both the measured By; response and the modelled B,; performance.

Transforming to power contours shown power prediction is within 0.1dB
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figure (20)

Comparison the measured and modelled b,’ travelling wave using the
higher order DWLU behavioural model.

figure (21)
Comparison of modelled (right) and measured (left) output load-pull
contours.

This extraction process would seem to have been successful, but when the
extraction was extended in an attempt to extract the equivalent of figure 12, the

extraction process broke down, after some investigation it was found to be due to
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drift and locking errors. The signal sources in the measurement system figures 10
and 11 where the phase of the sources is locked by a 10MHz reference. It was
found that the errors due to this could be corrected using a “time-base” interpolation
algorithm, on the phase to correct the phase locations, or by a Least-Mean-Squares
approach with the actual phase locations as described in figure 22. The results of
these extractions are shown in figures 23-24, and the plot of the coefficient spectrum

is shown in figure 25 and using an interpolation algorithm.
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It can be seen that the extraction process improves the fit of the data as the order of
the extraction was increased up until the 7" to 9™ orders. Above which little
improvement in the fit to the data was observed, this can be seen in figure (25)
where a clear noise floor to the extraction is observed. This is considered by the
author to be very useful artefact of the extraction which, when limited to phase, can
be considered as a orthogonal set as in the case of the Fourier transform, allowing all
possible coefficients to be evaluated independently of the others and limited to
number of points measured. This allows the quality of fit and the measurement to be
assessed by looking at the ‘phase coefficient spectrum’. Figure (26) shows again the

measured and modelled Load-pull contours.
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Comparison of modelled (left) and measured (right) output load-
pull contours.

3.4.4 Amplitude Dependence of coefficients within model

The previous sections looked at extracting phase polynomials from Hot S-Parameter-

Load-Pull data sets, from the formulations presented in section 3.3 and figure (10).

The phase polynomials are expected to be dependent on the amplitude of the stimuli.

Figure (27)

shows the amplitude dependence determined from the HBT
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measurements and Figure (28) shows the equivalent coefficients extracted

simulation results.
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Figure (27)
Coefficient Amplitude dependence from GaAs HBT Measurements
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Coefficient Amplitude dependence from Simulation at location B figure 1

Figures (27) and (28) show a strong quadratic dependence, hence can be modelled
as a polynomial of even powers of the magnitude of |ay|; this is summarised in

equation 15.

2n (15)

R N
2%1 =S21= ;%Iazl

It can be seen in this equation, and figures, that as the magnitude of ‘A,¢’ increases
S21 moves away from its initial value. This process can be fitted to (15) this
behaviour is a major limiting factor in approximations made by Hot S-Parameters, X-
parameters and the PHD model, as it means, that the invariance of the initial large
signal state cannot be assumed at values of |Az¢| that are considered to be large.
The limit of this approximation can only be determined through measurement where
higher orders are considered as presented in this chapter. These figures also show

the two different ways of looking at the coefficient data in figure (27). This is as
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power dependent s-parameters, and figure (28) shows the relative contributions

made by specific coefficients.

3.5 Discussion

A measurement configuration has been presented that enables the extraction of a
non-linear Direct Waveform Look-Up tables (DWLU) formulated behavioural model,
based on the extraction of polynomials of phase. The measurement technique

exploits combined active and passive load-pull architecture.

The techniques from this chapter allow the investigation of the approximate methods
like Hot S-Parameters, and the PHD model. A method is suggested for testing the
validity of the PHD model. Investigations into hot-S-Parameters and the PHD model
have been made which show and explain the issues with these methods when
applied to the response of the injected signals at fundamental frequency, and
discusses’ one way in which these methods could be bench marked against
amplitude dependent coefficients from the phase extraction process. The poly-
harmonic distortion framework includes models of the effects of harmonics in the
system. In this chapter only the effect of the fundamental stimuli on harmonics has
been considered, but the effect of harmonics on the fundamental has not been
mentioned. The next chapter will look in more detail, at the how harmonic
terminations can be modelled, and how the Poly-Harmonic distortion model

approximates these processes.
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Chapter 4 — Multi-Harmonic Device

models in the frequency domain

4.1 Introduction

In chapter 3 and [1], models of fundamental only load-pull data were formulated and
a model of a GaAs HBT operating at 0.9 GHz was produced. In this process, the
model was extracted by populating a look up table of “polynomials of phase” that
described the load-pull contours of the device. The selected measurement and
extraction approach introduced could also be used to examine the order of mixing
required to be modeled to achieve a specified degree of accuracy. The process is
completed by analysing the magnitude variation of the coefficients. These models
looked at harmonics as outputs and not as inputs. This chapter will investigate

further the effect of load-pull harmonic terminations.
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4.2 Models of individual harmonic terminations

Models of harmonic terminations can be produced in a similar manner to those of the
fundamental load as in the chapter 3, by considering the incident travelling waves at
the harmonic frequency and the port that has been chosen. As in the previous
chapter, these will be explored through simulation. For consistency the same
operating conditions as in chapter 3 will been considered. Figure (1) shows the
locations along a simulated fundamental power sweep at which the extraction will be
conducted, and figure (2) shows the setup of the simulation for this sweep. Within

this section, only injection at the second harmonic will be considered.

30

A e

Galn1
Pout_dB
[=]

-20

w
(=]
N
e
B
'
Y
4]
-
=]
[H]
=]
[4)]
-
[ =]
-
[H]

20
Pin_A11_dB

Figure (1)
Power sweep at fundamental frequency
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las |, @°

Figure (2)
Active injection sweeps of a two-port-network
With second harmonic injection considering harmonic as well as
Fundamental outputs from the network

Extraction in linear region location (A) fiqure (1):

Figures 3A to 3F show the results of the extraction process as performed at location
(A) in figure (1). The extraction has been performed in the same manner as
discussed in the previous chapter (3) and can be performed using equations (1-3). It
should be noted that the phase operator is modified for the new conditions equation
(2). As in chapter 3 a conversion of (1-3) to the PHD model can be considered as
shown in equation (4). Figure (3A) shows the pattern of loads that were covered by
the sweep (red) and the (blue -circles) represent the unit circle within which the load
is absorbing energy and outside the load network is generating energy. It is of
interest to note that to complete the loci drawn by the sweep of A, the load will move

from inside to outside the unit circle.

Also the loci are always centred on the reference impedance of the system in this

case 50 ohms.

A %(NH)
bp’h(}a11 s, ,bias,frequency,9)= R: e’ P ZRM Qall |y, ,bias,frequency)(l)" (1)
n==V)(N-1)
¢ — ej(Lazz—ZAau) (2)
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X . X
Rn(az11 )|y ,bias,frequency) = ZBP Qa” a5y ,bias,frequency,x)e P

Ty 3)

ne/Z, ——<n<—

2 2

X,f,h qa11|) = Rp,h,OqaZZ 5 a11|)

an,h Q%D _ aRp,h,OqaZZ 5 a11|) —0
8|a22| a|“22|
s _ aRp,h,l (|a22 > a11|) T _ aRp,h,—l (|a22 ) a”|)
Xp,hqanp_ a|a22| ’Xp,hqanp— 3|a22|

These relationships are valid only when for one magnitude of |a;;| X*, X® and X" can

be considered constant while |a22| changes and also while no other R, coefficient is

significant otherwise no conversion exists.

Ean (4)

Figures 3B and 3C show the resulting effects on the power-waves scattered at the
output. It can be seen that the second harmonic has very little effect on the travelling
waves at the fundamental and third harmonic. The loci produced within the
simulation at these frequencies are small and this means that at this drive level re-
mixing of the second harmonic has very little effect on the output of the DUT. The
locus of second harmonic is much larger in size but has circular form, which indicates
a near linear response to the injected signal. All of these observations are consistent

with the location of point (A) within the fundamental power sweep.

116



Simon P Woodington Chapter 4

Load[h2,::;,Pinindex,::]

Pval (0.000 to 360.000)

Figure (3A)
load coverage at second harmonic from Location (A) in figure (1)
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Figure (3C)

Figure (3D) shows the extracted coefficients and the error in the extractions at the
largest magnitude of Ay;. These confirm the observations from figures 3B and 3C
showing that, in the linear rejoin of the DUT, the only significant coefficients are Rp
and R4, At this level R.1 and R are insignificant, they are visible in the simulation, but
would be below the measurement range, noise floor, of the measurement system

described in chapter (3). These figures show that at high drive levels the 3™
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harmonic R, can overtake R.1. This is interesting as it breaks the rules from equation
(4). Figure (3E) shows the effect of the simulated measurement on the fundamental
load-line current waveforms and voltage waveforms for four phases of A,,. At the
largest simulated value of |Ay,| it can be seen that the perturbations affect all of these
characteristics but do not push them into the device boundary conditions. This being

consistent with “linear operation”.
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Extraction at peak gain location (B) figure (1):

Figure 4A shows the pattern of loads that were covered by the sweep in the same
manner as figure 3A figures 4B and 4C show the loci of Bz, B2 and Bz as drawn
out by the sweep. At this location in the power sweep, the gain is at its highest value
and the device is about to go into compression. This can be seen at the fundamental
and third harmonic, where the loci of the fundamental and third harmonic have
started to become coupled to the phase and magnitude of the second harmonic.
This has the interesting consequence that it is possible to use the second harmonic

to null or cancel the third harmonic.

Load[h2,::,PinIndex,::]

Pval (0.000 to 360.000)

Figure (4A)
Load coverage at second harmonic from Location (B) in figure (1)
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Figure (4C) shows the extracted coefficients and the error that occurs when the
coefficients that fill the PHD model are used. At this level the coefficients R4, R.1, Rz

have become more significant, the difference in magnitude with respect to Ry and R
has decreased by 10dB at the highest level of |az| and the coefficients are deviating
from the linear assumptions in equation (4), these changes are due to the onset of

compression.

As the magnitude of the coefficients has increased, the significance of the higher
order terms has become greater. This has caused the error when using the PHD
model coefficients to predict the loci due to the highest level of |ax;| to also increase,

to approximately -47dB.

Figure (4E) shows the load-lines, current waveforms and voltage waveforms for four
phases of ax; 0 °, 90 °,180 °,270° at the largest magnitude of |ax,| it can clearly be
seen that at one of the points the current waveform has its top cut off by the knee
region of the device as the voltage reaches a minimum value this results in the part
of the loci where the third harmonic and fundamental have higher rates of change,

and also why PHD model begins to struggle.
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Extraction at 3dB gain compression location (C) figure (1):

Figure 5A shows the pattern of loads that were covered by the sweep in the same
manner as figure 3A figures 5B and 5C show the loci of b¢,b2 and bys as drawn out

by the sweep.

Load[h2,::;,PinIindex,::]

Pval (0.000 to 360.000)

Figure (5A)
Load coverage at second harmonic from Location (C) in figure (1)
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Figure (6B)
Fundamental loci of by (left)
Fundamental loci of b, (right)
from Location (C) in figure (1)

125



Simon P Woodington Chapter 4

Figure (5C)
loci of bys
from Location (C) in figure (1)

Figures (5B) and (5C) show that the loci at the fundamental and third harmonic are
more coupled to the second harmonic at the 3dB point than at locations (A) and (B).
It becomes stronger than the R4 term and along with the magnitude dependence of
this coefficient, results in a further increase in the error between the simulated data

and that produced by the PHD model.
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Figure 5E shows the load-lines, current waveforms and voltage waveforms for four
phases of az (0 °, 90 °, 180 °, 270°) for the maximum value of |ay;| these show the
compression in the waveforms but it can also be seen that there are still a group of

second harmonic phases that are able to hold off the compression of the simulated
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device. These phases represent the class-B mode of operation at the point of

compression.

For the 3dB compression level a higher order extraction has been performed for the
three harmonics. This is shown in figure (6) this extraction gave the maximum error

of -65 dB
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Figure (6)

Results of 7" order extraction at 3dB compression point
(Left) error between simulated and modelled loci of by,

The simulations in this section have provided insight into the use of the PHD model,

for the description of second harmonic load-pull.

They have shown that it is not

always possible to assume that the second harmonic causes interactions that can be

assumed to be linear, with the other harmonics and signals present at the ports of

the DUT.

It should however be noted that at lower injected signal levels the PHD
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model relationships were found to hold and that these would provide large ranges of
load-pull prediction. If these models are to be used in design, then a measurement
system that integrates fundamental and harmonic load-pull is necessary. In the next
section, the methods described in the previous sections are adapted to analyze

simultaneous fundamental and harmonic interactions during load-pull.

4.3 Multiple Harmonic Interactions

The models discussed in the previously section 4.2 and chapter 3 describe how
changes such as load impedance at the fundamental frequency affects harmonically
related frequencies or how changes to the load at any harmonic affect every other
output of the nonlinear system. Any simultaneous changes to terminations at
frequencies other than the one under consideration are unaccounted for leading to
degradation in the accuracy of the model. It is common in the design of transistor
amplifiers to exploit optimized load terminations at the fundamental and harmonic

frequencies e.g. class AB, B, J, F and E.

Hence it is useful to consider multiple terminations simultaneously for example the
fundamental and second harmonic loads at port 2 as shown in figure (7). This is
useful in the design of transistor amplifiers that rely on simultaneous terminations at
the fundamental and harmonic frequencies e.g. class AB, B, J, F and E. Chapter 3
and the previous section 4.2 presented these models in the form of polynomials of

phase which are shown in equations (5) and (6).
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Figure (7)
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Extending these formulations as in [2] requires the consideration of cross mixing
between the signals. The phase vector from (6) can become part of the coefficient

set generated from (5) as shown in (7)

) (7)

Ry =Gl blasblas.
In @ measurement, to extract these additional coefficients, the phase vector ¢ should
be rotated around 360°. The resulting coefficients would then be expected to
produce periodic changes in the coefficients with respect to the phase vector .

These effects can be captured by (8)

R, pn = Z {Gp,h,n,r (Ial,l|’ |a2,1 az,z|)¢’r} (8)

r

b

a2,2|)q)n¢’r} (9)

s a2,1 s

bp,h = Plh Z Z {Gp,h,n,r qal,l

Substituting the coefficients from (8) into (5) forms (9). The coefficients in this
equation are only functions of the stimuli magnitudes and are independent of their

phases. It can also be noted that the phase difference between the two signals at
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the output are accounted for by the cross product terms in this equation, i.e. the

terms that are related to /a4, + Za,, and Za,, — Za,,.

In order to extract these coefficients two conditions must be met. Firstly, datasets
containing sweeps of the phase component of the fundamental phase vector are
required with the second harmonic phase vector held constant. Secondly, datasets
containing sweeps of the phase component of the second harmonic phase vector are

required whilst the fundamental phase vector is held constant.

4.4 Measurements and observations

To demonstrate the necessary measurement approach, results were taken for a
10x75um GaAs HEMT device, operating at 9GHz using the waveform measurement
system developed at Cardiff University [3]. The measurement strategy followed
included spinning the second harmonic phase vector around 360 degrees in 18-
degree steps whilst holding the fundamental phase vector constant. This was
repeated as the fundamental phase vector was spun around 360 degrees, with
points distributed every 18 degrees. Finally, the entire process was carried out with
varying magnitudes of the fundamental and second harmonic stimuli at port 2 (|az|

and |azy|).

This dataset was renormalized to the measured system impedances and the
fundamental phase at port 1 was removed. The complex values of a4, azs, b1 and

b,, for a subset of these measurements have been plotted in Figure 4. Examining
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this data importantly shows that the perturbations of the fundamental by, at the
output of the device due to the phase of a;; and az; produce closed forms in by, and

bo1. This allows the separation of fundamental and harmonic functions when

coefficients are extracted.
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Real (V)
Figure 8
Sample of the recorded travelling waves during the measurement
Sequence
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4.41 Comparison with the Poly-Harmonic-Distortion model

The extraction process can be demonstrated with a dataset whereby one magnitude
point in each of the sets of a;; and az; are used to extract the model coefficients.
Based on the formulation of (9), there are two approaches to this process. Firstly, if
the magnitude functions are not included, Eqn. 9 can be regarded as a 2-
Dimensional Fourier transform. Alternatively, the coefficients in Eqn. 9 can be
extracted using the Polynomial Least Mean Squares Method (LMS). It has to be
noted that the Fourier transform provides the best method due to the fact that all the
model coefficients can be extracted in one process, without over-fitting the data.
However, this technique suffers when it is presented with data that does not include
ideal sample points, thereby causing leakage into other sample bins. This effect can
be overcome by interpolation onto the nearest ideal sample point. The LMS
algorithm avoids the leakage problem by allowing measured points to be used as

independent data.

In order to illustrate the complexity of the coefficient space required, the dataset
presented in Fig. 4 was overlaid with a dataset produced by a 5" order model and

analysed using two different cases.
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Extracted coefficients plotted where the size of the point represents the
magnitude of the coefficient

In the first case (Fig. 5 and Fig. 6), the 5™ order model is represented by the

coefficient space as shown in Fig 6. In this figure, the magnitude of each coefficient
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is represented by the size of its data point. The largest point, indicated by “m1” is the
most dominant term in the extraction process and is equivalent to Syq|la1|. “m2” is
equivalent to Sy;|azq| and this term is the second most dominant in the coefficient set.
Figures 5 and 6 indicate that this model is able to reproduce most of the form of the
perturbation due to the mixing of the fundamental phase with the input stimuli (a11);
however it is unable to model the interactions of the second harmonic signal (az2)
with the input fundamental signal (a44). This is due to the mixing between the
injected second harmonic signal at the output (ay) and the injected fundamental
signal at the output (az1). The average error produced in this extraction was 1.8%.

In the second case (Fig. 7 and Fig. 8) the optimum number of coefficients which
includes cross product terms has been added to enable capturing of the output
mixing behaviour. This allows the model to properly track changes in the second
harmonic’s perturbation around all phases of the fundamental value of by;. The

average error resulting from this extraction was 0.25%.

—&— Measured Values of b2 )

Imag(V)

—v— Modelled values of b2

Figure 11
Measured and modelled values of by 4
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Extracted coefficients plotted where the size of the Point represents the
Magnitude of the coefficient

4.4.2 Verification and Validation of modelling techniques

The discussed model can be structured within Computer Aided design software
utilizing a Frequency domain Defined Device (FDD) [4]. The FDD enables
computation of the incident travelling waves at the device ports, which are then used
to compute new spectral voltages at these ports. The process discussed in this
paper is repeated on all valid harmonics within the system at each device port to
enable this functionality. An illustration of this has been conducted on an example
data point, with measured and modelled voltage and current waveforms shown in Fig

9, 10.
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4.5. Discussion

A behavioural modelling framework based on mixing theory has been
demonstrated, capable of taking into account the changes of load impedance at the
fundamental and second harmonic frequencies. The optimum number of coefficients
which includes cross product terms was deduced from the analysis of successive
different extractions of the model. The model was able to track changes in the
second harmonic’s perturbation around all phases of the output fundamental signal.
The model is also capable of encapsulating the device-plane waveforms within its

structure.
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Chapter 5 —Design of a Class-J

X-Band Monolithic Power Amplifier

5.1 Introduction

The previous chapters (3) and (4) introduced new model frameworks that the author
has developed for encapsulating relevant data for the design of high frequency
transistor amplifiers. This chapter demonstrates the application of these new models
in an X-band MMIC amplifier design. The design work was conducted as a
collaborative research project with QinetiQ Ltd in Malvern, UK to design a high
efficiency X-band MMIC amplifier [1]. The collaboration was successfully completed;
showing the value of precise measurement based non-linear models within the

design cycle.

This chapter also discusses attempts to use the PHD model frame work to perform

various equation based analyses. For instance, the transformation of parameters to
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different network representations and the location of optimum power, and the use of
the Coarse Non-Linear models to drive an open loop active load pull system.
Finally, this chapter will provide an in-depth discussion of the roles of measurement

based, partially formulated models in the design cycle of high frequency amplifiers.

5.2 Integration of modelling frameworks into CAD environments

The release of the X-Parameter [2] framework demonstrated simulator configurations
which allow the implementation of the models discussed within this thesis within the
Agilent Advanced Design System circuit simulator. An example configuration
adapted for the models generated in chapter (4) is shown in figure (1). Figure (2)
shows one Element of the ‘mdf’ file used as the core of the model, and figure (3)

shows the integration of the model into a simple harmonic balance simulation.

The functional block in ADS comprises of a Frequency Defined Device (FDD) which
is configured as two voltage sources the aim of the equations wrapped around the
FDD are to calculate the two node voltages that would be present at the terminals of
the device given a set of inputs i.e. ‘a-waves’. These are calculated from probes of
the voltages at the FDD terminals and the currents flowing into the nodes, each

iteration of the harmonic balance simulation, controlling the model.

143



Simon P Woodington

Chapter 5

El

=t
= g
D e
[ atato cess Component
DACT
File='mi ode DataSetids" Ware="magAz2"
Typa=Dataret iWalf=m agvp22)

VAR
Enqiatiars

Phas éec(valmpol arlphas efVat)

0ot 4 Crd (T 22500, 140,20, 110,104,004 0+ 107 (20 Co® D v e Qe 02 £ 2 2

R

hrterphod e=Cubic Spline

InterpDom=R:
Exdr hfo de=

e ctangulac
Interpolation hade

5 o o .
- . R=1TOhT .
LB C_Blodk X
DE Blacki

=

DE Fesd
DE Feedt

=R=1TOhm

AR .
VARE
rHE=filafDACH, "ROD_ID

Par2= o rldiE=fiefbact, "RiD_i0
al Sl(ﬂaa} . EVA; r=file ACY, “R20_MD"}
1:3:} S e ot {ACT, "Rn0_HI
Va3 _s - i i
‘V"‘k“manﬂH VpT=_s( 110 _si1 )2 o [1E=filaf DACA, R?‘IJ’E ) N
W*%Lm A s 22 ot R AC=FIE{DACA, "R _HO"}
Pala2 911 RIS 2T
Mar5="magh21" : :
52 T HTBTER_si(2, \jyz
Wal=magi/p21) ¥t et oruapiont B -1 | gﬁ:g
C . 542, 3J60° S 2Nz | Pk =Ale{BAC A ROD_HT
e r0bit=fle{tACT, RID_ 1T
haz e c(vp 12WPUP 1 b=fleLAT 1 R20_HT

3=Ph as ebfe QP ZIVFA P AR

Tl Ob11=fil DAL, "Rn1C_b117}
101 b=fle{FACT, ' RO_H1
rl 3 H=filefDACH, "R H_b11}

- e,

E@\AR

VRS
rbA2=file{BACA, "RO0_b127)
rfbiz=filefb AT, "R10_b12"
r20bz=file{PAC1: R20_b12}
vl 1 2=AileD AC A "RenH_bi21
vl bl 2=filegb AL, "RO1_b1 2}
2 12=RR{DAGT, "R 1_b12}

WARE,

0B 3=file{DACT
Ob13=file{TACT
FAOb3=file{DACT, "F:

TmOb =il DAL 1, 'RMD ) b3
M b3=file{DACT, "FO1_b12}
b 3=hlefDACT, "R H_b1="]

- I[3.01 ea(Dutputa rd Drder 01, 02, G0N0 £ 40110, 20110, m 1M 00+ 1m 211103

P14 Outpulied Order(Q1 Q2,006 11,1130, 206 1m0 11,0161, 151 b 7P

012+ Dutp 3 1d01d erC 0, 02 O0b 12, 190 b 12, G0B12 rnd0b: 2,0 1b12,m 14 1h E27P AR

V2]V 13 DutpuRrdD (2, 02 100b 13,10 b 12,60013 11067 2, 01b12,m 11 16 12 P 1"FIR
140 Ea[U\npuﬂlleder 01, 0, D020, 1020, 2080, m 1020, 01 20.m i1 1i20j)

VR 4 Otpig3id0H ef(0, 02 O0b21,MOB21 G021 11021, 101627, mAvIB27RT

zzmmpnﬂmnmr(m 02, (0622, rb22 G062 i 0b22,0 1622, mA IbZ27P4TPL

- V[23]=Vp2 3 Dutp U3sd0e er( 21, 02 (00 Z3, 110 bZ3,G0L23 rnA0b23.101h23. 34 1hZZPAT R R

[ iae

VARG
(0EO=ila{DACT, "R 128}
0ROl DAC, "RI0_IZ0'}
120[0=ile{DAC, "RED_IZ0'}
vI0I0=file{DAC, "Rn10_CO}
01 BOSIE{DACH, "RM 120}
il il EAile{DAC "R T20")

AR .
NARTT.

100E2 {=file{DACH, "ROD_E21]
H0b2 T=file{DAC1, "RAO_b21]
b2 Tile{DAC1, "RI0_b21"}
102 1=filefC AL 1, 'Rn 10 621"
(012 1= le{DACA, "RO1_bE1"}

vl b1 =fle{DAC, "Rn1]_b2 1"}

EiR

WAR20
f006Z2file{DACA, "RO0_bZ2"}
riDb22=til{DAE, "PA0_b22
120522t l{DAC, "R20_b22")
10B2Z2=1ilefC AC 1, 'Rn10_t22'}
101 b2Zil{DACY , RO _b22"}

1 B2 IDACT, "R 11 _bZ2"}

@\.AR

NARZT

100623 l8{DACT, "ROD_b23}
0bZEile[DACY, "R A0 bz}
PEDbZIil{DRC, P02
itz el AL 1, Rl b3
101 bZEfile{DACA, "RO1_bZ3}
i hZ3=TlelDAC,"Rn11_b2E}

Example Implementation of fundamental and Second harmonic model

in the ADS CAD environment

Figure 1

VAR frequency(real) =9.0000e+0%
VAR V1 (real)
VAR V2 (real) .
VAR magill (real)
VAR magik?l (real) =2.5900396
VAR maghlZ (real) =1.266832
BEGIN
= row (real) ROO_I10(complex) R10_I10(complex) R20_I10(complex)
= RO1_I10 (complex) Rnll_ I10 (complex)
= ROO_bll(complex) R10_bll(complex) R20 bll(complex) RnlO_bll(complex)
3 ROL1_bll(complex) Ranll bll(complex)
% ROO_bl12 (complex) R10_bl2 (complex) R20_bl2 (complex) Rnl0_bl2 (complex)
% RO1_bl2 (complex) Enll bl2 (complex)
% ROO_b13 [complex) R10_bl3(complex) R20_bl3(complex) Rnl0_bl3 (complex)
Y RO1_b13 (complex) Rnll bl3 (complex)
= ROO_I20 (complex) R10_I20(complex) R20_I20(complex) RnlO_I20 (complex)
= RO1_I20 (complex) Rnll_ I20 (complex)
= ROO_b21 (complex) R10_b21(complex) R20 b2l (complex) RnlO_b21 (complex)
3 RO1_b21(complex) Ranll b21 (complex)
% ROO_b22 (complex) R10_b22 (complex) R20_b22 (complex) Rnl0_b22 (complex)
% RO1_b22 (complex) Enll b22 (complex)
% ROO_b23 [complex) R10_b23(complex) R20_b23(complex) Rnl0_b23 (complex)
Y RO1_b23 (complex) Rnll b23 (complex)
o 0.000022 —0.000000 —0.000008 —0.000000 0.000001 0.000001
—0.000002 —0.000003 —0.000003 0.000000

121465 —0.772818 0.241804 0.049392 0.003466 -0.005493
—-0.0528586 —0.083050 —0.01488 —0.004136
0.190833 0.157504 -0.0113903 0.100664 -0.012214 0.008524
0.153518 -0.01005% 0.003352 0.000609
—-0.001868 —-0.002269 0.000577 -0.001392 0.000070 -0.000063
—-0.001477 0.000151 —0.000065 -0.000167
0.110944 0.000005 0.008465 0.012106 0.000618 -0.000911
0.002004 —0.001903 0.000551 —0.001311
2.930536 5.862481 —0.149203 —-1.400553 0.032551 0.106044
-0.233819 -0.119287 0.125953 0.009277
0.747348 -0.157231 0.287173 0.136539 0.047224 -0.090413
-0.059192 -0.706554 -0.02249% -0.070520
—0.000967 0.001622 0.001639 0.000283 0.000436 -0.001169%9
-0.002316 0.002945 —-0.000152 —0.00092
END
M(df file used to wrap the model parameters for the use in the

simulation tool
Figure 2

Rn10_I10 (complex)

-0.018308
-0.038501
0.000431
0.008468
0.159273
-0.031731

0.000283
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5.3 Design and Fabrication of a Class-J MMIC amplifier

The class-J amplifier was first proposed by S.C Cripps in [3] as a way of developing
power from a reactively mismatched class-B Biased transistor by reactively offsetting
the second harmonic and successive terminations to recover the output power and
Efficiency. These ideas were further developed and demonstrated with the
construction of a 1.5-2 GHz 10W amplifier by Wright [4] and the identification of a

extended ‘Class-B’ design space in [5,6] by Wright, Cripps, Benedikt and Tasker.

In this section of work an attempt was made to exploit the ideas presented by Cripps
and Wright et.al, for the design of an X-band MMIC amplifier operating between 7.5

and 11.5 GHz, having 60% efficiency over this bandwidth.
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5.3.1 Measurement and Modelling of a GaAs HEMT for use in the

design process

The class-J continuous design space identifies a rejoin of fundamental and second
harmonic impedances within which the same drain or output efficiency can be
obtained from a transistor biased in class-B. This region comprises of a set of
reactance’s at a fixed resistance for the fundamental and a related loss-less set of

reactive second harmonic terminations |['|=1.

To measure and confirm the existence of the Class-J design space, it is required that
a chosen fundamental Impedance, and the second harmonic impedance is swept all
around the perimeter of the smith chart to identify the location and value of the
maximum efficiency. Repeating this process at successive fundamental
terminations, results in the identification of the continuous class J design space.

These measurements are time consuming and rely, on the operator of the waveform
measurement system to have the ability, knowledge and time to perform these
measurements correctly. In response to this it was proposed to use the techniques
demonstrated in chapter-4 to identify the design space for the continuous class-J
design. The extraction demonstrated in chapter 4 provides equivalent data to that
needed for the design of a class-J amplifier whilst requiring less operator setup time
and more automation of the measurements. The Class-J space can then be found
by post processing measurement data. For this section of work and for Chapter-4
the data collected was the same. Figure 4 shows the results of directly post
processing the measurement results to identify the Class-J design space. Figures 5

and 6 show the class-J design space extracted after converting the data set into the
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model described in Chapter 4 and re-identifying the class-J design space. The data

set and model were found to be in good agreement.

The model was provided to QinetiQ Malvern where the design of a class-J amplifier

was conducted the results of which are discussed in the following section.

Class B - Class J Design Space @ 9 GHz

- mode! sweep: location of maximum efficiency for valid load impedances -
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5.3.2 Results from Measurement of Fabricated Amplifier

_—

Figure 7
Fabricated Mimic Amplifier test Cell

Figure 7 shows an image of the prototyped MMIC amplifier cell, the amplifier has an
output matching network that exploits the Class-J to Class-B continuum of modes.
The achieved performance of the amplifier at 1dB of compression is shown in figure
8 figure 9 shows the drain efficiency vs. input power and output power vs. input

power curves for the test cell.
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P1dB perfomance (8V, -0.8V)
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Measured device performance at 1dB of compression
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The measurements show that the amplifier has a drain efficiency that is greater than
60% at 1dB compression over a 30% bandwidth the power added efficiency is limited
by the gain of the amplifier, the output power of approximately 0.5W is maintained

over the 30% bandwidth.
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5.4 Discussion

The collaborative work carried out, has demonstrated how the modelling work

described in chapters 3 and 4 of this thesis can be successfully applied to the design

of high frequency amplifiers. This work also demonstrated that it was possible to

construct an amplifier biased on the class-J and B continuum of modes at X-Band

frequencies.
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Chapter 6 — Conclusions

6.1 Discussion

In this thesis the author has investigated the Poly-Harmonic-Distortion model and
related Techniques. The development of the PHD model has been discussed in
detail; it was shown how the model was developed from attempts to extend the
available S-Parameter formulations and measurement solutions to allow the capture
of relevant performance and network information about high frequency transistors

operating under large signal regimes.

The thesis, through simulated case studies and an in-depth literature review, shows
how the poly-harmonic distortion model improved on earlier attempts based on
Large-Signal-S-Parameters. Also an attempt was made at quantifying the range of
applicability of the PHD model technique when applied to predicting non-linear
devices operation when both fundamental and harmonic load are varied, ideally over
the complete Smith Chart. It was shown that the PHD model has a limited range of
applicability when applied to directly model the effect of fundamental load-pull. It is

not possible to directly infer the extrapolation range, the PHD model will have without
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performing the necessary measurements. These measurements allow the

magnitude dependence of the coefficients to be investigated using Eqgn (9).

a11|)

e qa11|) =R, (|a21

b

aXF(|all|) _ 8R0(|a21 , a11|) o
a|a21| a|a21|
quauD:M,XTQaHD:M

8|a21|

These relationships are valid only when for one magnitude of |a;;| X*, X® and X" can

be considered constant while |a21| changes and also while no other R, coefficient is

significant if not no conversion exists.

Ean (9)

As it was concluded that the PHD model failed to capture all the information
measured with respect to fundamental load variation. Hence, an extended
fundamental load-pull model was developed and investigated. To do this it was
decided to keep the measurement as close to those specified in the original PHD
model framework as possible. It was then shown that by increasing the size of the
perturbation applied to the device under incrementally the higher order effects could
be observed whilst covering reasonable areas of fundamental load variation. A
mathematical framework was developed that allowed these higher order variations to
be modelled; captured as polynomials of phase between the injected signals at the

device ports using Fourier methods.

The PHD model as well as capturing device behavior at the fundamental frequency
also has terms that allow the modeling of harmonic behavior. These terms are

shown to have a greater range of applicability when applied to second harmonic
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load-pull at a fixed fundamental load. However, they were unable to simultaneously
track fundamental and harmonic behaviour. To account for this the model framework
was expanded to include harmonic terms this took the form of a phase polynomial
with multiple dimensions where each dimension accounted for a new stimulus.
These models were tested firstly by producing a fundamental stimuli only model of a
0.5W GaAs HBT at 0.9GHz, and then a fundamental and second harmonic model of
a 0.5W GaAs pHEMT at 9GHz. The later model was used to assist a third party in
design of a Class-d MMIC amplifier the results of which were briefly shown in
chapter-5. This demonstrated that the model contained enough information to be
useful in the design process. It also showed that the class J-B design space could
be located at X-Band in devices that were produced by a commercially available

process.

6.2 Future work

The model frame work as developed and discussed in this thesis as stated in chapter
4 is extendable to allow investigations into multi- harmonic interactions in this thesis.
This was demonstrated with the fundamental and second harmonic load
impedances. This work could be developed further, by investigating the inclusion of
other terminating impedances on the device ports, and also with further trials of the
model within design environment. This would provide more detail on the limitations
and applicability of the discussed techniques. Also development of these modeling
techniques could lead to useful tools for analysis of yield and conformity of multiple

devices.
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As part of the investigations conducted into the PHD model within this thesis various
equation based techniques were identified. A detailed investigation of one such
technique lead to improvements in the algorithm driving load convergence of the
open loop active load-pull system developed by Tasker et.al [1], further details of this
can be found in [2]. As well as improving active load-pull algorithms, other
techniques were found which may allow algebraic transformation of the PHD model
framework and stability analysis and location of optimum power. Development of

these could lead to useful circuit analysis and synthesis tools.

6.3 Conclusion

This thesis conducted a detailed impartial investigation into the Poly-Harmonic-
Distortion Model. As a result of this investigation a non-linear mixing based frame
work was demonstrated, that can be used to capture fundamental and second
harmonic load-pull effects. The modelling framework was demonstrated as applied

to the design of a Class J amplifier.

The author believes that the developed model provides a framework that simplifies
the measurements required for modelling multi-harmonic load-pull interactions
without loss of information. The construction of the model allows decisions about the

required order of the model to be made in a structured manner.
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Appendices

A1. Formulae Reference

A1.0.0 Matirix definitions

Definition of “H” Hemation Conjugate or Conjugate Transpose
The element-wise conjugate followed by the Transpose operation or

Transpose operation followed by the element-wise conjugate

{a br Ha b” {a* c*}
= conj =

c d c d b* d*

A1.0.1 Trigonometric identities

cos(d) = %(e"9 +e‘«f"):%(a+a-1)

cos’(0) = i(a“ +a”! )2 = i(a+2 +2a"a + a‘z)

1/ 1 1
=—la”“+a" +2)=—cos(20)+—
4(a ) 5 cos@O)+5

cos’(0) =é(a” +a’ )3 =é(a+3 +3aa™ +3a"a™? +a’3)
=%(a+3 +a> +3(a+1 +a’ ))z%cos(39)+%cos(t9)

cos*(0) = %(a+1 +a’ )4 = %(a14 +4aPa +6aa +4aa + a’4)

- %(a” rat +4a?+a?)+6)= %cos(46’)+%cos(2(9)+§
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cos’ (0) = 3%((1“ +a’ )5 = ;—2(61*5 +5a™a” +10aa? +10a’a™ +5a'a™ + a’s)
= L(a Pra’+ S(a+3 +a> )+ 10(01+1 +a’ )) = Lcos(56?) + icos(36?) + icos(6?)
32 32 32 16
cos() cos(a) = %(eue Lo /? Xe+ja t el ): %(e-*-jﬁe-%—ja 4ot ilpit | oIt ptia | e—jee—ja)
= lcos(6’+05) +lcos(0—a)
2 2
A1.1. Polynomial Expansions: chapter 3

(g0+g1 +g, +...+gn)(k0+k1 +k, +...+kn)

0 > ‘ 8oko l

1 > g1ko 8ok1

2 > 82Ko _ g1k 8ok,

3 > g3ko 82k g1k, 8oka

4 > | 8ako g3k g2k g1ks 8oka
5 =—> 8sko 8aky g3k, g2ks g1ks 8oks
6 > gsk1 gaky g3ka 82ks 81Ks
/ > g5k, gaka g3k, g2ks

8 > 8sks 8aky g3ks

9 > gska 8aks
10 > gsks

(goxo +g1x1 +g2x2 +...+gnx”Xk0y° +kly1 +k2y2 +...+kny”)
x=Acos(@+¢,)
y=DBcos(0+¢,)

0=wt
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Terms at fundamental frequency due to 3" order expansion

1 gk, Acos(0+¢,) gok,Bcos(0 + ¢y)
3 3g,k A’ cos(0+¢,) 3g‘)—k3B3cos(0+ ®s)
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Mcos(é’ +9,) Mcos(@ +95)

Terms at fundamental frequency due to 3™ order expansion in complex

form
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A1.2 Least Squares Hot-S-Parameter Extraction
A1.2.1 Full version

b, =8,a,+8S,,a,

b, =8,a +S,a,

If multiple samples are taken then:

by, bz,o iy dyp
b1,1 bz,l |G 4y {Sn Szl}
: : S, S,
b, b,, a,, G,

by, bz,o iy dyp
|:a10 *oa,* a, T by by, _ |:a10 *oa,* a,, T dy Ay {Sn SZI:|
ayo* ay, * a,,*|| : f ayo* ay, * a,, * Sp Sy
b, b,, a, Ay

{Zbﬂl * szal T: Z|al|2 2a, *a, {Sn Szﬂ
Z|"2|2

Zb1a2 * Zb2a2 1 1 Xaa, * S Sy
[s]= (41" [4]) '[4)"[B]

{Sn 521}: Z|a1|2 2a *a, _[Zbﬂl * szal T
Xaa,* Z|az|2 ZblaZ * zbzaZ *

S12 S22
{SH Sﬂzl{ Sa,| _Zal*az}l:Zblal* szal*}

S Sy A -2aa,* Z|Cll|2 Zblaz * szaz *

2 2
A= Z|a1| Z|a2| -Xaa,*Ya *a,

166



Simon P Woodington

Appendices

_Zblal ”‘Z|az|2 —z:blal *Ya *a, szaz *Z|al|2 —szal *2aa, *]

S21
S22

|
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A1.2.2 Half version
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Assuming impedances are normalized out of the equation
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A1.3 Least Squares Poly-Harmonic-Distortion Extraction

Presented here is a method for formulating the extraction of the poly-harmonic
distortion-model as a Least Squares Problem in matrix form. Assuming that
the phase of a1 has already been set to zero and all components adjusted
accordingly.

The X-parameter equation can be written as:
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[x]= (4l [4]) '[4]"[]

For the case of only one Xf, Xs, Xt and where a is the perturbations
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S ] -YeYe@) TaTa-SaXld Ya¥le)-Ya*yd’
> @)Y a-Ya 2|a| VY -YarYa  (Sar)-Ny ()
Yarya-YaYld (S -NYa  NY|d -YaYa*

X

A=N((za2)2—z<a2)*za2j+za@<a2)*za—za*za2)+za*&a*za2—za22a)

SH{Ef -Ta ) ZbarEar T ot - Xl b Lbaly aX (o)~ X arS ol
MEM T -2 *Zaj Sl ) Ta-Tar i pTar(Sa e -Ehl Lal

XF

oo 2HEE) *Za Sl b b WEld’ -3 S af FbalS a)-N3 )}
MEWT-Z@pEe f LdE @) Ta-Ta T b TalE e -3 d S a)

ey e T ey S har(Saf Ny e S balv Y e -3 aY ]
MW -2 )Ea )+ ZdE )T a-Ta Tl b TadfarTa’ - Tid Lol

A1.4 Re-Normalization of travelling waves
V+IZz , V-IZ
Tz 2w
V+1z v-IZ

2J%(z) 2%(2)

1IZ+1Z*

2JR(Z)
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1(Z+2%) _ 12R(2)

b= RZ) 2J%(2)

=1 JR(2)

a-b)

_
T

e VZRHIZZY VZ-1ZZ
2,/R(Z) 2/R(Z)

VZ*+IZZ* VZ-1Z7"

297 2wz)

VZ*VZ _, Z*+Z _, 2RD) _, %)
2JR(Z)  2yn(z 2NR(2)

al *+b7Z =

alZ *+bZ =

_al*+bZ

JR©2)

Voltage and current do not depend on normalization therefore

Vv

v aZ,*+bZ, a,Z,*+b,Z,

- wma@y) W@y

* *(g — *
alZl +bIZI _ 22 (al bl) _ bz Zz +Zz :b2 29{(22) _ 2b2 ER(ZZ)
R(Z,) R(z,) VR(Z,) VR(Z,)
b — a1(21 *_Zz *)+b1(21 +Z, *)
2
2y R(Z))R(Z,)
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_ al(Zl *-Z, *)+b1(21 +Z, *)

(al _bl) (az 2yR(Z)NR(Z,) J a, 9 (Zl *-Z, *)+b1 (Zl +7Z, *)

R(z,) R(z,) R(z,) 2R(Z)\R(Z)

(al _bl)+ al(Zl *-Z, *)+b1(Zl +Z, *)

a,
R(z,) 2R(Z,)R(Z,) - Jw(z,)

a, 2R(Z,) 2R(Z,)

R(Z,) R(Z,)
o, @ QRZ,)+ 2,2, %)+ b(Z, + 2, *-2R(Z,)))
2 2R(Z,R(Z,)
pe _VHIZ o, V-IZ
2 2
pe - VHIZ V-1IZ
2 2
ye o AZ+1z*
2
S (Z+2%) _12R(Z) _ m(z2)
2 2
I v-r)
"(2)
poge VERHIZZ* . VZ-1ZZ
2
gy L VERHIZZ® VZ-1ZZ

2 2

* %k
pegray-g VEEVE L ZAZ 2R
2 2
+ 7% -
p V2%V 2
R(Z)

Voltage and current do not depend on normalization therefore
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_ I/vl-*—Zl >l<—i_I/l_Zl _ V2+Z2 >k-i_l/2_Z2
R(Z) R(Z,)

v —v)_-w)

R(Z) R(Z,)

Zz *(Vl+ _Vl_) (Vz+Zz *_Vz_Zz *)

R(z,) R(Z,)

VlJrzl *+V1721 . Zz *(V1+ _Vli) — V2+Zz >X<+Vzizz . (VerZz *_Vzizz *)

R(Z,) R(Z)) R(Z,) R(Z,)
VZo Wz 2 W) 2,42t 2R(EZy)
- =V, =V, =2V,
R(Z,) R(z,) R(Z,) R(Z,)
| Vl+(Zl *_Zz *)+V17(Zl +Zz *)
’ 2R(Z))
V+_V1+(Zl*_Zz *)+V17(ZI+Z2 *)
(VlJr_Vli): 2 2R(Z) — V2+ _Vl+(Zl*_ZZ*)+V17(ZI+ZZ*)
R(Z,) R(Z,) R(Z,) 2R(Z,)R(Z,)

(Vl+ _Vl_)+ Vl+ (Zl *_Zz *)+ Vl_(Zl +Zz *) Vz+

R(z,) 2R(Z,)R(Z) R(z,)
(Vf(l-ﬁ- (Zl *_Zz *)j—i- Vl((ZI +Zz *)_IJJ
vy 2R(Z,) 2R(Z,)
R(z,) "(z,)

b (7 QR(Z,) + 2, % =27, %)+ V, (2, + Z, *-2R(Z,)))
t 29(2,)
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A1.5 further derivations

This section contains the full proofs and derivations used within this chapter

Inversion of the X-parameter Equation (A1.5.1)

Using the X-parameter formulation assuming only one input at port2

b,=X,+Xa,+Xa,* )

Finding the conjugate of (1)

b*= X, * X, *a, t Xy *ay

Divide both sides of (1) by Xt

b2 _ Xf + Xs
XT XT XT

a,+a,*
3)
Divide both sides of (2) by Xs*

b * X . * X
X'Z*zXf*+a2*+XT*a2
s s s (4)

Subtract (4) from (3) to Eliminate a,* and then simplify

X *x 7 X %

S s

_ = S *
=——+—a,+a,*+
T K T T

by b* X, X K_Xf* * XT*GJ
2

bz bz*_X./'_X./'*_'_(X.Y_XT*ja
- 2

T Xs* XT Xs* XT Xs*

b b X, X,

X, X,* X, X, *

N N

X, X, *
X, X *

N

a, =
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by byt X, X
_XT Xs* XT Xs*

a, =
X*X, (X, X,*
XS*XT XT Xs*
X 5Ky, X X b* XXX, XXX
XT Xs* XT Xs*
a =
’ (XS*XS_XTXT *)
(X, *b, - X b, %X *X, + X, X, *) -
a. = . .
’ (Xv *Xs _XTXT *)
. X ¥ X, - X, X * X ¥ X, .

qu 2_|XT|2) ' qu

2:|XT|2)b2_qu 2_|XT|2) 2

Summarised as:
a,=K, + Kb, —K.b,*
Verification

(X, *b, - X, b, *-X * X, + X, X, *)
(Xs *Xs _XTXT *)

a, =

S))

b,=X,+X,a,+X;a,* ©6)

Substituting (6) into (5) for b2 gives

(0, * (X, + X a, + Xpa, *)- X, (X, + X a, + X,a, *)* =X * X, + X, X, *)
(Xs *Xs _XTXT *)
X *X, +X ¥ X a,+ X *X,a,*~X, X, *
- (XS*XS_XTXT *)
(XX, Fa, =X X, *ay - X, F X, + X, X, )
(Xs *Xs _XTXT *)

+

(Xs *Xoa, - X, X, *az)_(Xs X -X X, *)az —y
= =da,

(XS*X_S‘_XTXT*) (Xs‘*Xx—XTXT*)

Proving that (5) is the inverse of (6) it should also be noted that this solution is

not valid for values Xs and Xy Values where:| X, |=|X,|
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Result in no valid inverse transform.

Matrix form of X-parameter Equations for fundamental and Second harmonic
(A1.5.2)

M
F S T
bp,h = Xp,h + Z Z (Xp,h,a,ﬂaa,ﬂ + Xp,h,a,ﬂaa,ﬂ *)’p >0

N
a=1 =0

_vF S T % S T %
b2,1 = Xz,l + X2,1,2,1a2,1 + Xz,l,z,laz,l +X2,1,2,2az,2 + X2,1,2,2a2,2

*_ vF % T * S * * T * S * *
bz,l _Xz,l +X2,1,2,1 a2,1+X2,1,2,1 ), +X2,1,2,2 az,z+X2,1,2,2 a5
_ F S T % S T %k
bz,z = Xz,z + X2,2,2,1a2,1 + X2,2,2,1a2,1 +X2,2,2,2az,2 + Xz,z,z,zaz,z

*_ vF % T * S * * T * S * *
bz,z —Xz,z +X2,2,2,1 az,1+Xz,z,2,1 a, +X2,2,2,2 az,z"'Xz,z,z,z a4,

F s T S T T 7
bz,l X2,1 X2,1,2,1 X2,1,2,1 X2,1,2,2 X2,1,2,2 a,,
* F x T * S * T * S * *
b2,1 . Xz,l " X2,1,2,1 X2,1,2,1 X2,1,2,2 X2,1,2,2 a5,
b, | | XF & X7 X3 X7 a
2,2 2,2 2,2,2,1 2,1,2,1 2,2,2,2 2,2,2,2 2,2
* F % T * N * T * N * *
_bz,z i _Xz,z 1 _X2,1,2,1 X2,2,2,1 Xz,z,z,z Xz,z,z,z __a2,2 i
F | ST
[6]=[x" |+ [x*" [a]

e[ ()-[x )= a]

If | X STF exists the X-parameter relationship can be solved
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Extracting impedance relationships from X-parameters

bZ,l XZITI X2S,1,2,1 X2T,1,2,1 Xj,l,z,z XZT,1,2,2 .,
b2,1 * XzF,l * X2T,1,2,1 * X2S,1,2,1 * XzT,l,z,z * Xil,z,z * az,l *
= F + S T S T
b2,2 Xz,z X2,2,2,1 X2,1,2,1 X2,2,2,2 X2,2,2,2 a5
Ere _Xf,z *] _XzT,1,2,1 * Xiq,z,m * Xg,z,z,z * Xzs,z,z,z * | @ *
a = r2,1bz,1
= 1ﬂz,zbz,z
b2,1 X;:l X;,I,Z,l X2T,1,2,1 Xﬁg,l,z,z XzT,l,z,z F2,1b2,1
b2,1 _ X;,l * n X2T,1,2,1 * X;,I,Ll * X2T,1,2,2 * Xég,l,2,2 * 1_‘2,1 *bZ,l *
b2,2 Xj,z Xﬁg,z,z,l X2T,1,2,1 Xﬁg,z,z,z XzT,z,z,z F2,2b2,2
bz,z * _X£2 * _X2T,1,2,1 * Xﬁg,z,z,l * X2T,2,2,2 * Xg,z,z,z *_ _r2,2 *bZ,Z *_
X;:l X;,l,z,l X2T,1,2,1 Xig,l,z,z XzT,l,z,z Fz,lbz,l b2,1
0= X% * n XzT,Sl,z,l * Xig,;,z,l * XzT,Sl,z,z * X%,z,z * F2,l * b2,l * _ bz,l *
Xz,z X2,2,2,1 X2,1,2,1 X2,2,2,2 Xz,z,z,z rz,zbz,z bz,z
_Xj,z * _XZT,1,2,1 * Xig,z,z,l * X2T,2,2,2 * Xﬁq,z,z,z * _r2,2 * b2,2 *_ b2,2 *
XzF,l L 2,1X§,1,2,1 -1 L 2,1 *X2T,l,2,l L 2,2X§,1,2,2 L 2,2 *XzT,l,z,z b2,1
0= X% * n FZ,IXZT:;J,I * Fz,l *Xil,;,l *—1 Fz,z)ng,l,z,z * Fz,z *X%,z,z * b2,1 *
Xz,z 1H2,1X2,2,2,1 L 2,1 *X2,1,2,1 rz,zXz,z,z,z -1 Fz,z *Xz,z,z,z bz,z
_XzF,z * L FZ,IXZT,1,2,1 * r2,l *Xi2,2,1 * rz,zXzT,z,z,z * rz,z *Xiz,z,z *_1__ 2,2 *
_ - 1 -
b2,1 rz,lX 5,1,2,1 -1 r‘2,1 *XzT,l,z,l r‘2,2)(5,1,2,2 r‘2,2 *X2T,1,2,2 _X2F,1
b2,1 * _ Fz,leT,l,z,l * rz,l *Xil,zl *-1 r‘2,2X2T,1,2,2 * rz,z *X;,u,z * _X; *
b2,2 F2,1X5,2,2,1 L 2,1 *XzT,l,z,l L 2,2X§,2,2,2 -1 Fz,z *XzT,z,z,z _X;,z
_b2,2 *_ L Fz,leT,l,z,l * L 2,1 *X;:2,2,1 * Fz,zXzT,z,z,z * T 2,2 *Xiz,z,z *_1_ __XzF,z *_

(8= (-x7)

The solution or convergence now depends on the existence of [ |

176




Simon P Woodington Appendices

Conversion of the X-parameter Equation into voltage and current relationships
(A1.5.3)

v=4Z (a + b)
la-b)
Jz
v=AZ(X, +(X;+1)a+X,a%)
v*:\/?(XF * (X *+1)a*+XT *a)
Developing a formulation for the “a” wave in terms of the voltage at the port

i=

_X (X +1)a+a*
T X T
v X . X
Tz, o) O e
v V¥ X, X (Xs+1) X, *
XTﬁ‘mXSm)‘XT‘<XS*+1>*( X, *+1>]

WX, *41) X
Z Iz
. V(X *+1) X, v* XF*XT—XF(XS*H)
s +1P -1x, | NZ (T xfNz - T+ f)
a=K,+Kyv-Kv*
Developing a formulation for the “a” wave in terms of the Current at the port

=X, (X, *+1)-X, * X, +QX +1|2—|XT|2)0

i=

(I—Xs)a—XTa*)

Z

T( X, *+(1- X *)a*-X, *a)

i* =

iNZ i*Jz SO CLENN B 65 _(I—XS)a
XT (I_Xs*)_ XT (I_Xs*) (I_Xs*) XT
i(1—XS*NE—XTi*ﬁ:XF*XT—XF(l—XS*)+QXT|2—|1—XS|2)a
l-X*NzZ  X,i*Nz XX X (- X %)
-xP-pF) -x - f) - -l
a=M, +Mqi-M,i*

a=
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a=M,+Mgi-M,i*=K, +K;y-—K,v*
at=M, *+Mg*i*-M, *i=K, *+K¢*v*-K *v
r My M, M, M,
M, * M. * K.* K. * K. *
e e s B
Mg* Mg* Mg* M *

K,*

M
M *
%
Mf_i_Mf + Ms_MT*l-:K,f+ + KS_KT* v+ Ks*_ﬁ %
M, Mg* \M, My*] M, M.* M, M* My* M,

M Mg *+M M+ (M =M, [ ) =

y*

K Mg *+K, * M, +(KMg* =K * M, v+ (Kg* M, — K Mg *)*
K M*4K, 5 M- M Mg *—M, * M,
iR _
(]
(KSMS*_KT*MT)V+(KS*MT_KTMS *) *
2 2 2 2
(e |1, ) (e |1, )

] — *
i=R, +R;v+ RV

o K MK M M MMM,
S 2 2
QMS| _|MT| )
R _(XF*XT_XF(XS*+1))(1_XS)+(XFXT*_XF*(XS+1))XT_
- (x,+1 -|x,' Nz
N T
(XF*XT_XF(l_XS*))(I_XS)+(XFXT*_XF*(I_XS))XT
‘/EQI_XS|2_|XT|2)
(KSMS*_KT*MT)
(w1 - o, )
R. = (XS*+1)(1_XS)_XT*XT
U )
(KS*MT_KTMS *)
(w1~ o, )

2R(X)
RT:XT > >
UM ~|x,| )zJ

N

R. =

T

178




Simon P Woodington Appendices

Matrix Method to Convert Between X-Parameters and voltage, current

parameters (A1.5.4)

v=\/E(a+b)
la-b)

1=
NZ
B T vF 1 [ vs T S T D 7]
b2,1 X2,1 X2,1,2,1 X2,1,2,1 X2,1,2,2 X2,1,2,2 a2,1
* Fox T * N * T * N * %
bZ,l _ X2,1 + X2,1,2,1 X2,1,2,1 X2,1,2,2 X2,1,2,2 a2,1
- F S T S T
b2,2 X2,2 X2,2,2,1 X2,1,2,1 X2,2,2,2 X2,2,2,2 a2,2
% F % T * S * T * N % %
_b2,2 i _X2,2 h _X2,1,2,1 X500, X502 X000 L2 ]
B F s T s T
V2 a5, X5, Xoar Koo X122 Xiian || %
* * Fox T % S % T * N % *
Vau o | a,, X, Koy ™ X X2 X5122% | 9o
Y =z a " xXr X3 X7 X5 X! a
2,2 2,2 2,2 2,221 2,1,2,1 2,222 2,222 2,2
% * J T * S * T % S % *
| V2,2 a5 X5, Xowon ™ Xooon™ Xoonn™ Xphs0™| G
r F s T s T
Vo Xz,1 Xz,1,z,1 +1 X2,1,z,1 Xz,1,2,2 X2,1,2,2 a1
* Fox T * N * T * N % *
Vaa | /_Z X2,1 X2,1,z,1 X2,1,2,1 +1 Xz,1,z,z Xz,1,2,2 a,,
- F s T N T
Va2 Xz,z X2,2,2,1 X2,1,z,1 Xz,z,z,z +1 Xz,z,z,z a5
* Fox T * N * T % N % *
| V2,2 Xz,z X2,1,z,1 X2,2,2,1 Xz,z,z,z Xz,z,z,z +1| a,,
s T s T
X2,1,2,1 +1 X2,1,2,1 X2,1,2,2 X2,1,2,2
D CTPTED GO N B COUOIL D GO
] F 2,1,2,1 2,1,2,1 2,1,2,2 2,1,2,2
[V] =vZ [X ]+ Xs XT Xs +1 XT [A]
2,221 2,1,2,1 2,2,2,2 2,2,2,2

T * S * T * S *
X2,1,2,1 X2,2,2,1 Xz,z,z,z Xz,z,z,z +1

-1

N T N T
X2,1,2,1 +1 XZ,I,Z,I XZ,I,Z,Z XZ,I,Z,Z
T * S % T * S %
XZ,I,Z,I X2,1,2,1 +1 XZ,I,Z,Z XZ,I,Z,Z 1 F
A=y X! X5,,,+1 X! AR
2,2,2,1 2,1,2,1 2,2,2,2 2,2,2,2
T * S * T * S *
XZ,I,Z,I XZ,Z,Z,I X2,2,2,2 X2,2,2,2 +1

)= (e b0 (- ()
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b XzF,1 X;,l,z,l X2T,1,z,1 X;,l,z,z X2T,1,2,2 a1 a1
iy * _ -1 XzF,l * XzT,1,2,1 * X2S,1,2,1 * XzT,l,z,z * Xig,l,z,z *llay * | 92 *
b N Xf,z Xzs,z,z,l X§,1,2,1 Xzs,z,z,z XzT,z,z,z a, A,
hy* XzF,z * XzT,1,z,1 * Xig,z,u * XzT,z,z,z * Xzs,z,z,z *|lan* a, ™

X;lZl_l X2T,1,2,1 Xzslzz Xlezz .

[l] [XF]+ 25121>|< X;,I,ZT,I*_l X;lezz X;lez a2,1*
X3o0i Xiia X300, 1 Xi2nn s,
X2T,1,2,1 * X;,Z,Z,l * XzT,z,z,z * Xg,z,z,z *-1 as, *

==l e (e ]-1)04)
1= (1P ) (e Je vzl
(=g 0L Mo o -] L)
1=~z (e T - ) G T vz0)+ )

The existence of ([X 5T ]+ [1 ])_

ﬁ

and ([I = [X St Dfl determine whether or not a conversion exists

Constant power Contour in A2 (A1.5.5)

b,=X,+Xa, +X,a,
2P=‘Xf +X,a, +XTa;‘2 _|aZ|2
2P = (Xf +X,a,+X;a, *XXf Y+ X Fa, *+ X *az)_|"2|2

2
2P=(X, +X a, + X0, )X, %X, + X0, +X,0, X, *a 4 X, + X 0, + X, %X, *a,)Ha
P=X,* X, + X, *X,a,+ X, *X,a,*
+X, X, *a, *+X a,X, *a,*+X,a,* X, *a,*

+ X, X *a, + X a, X, ¥a, + Xpa, * X, *a, —|ay|

2P=|X,[ +X,*X,a,+ (X, * X a,)*

+X,a, X *a,+ X,;a,* X *a,*

+(X, X, Fa, F4 X X, *ay + X X, Faa, ¥+ X, X, Faa, *—aya, *
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2P=|X, | + X, *X.a,+(X, * X a,)*

+ X X, *a,a, + (XSXT *azaz)*

X, X, *ay+ (X, X *a )X Pl +X e —as|

2P—|Xf|2 =2R(X, * X, a,)+2R(X, X, *a,) +20(X, X, *a2a2)+QXS|2 +x,|° —1)a2|2
2P-|x f\z = 29(k,a,) + 2R(k,a,) + 2R(k,a,a,) + k,|a, [

a, =x+jy

2P |X [ = 2k — kyyy) + 2kypx — by, ) + 2R (hyayay) + by (6 + )
R(kya,a,) = (k3R + jk, )(x + jy)2 = (k3R + jk;, )(x2 -y + 2jxy)

= Ry (62 = )+ 207k + ey, (67 = 32)= 2y xp) = b (62 = 32) = 25 0y

2P X || = 2kgx— )+ 2kyx—ky )4 2k (6 =7 )~ 2k )+ (3 +57)
2P—[X | =2k g — ki, )+ 20—y )+ 20y (6 1)~ 2y 0) 4 £, (5 457

0= [ ~2P+2 (kg + g =2k, + ey )y =4,y + (K, + 2y 67 +(k, — 2k )2

0= (k, + 2k > sy (k, ~ 2k )9 + 2k + ey =20k, + ey )+ [ 2P
Note this equation is an ellipse of form of a general conic section from which

2
below on the condition that ‘Xf ‘ —2P=#0

0=Am* +2Bmp+Cp> + Dm+ Ep+ F

Comparing the two equations gives

F=|x| -2p
A=k, +2k,)
B =2k,

C = (k, —2ky,)

C = 2(k1R +sz)
C, = _2(k11 +]‘721)
K=F-Aa’-Cp* -2Baf

k=X, %X,
ky =X, X, *
ky=X X, *
k, = QXS x| —1)

is given
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F=|x,| -2p

A= (QXSF +X, | —1)+ 2R(X X, *))
B=-23(X X, *)

C = (. . ~1)-2m(x,x, )
C, =2R(x, *x, + X, X, %)

C, =23(x, * X, + X, X, *)

2
K=|X,| -2P-4a’-CB* -2Bap

B= AC,-CB
2(B* - 4C)
o C,-2Bp
24
tan(26) = 2B
A-C

Also useful here are

r4 = —K
Acos*(0)+ Csin?(6)+ Bsin(20)

rB = -k

Acos*(@)+ Csin?(6)— Bsin(26)
Where
C,(¢)=C, +(rdcos(p)cos(#)+ rBsin(¢)sin(6))+ j(rdcos(@)sin(@) - rBsin(g)cos(8))
Is a contour of constant power on the a-plane and

Cy (%)
r(9)= X, +X,Cy(9)+ X, Cy(9)*

Is a contour of constant power on the load plane

Reduction of a General conic section to the canonical form of an ellipse

(A1.5.6)

The equation of a general conic section is

0=Ax>+2Bxy+Cy* +Dx+ Ey+F 1)

The equation of an ellipse which main axis is rotated away from the x-axis and is
centred at (-a,-P)is given by

0=Alx—a) +2B(x—a)y-p)+C(y—-B) +F — Aa’ - CB* —-2Bap
Expanding this equation gives
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0=Ax>—2Aax+2Bxy—2Bxf3 —2Bay + Cy* —=2CBy + F
Simplifying

0= Ax* +2Bxy+ Cy* —(24a + 2BB)x —(2Ba + 2CB)y + F
0=Ax"+2Bxy+Cy’ —Cix-C,y+ F

Note A B and C are observed by Directly comparing with (1) then
C, =(24a +2Bp)

C, =(2Ba +2Cp)

G, BB

24 A

G, B

2B B

G _ G _BF_CB

24 2B A4 B

(;B—Acz_(Bz—chﬂ

2AB AB
ﬂ_AQ—QB
ﬂBZ—ACi
C_
a5 2Bp
24

Note alpha and beta describe the centre of the ellipse as
Cr=—a—jp

0=Alx—a) +2B(x—a)y-p)+C(y-B) +F — Ao’ - CB* —~2Bap
0=Alx—a) +2B(x-a)y-B)+Cly-B) +K

0= Ax*+2Bx y'+Cy* +K

Angle of ellipsis main axis is found using

This process is described using rotation matrices

2B
tan(20) =—
A-C
From which it can be shown that the major and minor axis of the canonical
ellipse are given by

r4 = —K
Acos*(0)+ Csin?(6)+ Bsin(20)

rB = S
Acos?(0)+ Csin?(0)— Bsin(20)

Where
12 12
1= x—z + Y 3
r4 rB
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and the term xy has been reduced to zero
The ellipsis can now be described in parametric polar form as

C,(#)=C, +(rdcos(p)cos @)+ rBsin(¢)sin(0))+ j(rAcos(#)sin(8)— rBsin(g)cos(0))

Which is convenient for drawing the ellipse

Re-normalization of the X-parameter Equation to new base impedance (A1.5.7)

v= \W(Z)(a+5)
_(a-8W%(Z)

(v+z’Z
R(z
(v—iz

(z
v=yJRZ)(X, +(Xs+1)a+ X,a*)

R(Z
S (

N

N—"

a=

\S}

—~
\—/v

b=

b
3

~—

g

X, +(-X)a—X,a*)

i=

Developing a relation ship for the new “a” wave at the port

V" (v+iZ')

2{%(z)

[\/M(XF +(X, +1)a+ X,a*)+ @ (-X, +(1-X)a—X,a *)Z']
“= 2/%(2)
o= fn—i()( +(XS+1)a+XTa*)+§(—XF+(1—Xs)a—XTa*))
R2) A A AR
d= (XF(l—?j+((XS+1)+;(1—Xs)ja+XT(l—§)a j
a'= M(kF +ksa+k,a *)

Developing a relation ship for the new “b” wave at the port

_ v-iz)
2/R(2)
(JSR(Z)(XF +(Xg +Da+ Xpa*)- Y SRZ(Z) X, +(-Xs)a—X,a *)Z']
b'=

2JR(2")
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b= 2@ ((XF +(X +1)a+XTa*)—%(—XF +(1—Xs)a—XTa*)J
b'= 2\/\/%(XF(I+§j+((XS +1)+§(XS —l)ja+XT(l+§ja*J

b'= M(R, + Rya+ R,a*)

Invert the “a” wave relation-ship (as above)
_ Ky Tk kR k, * | ky

(e =l wlef =) mlel - )

1%

- k, *ky —k k* k, * 5 k '

’ M{RF *RS( (P —F) mleF =i F) " mle 2T—Ikrlz)a*D
ky *ky —kk > k - : '

+MRT( Ukb 3 —|kT|2) + M(Jké 2 —|kT|2)a M(ka 2T_|kT|2)a *j*

. MR (kf *ky _kfks *) Rsk, * o Rk '

b_{MRF+ (Jksz—|kT|2) + Uks 25_ kT|2)a (‘ks2s_|;€T|2)a *}

{MRT *(k e *—k, *ks)+ Re*k oy Rk a,}
k[ bl [ =l ) el =)
. M[RF . Rylk, *kp —k &, *)+ R, *(k ey *—k, *E, )}

(&~ Jk:]")
Rsks * _RT *kT *

(k[ -k )
R, *k, — Rik

+ T 1%
iks 2 _|kT|Zi a

b= X, '+ X a+ X, a*

'
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Abstract — A solution allowing for the rapid, cost effective and
accurate extraction of nonlinear Direct Waveform Look-Up table
(DWLU) based behavioral models is presented in this paper. The
behavioral model extracted is a reformulation of the PHD model,
now defined about a non 50-Ohm reference impedance, enabling
it to accurately predict load-pull contours. The technique exploits
a simple active and passive load-pull architecture enabling a
numerical integration solution for model coefficient extraction
that necessitates only varying the phase of the input stimulus
during measurement. This solution dramatically speeds up the
behavioral model coefficient extraction process, enabling ‘real
time’ access to critical device behavior. It ensures that only a
minimum, optimized set of load-pull measurements are
performed. The technique is demonstrated on a Mimix
Broadband Gas 8x2x30um 0.5W HBT.

Index Terms — Poly Harmonic Distortion Model, , non-linear
device modeling, microwave measurements, power amplifiers.

I. INTRODUCTION

In the RF Power Amplifier (PA) design cycle, it is important
to be able to rapidly prototype complex nonlinear circuits and
concepts. In order for this to be successfully achieved using
modern CAD tools, rather than experimental prototyping, the
nonlinear behavior of active devices needs to be accurately
modeled for use within CAD design environments. However,
this requires the rapid availability of nonlinear models as new
device technologies emerge. Also as the complexity of RF
systems has increased the requirements for model accuracy
and convergence speeds have also increased. This has led to a
move away from physics based models towards behavioral
modeling approaches.

Recently, a behavioral modeling approach [1] based on
Direct Waveform Look-Up (DWLU), using measured large
signal RF I-V waveforms has been developed. This exploits
the ability of modern CAD tools to use both data storage look-
up and to interpolate between measurement points. This
DWLU behavioral model provides for the rapid availability of
accurate, load-pull contour and waveform data, thus enabling
reliable CAD based RF Power Amplifier design with emerging

978-1-4244-1780-3/08/$25.00 © 2008 |[EEE

device technologies to be immediately undertaken. A further
development involved formulating the DWLU approach to
utilize behavioral model coefficients tables [2], the goal being
to further improve load-pull contour prediction and increase
simulation convergence speeds. The resulting DWLU
behavioral model, defined about a non 50-ohm reference
impedance, is a reformulation of the Poly-Harmonic Distortion
(PHD) model introduced by Verspect and Root [3].

One of the significant constraints in generating these
accurate data based nonlinear behavioral models is the need
for relevant, large signal waveform measurement datasets. In
[2], the DWLU behavioral model was extracted from
measured RF waveforms resulting from conventional load-pull
measurement sequences: swept input power and load
impedance.

This paper presents novel measurement based hardware,
together with an extraction methodology, that optimizes the
measurement procedure and population requirements for this
DWLU behavioral model solution. It will be shown how the
approach dramatically reduces the time spent measuring the
necessary large signal datasets, and overcomes the previously
mentioned barriers for model generation. This allows for the
rapid, near-real-time generation of DWLU based behavioral
models.

II. MODEL EXTRACTION

Fundamentally, the nonlinear large-signal reflected traveling
wave response (b; and b,) of a device is mathematically
related to the incident traveling wave stimulus (a; and a,). The
measured behavioral model data coefficient tables must
quantify this generic relationship;

b, = f(a;,a,), b, = g(a;,a,) )

The DWLU behavioral model used in this paper, introduced
by Qi et al. [2], was specifically formulated to provide
accurate load-pull contour prediction. In this case, the
behavior of the fundamental wave components can be
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quantified in terms of the following describing functions
shown in (2)

- * 42 * 52
b, = S8 + T};.2,.Q7 + Spp.a, + Tpp.a,.P

. . 2)
Where Q and P are the respective fundamental input and
output a-wave phase operators, given by

b %J Q- %ﬂ ?3)

Note that in this case, the model S and T coefficients are
functions only of the magnitudes of the stimulus a-wave (a,
and a,) fundamental components. Fundamental phase is
accounted for directly in the formulation. Thus, DWLU
behavioral model population simply reduces to the extraction
of the respective S and T coefficient look-up tables as a
function of |a;| and [a,| directly from an appropriate sequence
of large signal RF waveform load-pull measurements. To help
understand the optimum load-pull measurement sequence
required and the coefficient extraction procedure developed,
reformulate (2) as shown below.

P

b, = S Ja)|P+T,Ja[P.—+S),]a,|Q +T“.|a1|.Q.9
Q @
P

b2 = Szl.|al|.P +T22 |32|P6 +Szz.|az|.Q +T21.|al|.Q.%

This clearly highlights that each S and T coefficient has a
unique phase operator. Thus, if large-signal RF waveform
measurements are performed on a load-pull locus of constant
|a;] and [a,], but with swept relative phase 0 (P/Q or O/P), then
each S and T coefficient can be extracted independently by
simply numerically integrating the measured respective b-
waves after dividing by the associated coefficient phase
operators, as follows

1 1
Sn~|a1| = szl'%)’ Tll'|a1| = ;Zbl.%z

(5)
1 1
Slz-|32| = ;Zbl-y@ T12.|a2| = ;zbl-%z
1 1
Szl-|31| = —sz%), T21-|31| = —zbz-yz
n n Q 6)

1 1
Szz~|az| = ;sz-%), T22.|a2| = ;sz-Q/Pz

Where n is the number of measured equal phase steps from 0
to 2.

The required load-pull locus can be achieved by simply
terminating the device into a matched signal source. However,
it was also demonstrated in [2] that renormalization of the a,
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and b, traveling waves can improve significantly the accuracy
of the generated models.

Thus we need to work with renormalized a’, and b’,
traveling waves. At the output plane the new normalizing
impedance is selected to be at or near the device optimum
output impedance Z,, for maximum power. For the input, it is
set equal to the actual measurement system input impedance.
Note, the S and T coefficients are now formulated in terms of
the renormalized a’, and b’, parameters, thus the swept
relative phase (0), large signal RF waveform measurements
actually need to be performed on a load-pull locus of constant
|a’y| and |a’y|. The load termination required to achieve this
load-pull locus, relative to the calibrated system impedance, is
a signal source with a impedance equal to Z’,(= Z,,). Note
that once the measured data is renormalized, such a load
termination will become a matched signal source; hence a
circular a’, locus. The corresponding flow diagrams are
shown in Fig 1.

b, e— b, e——

Foot =0
Y v
a, *¢ o< %2, a,°%¢ o< *
(i) (i)

Fig 1. Flow diagrams of the required load; (i) referenced to calibrated
system impedance Z, and (ii) after renormalized to Z,,

Hence, in the renormalized a’, plane the value of a’, is given
by;
a’, =a’ (7

and is thus, as required, independent of b’,. Hence, simple
direct extraction of S and T coefficients requires the following
sequence of load-pull locus measurements; fixed, magnitude
and phase, a’; output stimulus for constant magnitude |a’;| but
swept phase (i.e. P from 0 to 2m) input stimulus. In other
words, measuring RF large-signal waveform performance
under swept power conditions into appropriately engineered
load-pull loci impedances. The required load-pull loci must
satisfy the following equation;

= b2~ropt + as (8)

III. MEASUREMENT SOLUTIONS FOR THE COLLECTION OF THE
MODEL DATA

Standard load-pull measurements can be utilized to collect
the relevant data sets for S and 7T coefficient extraction. This
approach generally requires the collection of a large number of
data points in order to use 2-D interpolation to determine the
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values of the b-waves on the required load-pull loci. It would
be more appropriate, if possible, to configure the load-pull
hardware to only measure on the relevant load-pull loci.

Consider the integration of a passive load-pull and signal
source achieved by insertion of a directional coupler between
the load-pull tuner and the device under test, as shown in
Fig 2. This architecture directly replicates the desired load; a
signal source with a user defined non 50 ohm impedance.
Firstly, the passive tuner is adjusted to set the I, seen by the
DUT to the desired renormalizing impedance value Z’,(=
Z.); typically the optimum for output power. The load-pull
locus required for extracting S and 7T coefficients is simply
realized by setting the output signal a’s source to a fixed power
level while stepping the input phase P (0 to 27); thus providing
the required values of a’,. These load-pull locus sweeps can
be repeated for different output signal source |a’;| and/or input
signal source [a’| power levels.

Fig3. Shows the measured load-pull loci and the associated
output power contours.

n

R

f ®:
cifeet
9

Directional coupler

ol

The corresponding stimulus a, and a, and response b, and b,
traveling wave are shown in figure 4. The observed behavior
of b, clearly indicating that the device is exhibiting non-linear
behavior. These transform to the required set, for model
extraction, of simple fixed a,’, circular a,” contours, as shown
in Fig 5,after renormalization.

Fig 2. Architecture for generating the required load-pull loci by
integrating an active source with a passive load-pull system

The resulting measured b-waves on each load-pull locus
sweep can be simply divided by the respective phase operator
and integrated to extract the S and 7 coefficient data table as a
function of |a’y| and |a’,|, using the equations given in (5) and
(6). This allows for rapid population of the S and T look-up
data tables.

IV. APPLICATION OF THE MEASUREMENT METHOD TO AN HBT
DEVICE

The technique outlined in this paper was applied to a GaAs
8x2x30um 0.5W HBT Device supplied by Mimix broadband.
During the RF waveform measurements at each input drive
level (fixed |a;’|), a load-pull loci consisting of a sequence of
n=64 uniformly stepped source phase points P (0 to 2r) for a
sequence of 11 constant |a,” values| were measured. The
measurement time for these measurements is only dependent
on the level of averaging used at each measurement point, as
the method requires no iterations to converge on to specific
load impedance. The resulting load-pull loci are shown in
Fig 3. The corresponding computed output power load-pull
contours from these measurements shows that the load-pull
loci cover a 3dB output power range.
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0.2 : : 1

imaginary

02
real

Fig4. Shows the measured a and b traveling wave on the
sequence of load-pull loci, referenced to the system
impedance.

imaginary

Fig5. Shows the measured a and b traveling wave on the
sequence of load-pull loci, once renormalized.

Fig 6 compares the corresponding b,” measured and
computed values using equation 4. The results clearly indicate
that for small values of a’, about the optimum load impedance
the model can accurately predict b’,, hence the load-pull
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contours. However, for larger values of a’, model prediction
of b’, degrades.

0.65

0.60 —

o

o

s
|

G ep

Imaginary

j!
0.50 —{ &

045 —

| —®— modeled b2

0.40 — —A— measured b2

T T T T
05 04 03 02
Real

Fig 8. Comparison of modeled (right) and measured (left) output
load-pull contours.

Fig 6. Comparison the measured and modeled b,’ traveling wave
using the S and T parameter DWLU behavioral model.

This weakness is consistent with the fact that the S and T
model as formulated only accounts for non-linear behavior, a;,
a, mixing, up to 3" order. This is clearly adequate for small
values of a’, but as a’, increases higher orders mixing terms
must be considered.

V. EXTRACTION OF MODELS BASED AROUND HIGHER ORDER
DISTORTION TERMS

The S and 7 model formulation shown in equations (4) can
be consider as a polynomial function of the a;, a, mixing phase
operators (P/Q)".P and (Q/P)".Q for values of n up 1 (accounts
for 3" order mixing). Increasing n, as shown in Fig 7, up to 3
(accounts for 7" order mixing) provides for a formulation of
the DWLU behavioral model that can now more accurately
predicts b’,, hence the load pull-contours. Fig 8 compares the
output power load-pull contours computed from both the
measured b, response and the modeled b, performance. For
the power contours shown power prediction is within 0.1dB

0.65—

0.60 —

Imaginary

0.50 —

0.45—

0.40 H

Z
—A— measured b2
T 1
-0.5 -0.4 -0.3 -0.2 -0.1
Real

Fig 7. Comparison the measured and modeled b,’ traveling wave
using the higher order DWLU behavioral model.
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VI. CONCLUSION

A novel measurement configuration has been presented that
enables the rapid extraction of a non-linear Direct Waveform
Look-Up table (DWLU) formulated behavioral model. The
technique exploits both a combined active and passive load-
pull architecture and a numerical integration based parameter
extraction concept that requires only measurements involving
varying the phase of the input source. This solution allows for
the rapid, cost effective, accurate extraction of nonlinear
behavioral models required for accurate load-pull contour
prediction. The approach ensures only the optimum, hence
minimum; load-pull measurements are necessary for
behavioral model extraction.
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Abstract — This paper outlines the formulation of a mixing
based behavioral model, capable of capturing the nonlinear
response of microwave transistors to fundamental and harmonic
load pull effects for use in Computer Aided Design tools. The key
to the model formulation was the experimental identification of
the dominating mixing terms. The model is able to accurately
compute the voltage and current waveforms present at a
Transistors Terminals. The formulation lends itself to
economical use of measured data, reducing data storage required
within the CAD environment. In this paper the modeling
approach has been demonstrated on a 10x75pm GaAs HEMT
operating at 9 GHz.

Index Terms — behavioral modeling, S parameters, Load-Pull,
power amplifiers.

I. INTRODUCTION

A number of behavioral modeling approaches have been

proposed for High frequency Transistors [1-3], based on the
exploitation of measurement data collected under
representative system conditions. These methods utilize
extensive databases of RF measurements describing the device
behavior over a range of operating conditions. Such databases
can be used directly in a lookup table approach [1], be
condensed into descriptive functions using a modeling
framework [1-3] or a combination of both X-parameters can
be utilized [4].
The Poly-Harmonic Distortion (PHD) model [3], which uses
third order nonlinear mixing equations to describe the
behavior of devices to different stimuli and conditions, has
been shown to provide a very appropriate descriptive
framework. The PHD model has been used very successfully
to describe nonlinear device behavior locally to the operating
conditions about which they were extracted. To overcome this
limitation the concept can be extended, for example, by
measuring PHD datasets as function of another parameter, for
ie. interpolating between various measured fundamental load
impedances. Alternatively, previous work [5] has shown that
by considering higher order mixing terms a model can be
developed which does not require the simulator to interpolate
between data sets for different fundamental load impedance
measurements.

In this paper it will be shown that the behavioral modeling
framework based on nonlinear mixing can be further extended
to accurately represent device behavior over full range of both
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fundamental and harmonic terminations. This is an important
requirement if behavioral models are to be successfully
utilized in the design of RF power amplifiers, since harmonic
source and load terminations are crucial in predicting accurate
power levels and achieving high efficiencies; for example the
design of Class-B,-E, -F & -J power amplifiers.

II. MIXING BASED DEVICE MODEL FOR SINGLE TONE STIMULI

A linear network can be fully described by the use of S-
parameters [6], which are made up of the ratios of incident and
scattered voltage traveling waves at a single frequency. The
response of nonlinear networks cannot be fully described by
S-parameters. Instead the mapping of incident travelling
waves to all scattered frequencies must be considered — hence
the mixing model approach. To develop an understanding of
the mixing model and its nomenclature, a two port network
will be considered as in Fig. 1.

a1,1 » bl Fidagas) ¢ 42
: DUT
by, y Do
| By = fon (amazl) v

aph > bpp: h=harmonic, p=port number

Fig. 1.  Relationship of travelling waves to a two port network

The mixing model for the single tone case is formulated using
describing functions to capture the behavior of a device when
subjected to fundamental stimuli at each port. Under these
conditions, it can be shown that the device responds only to
the magnitudes of the signals applied to the device and the
relative phase difference between the signals at the device
ports.

The formulation is simplified by referencing all phases to
the phase of the input signal at the fundamental frequency,
allowing the removal of absolute phase from the describing
function. This algebraic step is shown in (1) - (2) and in [3]
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Importantly, the resulting equation (2) shows a separation
between the relative phase and the magnitudes of the stimuli
signals. This is useful as it allows the consideration of phase
effects independently of the magnitudes.

The separation of phase and magnitude simplifies the
measurements required to populate the model coefficients. To
capture the entire phase response at a given power level, the
measurement technique can be reduced to a pair of constant
magnitude tones injected at both ports with their relative phase
swept through 360 degrees.

It is important to account for the physical impedance of the
measurement system in order to accurately view the measured
phase response. This is achieved by renormalizing the
travelling waves to the measured port impedances of the
system at all frequencies of interest [5].

Examination of the results of this measurement technique
lead to an expanded version of (2) that allows all orders of
phase non-linearity in the system to be described by a set of
coefficients. This representation is given in (3).

(N+1)/2 n
‘K(Z)bm =V, = R’ Z {Rp.h,n ('a1,1|’la2»1|(%} } e
/2 1

0 -
.20 =
o -40
ke
®
£ -60-
-80 + ‘
-100 T T T
-5 0 5 10
coefficient number (n)
Fig.2.  Coefficient spectrum for R, , for a 10x75um GaAs

HEMT

The Ryh, parameters in (3) are the coefficients of the
Fourier transform of the device under test (DUT) output
response. Fig. 2 shows in a spectral plot the result of
extracting these coefficients from a measured dataset, in this
case a 10x75pum GaAs HEMT. This dataset shows a clearly
defined measurement noise floor around -50 dB. This noise
floor can be used to determine the maximum order to which
any model could be accurately extracted. In this case the
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optimum model order would be between 5" and 7" order.
Applying this concept to different levels of stimuli causes the
respective coefficients Ry, to be seen as functions of la; |
and lay ;| which can be represented by polynomials with an
order no larger than the order identified using (3).

III. A MODEL FRAME WORK FOR THE ANALYSIS OF
HARMONIC INTERACTIONS

The model discussed in the previous section describes how
changes such as load impedance at the fundamental frequency
affects harmonically related frequencies. Any changes to
terminations at frequencies other than the fundamental
frequency are unaccounted for leading to degradation in the
accuracy of the model. However, it is well known that
harmonic terminations are important when considering the
efficiency and the linearity of RF Power Amplifiers; hence
their effects should be included in the formulation.

Extending the model to include the effects of harmonic
terminations, other phase vectors need to be considered.
Keeping the framework in line with the model presented in
section II, all phase vectors are formed with reference to the
phase of the fundamental stimulus at port 1 (P;). Thus to be
able to consider a second harmonic termination at port 2, two
other signals need to be accounted for, namely b,, and a,,
Here a,, is a stimulus signal resulting in one new phase vector
(QZ/PIZ). This phase vector can become part of the coefficient
set generated from (3) and is shown in (4)

RPJ'," = Gp,h,n (Ial,l ’|a2’2|’%] 4
1

’|a2,1

In a measurement, to extract these additional coefficients,
the phase vector (QZ/P12) should be rotated around 360°. The
resulting coefficients would then be expected to produce
periodic changes in the coefficients with respect to the phase
vector (Q2/P12). These effects can be captured by (5)

r
Rp,h,n = Z Gp,h,:1,r qal,l ’ a2,l ’ a2,2|{%) (5)
r 1
V(e
bp,h = Ehzz Gp,h,n,r qal,1|’1a2,1|’\a2,2|(? (?%J (6)
n r 1 / 1

Substituting the coefficients from (5) into (3) forms (6). The
coefficients in this equation are only functions of the stimuli
magnitudes and are independent of their phases. It can also be
noted that the phase difference between the two signals at the
output are accounted for by the cross product terms in this
equation, i.e. the terms that are related to Q,Q, and Q,/Q,.

In order to extract these coefficients two conditions must be
met. Firstly, datasets containing sweeps of the phase
component of the fundamental phase vector are required.
Secondly, datasets containing sweeps of the phase component

of the second harmonic phase vector are required where the
fundamental phase vector is held constant.
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IV. MEASUREMENT OF MODEL SPECIFIC DATA SETS

To demonstrate the necessary measurement approach,
results were taken for a 10x75um GaAs HEMT device,
operating at 9GHz using the waveform measurement system
developed at Cardiff University [6]. The measurement strategy
followed included spinning the second harmonic phase vector
around 360 degrees in 18-degree steps whilst holding the
fundamental phase vector constant. This was repeated as the
fundamental phase vector was spun around 360 degrees, with
points distributed every 18 degrees. Finally, the entire process
was carried out with varying magnitudes of the fundamental
and second harmonic stimuli at port 2 (la,;l and la, ,l).

This dataset was renormalized to the measured system
impedances and the fundamental phase at port 1 was removed.
The complex values of a,;, a5, by and b,, for a subset of
these measurements have been plotted in Figure 4. Examining
this data importantly shows that the perturbations of the
fundamental b, ; at the output of the device due to the phase of
a, and a;, produce closed forms in b, and b, ;. This allows
the separation of fundamental and harmonic functions when
coefficients are extracted.

® a2i
® a22]
— b21
1.5 b22
1.0
s (g
=) L o .
£ 05 . .
® .
: S second
o & harmonic
s - 2 *  perturbation
. = el o g .
) .
-0.5+4 . %
b .
.
T T T T
-0.5 0.0 05 1.0

Real (V)
Sample of the recorded traveling waves during the
measurement Sequence

Fig. 4.

V. MODEL EXTRACTION AND VALIDATION

The extraction process can be demonstrated by sampling a
dataset whereby one magnitude point in each of the sets of a; ;
and a, are used to extract the model coefficients. Based on
the formulation of (6), there are two approaches to this
process. Firstly, if the magnitude functions are not included,
Eqn. 6 can be regarded as a 2-Dimensional Fourier transform.
Alternatively, the coefficients in Eqn. 6 can be extracted using
the Polynomial Least Mean Squares Method (LMS). It has to
be noted that the Fourier transform provides the best method
due to the fact that all the model coefficients can be extracted
in one process, without over-fitting the data. However, this
technique suffers when it is presented with data that does not
include ideal sample points, thereby causing leakage into other
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sample bins. This effect can be overcome by interpolation
onto the nearest ideal sample point. The LMS algorithm
avoids the leakage problem by allowing measured points to be
used as independent data.

In order to illustrate the complexity of the coefficient space
required, the dataset presented in Fig. 4 was overlaid with a
dataset produced by a 5™ order model and analyzed using two
different cases.

—=— Measured Values of b2
—¥— Modelled values of b2

20 25 30 35 4.0
Real(V)
Fig. 5 Measured and modeled values of by;
1.0 [ )
= M1 M2
e [Mm1] m2]
c
o
E
g 00-1@ o o ®
o
c
3 -05-
[
()
1.0+ [ )
T T T T T 1
2 -1 0 1 2 3

fundermental (n)
Fig. 6.  Extracted coefficients plotted where the size of the point
represents the logarithmic magnitude of the coefficient

In the first case (Fig. 5 and Fig. 6), the 5" order model is
represented by the coefficient space as shown in Fig 6. In this
figure, the magnitude of each coefficient is represented by the
size of its data point. The largest point, indicated by “m1” is
the most dominant term in the extraction process and is
equivalent to Spla;;l. “m2” is equivalent to Syla, ;| and this
term is the second most dominant in the coefficient set.

Figures 5 and 6 indicate that this model is able to reproduce
most of the form of the perturbation only due to the mixing of
the fundamental phase with the input stimuli (a; ;); however it
is unable to model the interactions of the second harmonic
signal (ay,) with the input fundamental signal (a;;). This is
due to the mixing between the injected second harmonic
signal at the output (a,) and the injected fundamental signal
at the output (ay;). The average error produced in this
extraction was 1.8% although the peak error was much larger.

In the second case (Fig. 7 and Fig. 8) the optimum number
of coefficients which includes cross product terms has been
added to enable capturing of the output mixing behavior. This
allows the model to properly track changes in the second
harmonic’s perturbation around all phases of the fundamental
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value of b, ;. The average error resulting from this extraction
was 0.25%.

—5— Measured Values of b2
—v— Modelled values of b2
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Fig.7. Measured and modeled values of b, ;
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Fig. 8.  Extracted coefficients plotted where the size of the Point

represents the logarithmic magnitude of the coefficient

VI. USE OF THE MODEL WITHIN COMPUTER AIDED DESIGN
SOFTWARE

The discussed model can be structured within Computer
Aided design software utilizing a Frequency domain Defined
Device (FDD). The FDD enables computation of the incident
travelling waves at the device ports, which are then used to
compute new spectral voltages at these ports. The process
discussed in this paper is repeated on all valid harmonics
within the system at each device port to enable this
functionality. An illustration of this has been conducted on an
example data point, with measured and modeled voltage and
current waveforms shown in Fig 9, 10.

VII. CONCLUSION

A behavioral modeling framework based on mixing theory has
been demonstrated, capable of taking into account the changes of
load impedance at the fundamental and second harmonic
frequencies. It was identified that in order to correctly the track
changes resulting from second harmonic perturbation for all
phases of the output fundamental signal it was necessary to
include cross product terms that accounted for output
mixing. The resulting model is capable of modeling the device-
plane I-V waveforms.
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Abstract — This paper describes how the application of the
PHD model can add intelligence to an open loop active loadpull
system. This intelligence driven approach by providing for an
improved prediction of the operating conditions required to
emulate a specified load speeds up the load emulation
convergence process by minimizing the number of iterations to
predict the injected signal, therefore making more efficient use
of a measurement system.

The results were validated by carrying out loadpull
measurements on the fundamental tone of a 10x75um GaAs
HEMT, operating at 3 GHz.

Index Terms — active loadpull, X-parameters, device non-
linear models.

1. INTRODUCTION

Load and Source-pull measurements are widely used in the
design of power amplifiers to deduce optimum efficiency,
gain, linearity and power, providing a clear understanding of
the various modes of amplifier operation. This paper is based
around measurements carried out using the Open Loop Active
Loadpull system, developed in Cardiff University and
described in [1] and [2], with phase coherent Signal
Generators. The architecture of the single-tone (continuous
wave) setup is illustrated in Fig 1 and is based on the
Tektronix DSA 8200 four-channel oscilloscope as a receiver

[3].

SOURCE LOAD

[Fo] [2r0] [3Fo]

COUPLERS
il B
B4 P1 P2
BIAS-T
INPUT
BIAS
=
T4 PaY
4 CHANNEL RECEIVER |
Fig 1 Schematic of measurement system
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Such a setup reduces losses faced by most passive tuning
systems by actively injecting the desired signals to realize the
required reflection coefficient. The system is also less prone
to RF oscillations noticed in closed loop systems [4].

Load emulation is achieved in this system by solving (1) for
Ay, with A indicating the harmonic index.

Ay, _Fh'BZ,h (A2,1’A2,2""’ Az,h): 0 (1

Therefore, if we have no prior knowledge of the function
B, (.), the solution to (1) is found using a numerical
technique. This process is iterative and can take up to 5-10
iterations to converge to a solution for the fundamental
harmonic tone. If harmonic loadpull is required, the iterations
are further increased due to a change in the fundamental tone
causing distortion in higher harmonics. This problem is
further compounded by the fact that the numerical techniques
utilized present their own disadvantages such as multiple
roots and numerical oscillations [5].

Recent advancements in device behavioral modeling have
seen the introduction of the Poly Harmonic Distortion
Modeling (PHD) framework [6]-[8]. As well as containing
magnitude and phase relating to the spectral components of
the input signal, this framework introduces harmonic cross
product information. These products give us the relationships
between harmonic frequencies for a given drive level and
frequency and could therefore be beneficial in an Open Loop
Active Loadpull measurement scenario, since a locally
derived model can be used to assist in calculating the required
injection signals to simultaneously perform both fundamental
and harmonic loadpull emulation [9] when solving (1).

The motivation of this paper is to demonstrate how the
behavioral modeling framework, based on non linear mixing
terms can be used to aid prediction of the desired injection
signals necessary in an Open Loop Active Harmonic Loadpull
system to provide a desired load impedance.

II. THEORY AND DESIGN OF A MODEL BASED ALGORITHM

The technique explained in [6] (see (2) with % indicating
the harmonic index) provides a mathematical framework for
describing the response, B,, of a non-linear system as a
function of the respective injection signals. Combining this
with (1) thus allows for the formulation of a new open loop
loadpull algorithm with improved load emulation capability.



This algorithm therefore provides us with a singular
approximation to the solution of (1), which is valid in the
region that it is determined.

B,, =S, (|A11 |)|A11 |+ z S (|A11 |)A2h

h

+ 3 Ty, (A, PCA,,® )

h

This formulation can be modified as illustrated in [8] by
describing P and Q as input and output a-wave harmonic
phase operators, as shown in (3)-(4). This expression, a third
order model, can be generalized to give the formulation
shown in (5)-(6).

0 1 -1
32h=sﬂ.|A“|(%} .P+;S22.IAMI(—%} .P+;T22.IA2,,I(%] P 3)

Au = A 1
P=""Aa,1 27 /4, 5
n=1 n
B,,=P)> {RM,, (%) } Q)
n=-1
R,u, =G, 04,114,,1..) ©)

Adapting this generalized formulation and assuming that
the magnitude of the input signal (IA,l) during this process is
held constant; we can simplify it to (7) by considering only
the linear third order mixing terms. This is analogous to “X-
parameter” formulation described in [7].

( P
B,, = GZ,O,h + G2,l,h' I A, | \%j + G2,—1,h' | Ay, | [Ej @)

In a measurement scenario, G,o can be deduced from the
output response of lA;;l at the harmonic being load-pulled.
Parameters G,; and G,.; are extracted by applying a
perturbation signal to the incident A,; wave, first of all with a
zero degree phase and then followed by the same signal with
a 90 degree shift, keeping lA;;l constant in both cases [6]. By
utilizing the measured values of A,, and B,, at the center and
the offset points (indicated by subscripts 0, 1 and 2), we can
then calculate the G parameters using the equation set (8)-
(11).

A = Ayt — Ay A= Ayr = Ao (8)

_ (Az*)(BZh,l - Bzh,o) - (Al *)(BZh,2 B Bzh,o)

Goun = )]
" (AD(A*) = (A*)A,)
G _ Bzh,l_Bzh,o_G2,1,h(A1)
ol (A% (10)

Gz,o,h =By~ Gz,l,h(Azh,o) - G2,—1,h(A2h,0*) (11

If we consider T, as the target reflection coefficient in (1),
the computed value of A,,; the desired injection signal to
achieve the desired load emulation can now be analytically
computed. If the resulting load accuracy is not sufficient, the
process can be repeated.

III. IMPLEMENTATION OF THE ALGORITHM

In order to implement the algorithm for the measurement
system described in the introduction, we have to include the
following practical considerations.

Firstly, the predicted signal computed using (1) does not
take into account the non-ideal behaviors of the Open Loop
loadpull realization. This is best described by the error model
shown in Fig. 2; whereby T;, accounts for the insertion
gain/loss of the loadpull amplifiers and couplers, etc., while
', accounts for the load match of the measurement system,
both of which can be dependent on Ay, It is therefore
imperative to re-adjust the calculated signal (A,,) to the
compensated value (A, ;) to account for the physical state of
the system. To achieve this, the characterized system
impedance at the harmonic being load-pulled (I',,) and
amplifier gain (7} ,) is incorporated into (1), as shown in Fig.
2 and (12).

B
1A‘T.h + r.‘_,h Tq A
Az j <

A2set‘ h

Fig2 Flow graph showing the losses in the system and
amplifier gain
_ BZ,h(FT,h _FL,h) (12)
14 2set h
T‘yh

As two distinct measurements are required to compute the
local model, an optimization is necessary to maximize the use
of an existing set of G parameters, provided the input drive
(A1) or biasing conditions have remained unchanged. If the
new load position is found to be within the acceptable
tolerance of the target load, the existing model would have
converged without requiring an update; this is beneficial
during load pull of an impedance grid. The efficiency of this



algorithm can therefore be calculated by comparing the
number of useful to redundant measurements.

Finally, as described in the introduction, any adjustments in

the fundamental injection signal (A) distorts higher
harmonic components, thereby requiring additional iterations,
if they were of interest. This effect can be compensated-for by
utilizing harmonic cross-product information from the local
model generated by the fundamental tone. For example,
during loadpull of the fundamental, the second harmonic may
be required to stay at constant impedance.
In this case, the measured output response of the second
harmonic (B;;) can be used to calculate the adjustments
required in the injection signal (A;;) to achieve a constant
impedance using the process described above and the
equation set (8)-(11).

The flow chart in Fig. 3 summarizes the implementation of
the algorithm, including the optimization and adjustment
steps.

Start

A
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Y
MEASURE AND
HAS 4| ORBIAS s DERIVEMODEL

CHANGED? USING G

PARAMETERS
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USE MODEL TO MAKE

PREDIiTION OF AND COMPARE
= TO TARGET

* }

ADJUST PREDICTION

COMPUTE LOAD N

FOR GAIN AND GaSBARGET
DELAY IN THE BEENMET? >
SYSTEM ;
SET GENERATORS Y
AND — +
MEASURE
NEXT LOAD POINT
Fig 3 Flow chart of the implementation

IV. TESTING AND VALIDATION

In order to illustrate how the target load is attained, a
single target was considered. This was followed by carrying
out measurements to attain multiple targets using two types of
grid. The measurements were carried out on a 10x75pum
GaAs HEMT, operating at 3 GHz with Class-B biasing

conditions. Figure 4 illustrates the path taken by the
algorithm to achieve the target impedance.

At the starting point (-0.2 + 0i), two perturbations are made
to the A, ; injection signal; thereby creating the two offset
points (indicated by green square-shaped markers) which
allow the calculation of a local model. The local model is
then used to compute a value of Ay, » which moves the load
to a new position (-0.08+0.65i), which in this case is not
within the tolerance range (set at 5%) of the algorithm. The
algorithm therefore requires the model to update itself at this
stage, hence the additional set of offset points. The position of
the load now obtained (-0.003+0.61i) is within 1% of the
target (0+0.61); implying the algorithm has now converged to
a solution.

Fig. 5 shows the convergence results on a 5x5 square grid
of target impedances. In Fig. 6, a 25 point impedance-shaped
grid is utilized. In both cases, the points at which the
algorithm required the model to be updated are highlighted.

After First iteration: After second iteration: ‘
|

-0.08 + 0.65i
Current error: 10% Current error: 1%

L " | .Ar-' = |
\ Target Set
0+06i

-0.003 + 0.61i
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-0.2+0.0i
Current error: 64%
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®

Fig 7-8 show the cumulative number of measurements
required in the convergence of each load point in both cases
and percentage error between the target and attained values of
load. In both cases, the points at which the algorithm required
the model to be updated are highlighted.
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Fig 8 Cumulative measurements and convergence error from
the impedance-shaped grid

The performance of the algorithm can be quantified in
terms of its efficient use of the measurement system. An ideal
system 100% efficient would require only one measurement
per load point. The efficiency of the algorithm to converge to
a solution is 44% for the square-shaped grid (averaging 2.26
measurements per point) and 62% for the impedance-shaped
grid (averaging 1.56 measurements per point), compared to a
typical value previously of only 5% to 10%. The average error

in convergence for both grids is less than 3% of the target
value required.

VII. CONCLUSION

The PHD model has shown to be capable of adding
intelligence to an open loop active loadpull system. This
approach enabled a significant improvement in the system’s
ability to provide the desired load emulation. The algorithm
was also optimized to maximize use of locally generated
parameters. Hence the measurement system utilization
efficiency for realization of the desired load conditions, with
less than 3% error in the achieved load-impedances on a
multi-point load grid was significantly improved since PHD
model generation was not necessary for each load point.
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