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Abstract

The Radio Frequency (RF) Power Amplifier (PA) is the main consumer of power in a
wireless transmitter. Energy efficient PA design aided with circuit simulation tools requires
accurate nonlinear models of the power transistors that lie at the heart of the PAs. This
thesis proposes a novel methodology for extracting and implementing power transistor
behavioral models from load-pull measurements. These models provide a valuable design
aid to power amplifier designers looking to simulate the nonlinear behaviour of their RF
circuit designs based on nonlinear characterizations of the power transistors.

Two types of power transistor behavioural models are proposed in this work. The
first type is called the time-domain poly-harmonic distortion model (TD-PHD) and it
targets the nonlinear multi-harmonic response of power transistors at a fixed fundamental
frequency. This type of model allows the PA designer to simulate how the harmonic
impedances of their designed RF matching networks effects the large signal behaviour of
the PA. The TD-PHD model is shown to be able to replicate the time-domain waveforms
of a power transistor under multi-harmonic source and load-pull characterization.

The second model is a generalization of the first model to target a set of non-uniformly
spaced fundamental frequencies and is called the time-domain multi-tone distortion model
(TD-MTD). Time-domain multi-tone distortion models that are extracted from load-pull
measurements spanning multiple carrier frequencies are shown to recreate the load-pull
performance contours of interest to PA designers. As a demonstration of TD-MTD models,
two distinct behavioural models for the main and peaking transistors of a two-way Doherty
PA design are extracted from load-pull measurements and the resulting PA design is then
simulated and shown to accurately reflect the measured performance of the fabricated PA
as a validation of the usefulness of this modelling methodology for high power amplifier
design.
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Chapter 1

Introduction

This thesis will aim to provide power ampli�er designers with a methodology to develop
simulation models for the power transistors they use in their designs. These models will
be based on Radio Frequency (RF) measurements of the power transistors. These mea-
surements are performed in similar electrical conditions to how the power transistor will
operate when it is functioning as part of a power ampli�er design. The objective of this
research was to propose a methodology to produce nonlinear models of a power transistor
from the RF measurements of those devices. These models are called behavioural models,
since they only model the RF behaviour of the device as measured, directly.

The large signal characterization of a high power transistor involves the RF measure-
ment of the power transistor over varying loads and bias conditions, requiring calibrated
narrow-band pulsed-RF measurements at di�erent power levels and at di�erent frequen-
cies. The datasets produced from power transistor RF characterization can often get very
large. One of the main objectives of this research was to �nd the simplest form a be-
havioural model should have that can both capture the nonlinear dynamics of the power
transistor and uniquely �t the behaviour of the device over the entirety of the measurement
dataset. We tried to avoid developing a modeling strategy that relies on using aguided
characterization on a �xed measurement grid in order to extract the di�erent model pa-
rameters, and instead focused on being able to generate models from arbitrary spaced and
randomly-generated load-pull data. The incentive here is to develop a methodology to
convert already existing load-pull data of RF power transistors into behavioural models
that can be used to design RF power ampli�ers in the circuit simulator.

While all the nonlinear behavioural models that have been proposed in the literature
have been described in the frequency-domain, that is, they describe the behaviour of the
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signal at the device ports at discrete frequencies, our research found that a simpler model
construction can be used to describe the nonlinear behaviour if a time-domain model is
used. This time-domain modeling approach lends itself pretty well to future generalization
to multi-tone and modulated signal stimulus as the analysis and simulation of the long-term
memory-e�ects rely heavily on time-domain methods. Another aspect of power transistor
modeling that this research set out to tackle was the development of models that can track
the so-calledhard nonlinearities of RF power transistors without using look-up tables,
while providing a robust converging model in a nonlinear circuit simulation environment.

There are two main contributions in this thesis. The �rst contribution is the pro-
posal of Time-Domain Poly-Harmonic Distortion (TD-PHD) models. These models were
inspired by the state of the art poly-harmonic distortion models that were described in
the frequency-domain, but were reformulated to be described in the time-domain. Poly-
harmonic distortion models target the multi-harmonic behaviour of a power transistor at a
�xed fundamental frequency. Part of this contribution is the methodology to post-process
the measurement dataset in order to prepare it for the proposed behavioural model extrac-
tion. The other part of this contribution is the implementation of the extracted model in a
harmonic balance circuit simulation, an important type of nonlinear RF circuit simulation
used for power ampli�er design. The second contribution of this thesis is the proposal
of Time-Domain Multi-Tone Distortion (TD-MTD) models. These models are a general-
ization of the TD-PHD models to allow for a model extraction from measurement data
spanning a non-uniformly spaced frequency grid. This generalization allows the power
ampli�er designer to take their load-pull data spanning multiple frequencies as is, and �t
a single TD-MTD model to the load-pull data such that the simulation model behaves
the same way in the harmonic balance simulation of the power ampli�er circuit as it does
in the measurement of the fabricated power ampli�er. With the TD-MTD model (and
also similarly for the previous TD-PHD model) this end is achieved without imposing any
additional restrictions on the measurement dataset used to extract the model, that is, a
model can be extracted from measurements that are irregularly spaced in the measurement
space.

In this thesis, a demonstration of the TD-MTD model for the design of a two-way
Doherty power ampli�er is used as a validation of the large-signal design application of
the proposed behavioural model. The comparison of the simulation and the measurement
was also done for the same power ampli�er design with a compact model available from
the power transistor vendor and it is shown that the prediction of the TD-MTD model for
the Doherty power ampli�er performance is no worse than a compact model. It should be
stressed that the purpose of behavioural models is not to replace compact models, but to
�ll in the modeling gap when compact models are not available. The device used for the
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demonstration in this thesis was a mature LDMOS RF power transistor device with a ma-
ture compact model. Often power ampli�er designers are working with power transistors
that are recently designed or are from vendors that don't have readily available compact
models for their power transistor devices. The availability of load-pull measurement plat-
forms allows power ampli�er designers to fully characterize the RF nonlinear performance
of their power transistor devices at the frequencies of interest, in addition to the ability to
use this captured data to create a simulation model that can be used to design a power
ampli�er around that power transistor.

In the implementation of both the TD-PHD and TD-MTD models presented in this
thesis, arti�cial neural networks (ANNs) are used to implement the multi-variate nonlinear
function at the heart of the model. While non-ANN versions of the TD-PHD and TD-
MTD model were theorized and implemented in the work towards this thesis, the ANN
implementation that is mainly presented in this thesis allows the tackling of thehard non-
linearities of the RF power transistor, and the structure of the smooth bounded activation
functions of the arti�cial neurons that make up the arti�cial neural network allow for the
generation of a model that has robustly converges to the solution within the iterations
of the nonlinear circuit simulator. The contributions of this thesis include use of ANNs
to tackle the hard nonlinearities, but also the structure of the model, the time-delays be-
tween the auxiliary signals used in the model, the implementation of the models in the
frequency-domain simulator, and how the measurement data has to be post-processed for
model �tting.

The models proposed in this thesis are extracted from load-pull measurements of RF
power transistors. These load-pull measurements can either be real measurements of phys-
ical power transistors, or it can be simulated load-pull measurements. A compact model
can be simulated in a harmonic balance simulator and the simulation result can be stored
as load-pull data that can be used to extract a behavioural model. Using this method, one
can extract a behavioural model to �t the simulated large signal behaviour of a compact
model. In this technique the compact model will be the device under test, and the harmonic
balance simulator will emulate the load-pull measurement of the power transistor device.
One reason to use this method when evaluating behavioural models is because the har-
monic balance simulation of a compact model is deterministic and if a behavioural model
can reproduce the same load-pull measurement result as the compact model when the be-
havioural model itself is put as the device under test in a simulated load-pull measurement,
then it shows that the behavioural model is at least capable of mimicking a nonlinear device
with the complexity of compact models. Of course the next level of validation, after the
extraction of simulation models from measurements of power transistors, is the accurate
simulation of a power ampli�er design that incorporates these power transistors. A good
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model will be able to provide a good simulated prediction of the RF measurement of the
physically built power ampli�er design.

In Chapter 2 the state of the art of power transistor modeling and simulation will
be presented, starting with a background on the application of computer-aided design of
power transistors followed by an explanation of the physics of the power transistors and
the di�erent nonlinear and dynamical e�ects involved in power transistor operation. Then
an overview of the compact modeling of power transistors will be provided as it is the main
alternative for power transistor models to the behavioural models presented in this thesis.
Next, the harmonic balance simulation, the main type of nonlinear frequency-domain cir-
cuit simulation that is used by power ampli�er designers will be discussed. Parallel to the
simulated environment, the large signal characterization techniques used to measure the
large signal behaviour of the power transistor, including the type of RF stimulus and var-
ious load-pull measurement and calibration techniques will then be discussed. The nature
of the frequency-domain simulation in harmonic balance and the frequency-domain mea-
surement capture for load-pull characterization of power transistors allows for the ability
to de�ne behavioural models that describe the spectral scattering purely in the frequency-
domain. The frequency-domain poly-harmonic distortion models that have been presented
in the literature will thus be covered next. Finally a discussion of the limitations of the
behavioural models of power transistors presented in the literature will motivate the model
proposed in Chapter 3.

In Chapter 3, the time-domain poly-harmonic distortion model, the �rst contribution
of this thesis will be presented. First an intuitive argument for the TD-PHD model will be
presented that doesn't require much advanced mathematics but will convince the reader
that the structure of the time-domain model makes sense and is indeed the most compact
form the model could take to capture the nonlinear poly-harmonic dynamics of interest.
Then a more sophisticated argument will be presented that presents the TD-PHD model
as a natural extension of �nite impulse response models to nonlinear systems, essentially
viewing the TD-PHD model as a nonlinear impulse response model. Next the process
to extract the TD-PHD model from multi-harmonic load-pull data and also the process
of implementing the extracted model in a harmonic balance simulator will be described.
Finally a measurement-based validation of the prediction of the multi-harmonic behaviour
of a power transistor at a �xed DC bias and fundamental frequency of a 10W GaN power
transistor is demonstrated based on a randomly generated set of active load-pull measure-
ments. The prediction of the model for passive load-pull measurements that were not used
in the training set were used as a validation for the predictive capability of the TD-PHD
model for modeling the multi-harmonic load-pull measurement data.

In Chapter 4, a generalization of the models of Chapter 3 called the time-domain multi-
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tone distortion (TD-MTD) models will be proposed. This generalization of the model is
to account for the fact that power ampli�er designers often have load-pull measurement
data at multiple fundamental frequencies while the TD-PHD model as it was proposed was
�xed to a single fundamental frequency, requiring the power ampli�er designer to extract
a distinct TD-PHD model for each fundamental frequency, even though the underlying
nonlinear behaviour, as represented by the hypothetical Volterra-series description of the
power transistor is constant. Through a Volterra series projection formulation, the TD-
PHD model will be seen as a special case of the more general TD-MTD model that can
account for a non-uniformly spaced frequency grid as the basis of the time-domain be-
havioural model. Finally a measurement-based validation of the TD-MTD model will be
presented by �rst showing that a single time-domain power transistor model can �t the
load-pull data extracted at multiple fundamental frequencies. Then a TD-MTD model at
a class AB bias will be extracted for a Main power transistor device and another TD-MTD
model at a class C bias will be extracted for a Peaking power transistor device in a Do-
herty power ampli�er con�guration. The resulting power ampli�er with the two extracted
nonlinear power transistor behavioural models will then be shown to model the large signal
behaviour of the power ampli�er comparably to how the compact model of the power tran-
sistor models the same behaviour, showing that behavioural models, particularly TD-MTD
models, can be used to design power ampli�ers solely based on large-signal measurements
of power transistor devices.

Finally in Chapter 5 the thesis will be concluded with an overview of the main con-
tributions of the thesis and a discussion of future directions that are motivated by the
�ndings of this research.
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Chapter 2

State of the Art of Nonlinear Power
Transistor Modeling

In this chapter, an overview of the application of developing radio frequency (RF) power
transistor models and using them to design RF power ampli�ers will be presented in Section
2.1. Further, the underlying physical phenomenon that leads to the behaviour exhibited by
power transistors will be explored in Section 2.2. Next, the state of the art of the varieties of
power transistor models used by power ampli�er designers will be discussed, starting with
compact models of power transistors in Section 2.3. Another type of transistor model that
will be discussed in this chapter are behavioural models of power transistor that model the
characterized behaviour of the power transistor directly. The large signal characterization
methods used to measure the behaviour of power transistors for the purpose of behavioural
model extraction is discussed in Section 2.5. Next the most commonly used nonlinear RF
behavioural model called the poly-harmonic distortion (PHD) model will be presented in
Section 2.6. Finally the limitations of the PHD model will be discussed in Section 2.7 to
motivate the power transistor behavioural models proposed in this thesis.

2.1 Background

Mobile wireless communication requires a wireless network that provides the mobile users of
the network a way to send information via an uplink path and a way to receive information
via a downlink path. In the downlink path, the base-station radio that is connected to the
wider network through high-speed �bre-optical communication, transmits the downlink
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Figure 2.1: Simpli�ed Downlink Path of a Mobile Wireless Communication Network

signal through an antenna with a wide radiation pattern in order to target the mobile
users that are scattered across a wireless coverage area. In order to broadcast a downlink
signal that has the information of many users over a wide region of space, the downlink
broadcast antenna requires a signal of high power. To produce a high power signal from
a low power digitally generated modulated signal, many ampli�cation stages are typically
required, and the �nal stage of ampli�cation that boosts the power of the information-
carrying modulated signal enough to be transmitted over the antenna is called the power
ampli�er. Figure 2.1 shows a typical simpli�ed diagram of the path that the downlink
signal takes to get to the mobile users.

Today, existing and emerging radio standards (5G, 6G, and so on) will push the re-
quirements of spectrum e�ciency, linearity, quality of service and power e�ciency, targets
that are often-times in con
ict with one another. The radio downlink is the part of the
communication system that consumes the most amount of power and at the same time the
power ampli�er is the most nonlinear component in the downlink communication chain.
If the nonlinearity of the power ampli�er is not addressed, the spurious emissions that are
generated as a result of the nonlinearity will violate the requirements enforced by spectrum
regulatory bodies. Through the use of linearization techniques like Digital Pre-Distortion
that can correct for the spectral regrowth of power ampli�ers in adjacent bands, the de-
sign of highly power-e�cient power ampli�ers that are quite nonlinear in their operation
becomes an attractive approach in the design of the downlink power ampli�er.

This means that the circuits designed by the power ampli�er designer will be designed to
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be nonlinear and in fact the nonlinear operation of the circuits is used to make more e�cient
RF power ampli�ers. Providing tools that would allow the power ampli�er designer to tune
the nonlinear performance of their design over frequency in a simulation environment from
models of the nonlinear components of the circuit can be greatly bene�cial in the circuit
design progress and is indeed the goal of this research.

Since the source of nonlinearity in a power ampli�er circuit are the nonlinear power
transistors, the next section will discuss this nonlinear behaviour that is exhibited by
the power transistor and illuminate the inherent complexity involved with modeling the
behaviour of an RF power ampli�er.

2.2 The Nonlinear Behaviour of a Packaged High Power
Transistor

Power ampli�er designers can use computer-aided design (CAD) tools to simulate the per-
formance of their designs before they manufacture their circuits. To design power ampli�er
circuits in a simulation environment, an accurate power transistor model is required.

Figure 2.2: Single Transistor Power Ampli�er

A power ampli�er design can include a single power transistor like in Figure 2.2 or could
have two power transistors like the two-way Doherty power ampli�er structure of Figure
2.3 or have even more transistors in an N-way Doherty or other e�ciency enhancement
power ampli�er topologies with multiple transistors like the Load Modulated Balanced
Ampli�er.
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Figure 2.3: Two Transistor Doherty Power Ampli�er

To make an ampli�er, an actuated device like a transistor as shown in Figure 2.4 is
biased by applying a DC gate electrical potentialVGS between the gate and source leads of
the device and then applying the DC drain electrical potentialVDS between the drain and
source leads of the device. Figure 2.5 shows the DC relationship between the current that

ows between the drain and the source as a function of both the gate to source and the drain
to source electrical potential for an ideal zero threshold voltage �eld e�ect transistor device.
When the power transistor is biased in the saturation region, the output characteristic
of the transistor and its drain current in particular, becomes mainly a function of the
actuating gate voltage. This allows an application where low power signals incident at the
gate can be e�ectively ampli�ed into high power signals generated at the drain. Figure 2.6
shows the relationship between the gate to source voltage and the drain to source current
for a �xed drain to source voltage. The RF signal behaviour of the power transistor is
heavily dependent on where the transistor is biased on this curve. Figure 2.7 shows how
the RF ampli�cation of a power transistor changes based on its classes of operation with
the example of an ideal current conduction transfer function used for a transistor, as the
conduction angle of a hypothetical sinusoidal wave input is di�erent for each case [1]. In
this ideal case, the conduction angle represents the angular duration between 0� and 360�

that the drain will be conducting current when the input of the transistor is incident with
a sinusoidal RF signal. In each case the power transistor is biased at a di�erent o�set
relative to the threshold gate voltage. While a class A bias provides the most linearity
with a conduction angle of 360� , it is also the least e�cient bias as it is consuming power
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Figure 2.4: The DC bias of a packaged power transistor

in the entirety of the sinusoidal input voltage swing, and also when there is no RF signal
being applied. A class B operation is when the transistor is biased right at gate threshold
voltage of the device and will have a conduction angle of 180� , resulting in a half-sinusoidal
current waveform generated at the drain of the device in the ideal case. A class AB bias
is any bias in between class A and class B that may be desired due to a good trade-o�
between linearity and power e�ciency. A class C biased device will be biased below the
gate threshold voltage in the \o� region" of operation. A class C biased device behaves
like a passive device at small signal levels, but as the magnitude of the incident signal
increases and the conduction angle of device increases, eventually the device will have
more than unity power gain. This power-level dependence of a class C biased device makes
it very useful in a Doherty con�guration power ampli�er. In a Doherty PA, the peaking
(auxiliary) ampli�ers are biased in class C as these transistors are meant to provide power
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Figure 2.5: The DC IV characteristics of a hypothetical �eld e�ect transistor with zero
threshold voltage

for the peaks of the modulated signal that is being ampli�ed with good power e�ciency,
while being o� and not consuming much power at backed-o� power levels. The plots of
the classes of operation only provide a simplistic view of how the transistor will behave
as the actual shape of the DC current curves are not as ideal as the one shown in Figure
2.5 and the transistor device of Figure 2.4 has a frequency dependent response due to the
many electrical parasitic behaviour from both the package and bonding manifold to the
capacitance of the transistor die itself. Many power transistors have very nonlinear gate
to source capacitance like in the case of Gallium Nitride High Electron Mobility Transistor
(GaN HEMT) devices or have a very nonlinear drain to source capacitance like in the case
of Laterally Di�used Metal Oxide Semiconductor (LDMOS) devices which further changes
the nonlinear behaviour as a function of the output power level.
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Figure 2.6: The DC relationship between the gate DC voltage and the drain current for a
�xed DC drain voltage value

In addition to the electrical nonlinear behaviour of the power transistor, the power
transistor behaviour is highly dependent on temperature. The DC drain to source current
is known to drift and increase when biasing power transistors due to self-heating e�ects.
These changes also show themselves in the large signal RF behaviour of power transis-
tor. In addition, some GaN HEMT power transistors display signi�cant \trapping e�ects"
where trap states can form for the electric charge carriers due to the impurities at the
semiconductor material interfaces. The time constants associated with the temperature
and trapping e�ects are usually much slower than the electrical behaviour of the power
transistor and thus contribute to the so-called long-term memory e�ects of the RF power
transistor. As a result of these memory e�ects, more DPD resources would be required
to correct for these e�ects and the amount of achievable correction with for a �nite DPD
algorithm will be limited.
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Figure 2.7: The basic single transistor analog power ampli�er classes of operation

One of the main tasks of RF power ampli�er design is the design of the input and out-
put matching networks at the gate and the drain of the power transistors. These matching
networks present the appropriate input and output impedances to the device at the oper-
ating frequencies as well as harmonic frequencies. In the design of linear RF ampli�ers, the
task of designing these matching networks can be performed by extracting the linear S-
parameters of the power transistor and thus using closed form solutions to �nd the optimal
matching input and output impedances of the transistor [2]. However when the power tran-
sistor is exhibiting nonlinear behaviour then its RF performance metrics like power gain
and input return loss will also need to be measured as the input power level is increased.
Due to the nonlinearity of the power transistor, these RF characteristics also change when
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the RF load impedance changes. This is why for the nonlinear characterization of a power
transistor involves large-signal load-pull measurements. In these load-pull measurements,
the fundamental load impedance presented to the drain of the power transistor at the oper-
ating frequency is varied, and power sweeps of the input power are performed on the device
where the DC and RF behaviour of the power transistor is completely measured at both
the gate and the drain of the device. The load-pull measurements are frequency dependent,
so all these load-pull measurements will need to be performed across the frequency band
of interest.

Since the behaviour of the power transistor is nonlinear, due to a stimulus at the
operating frequency, there will be power generated at both the gate and drain of the device
at the harmonic frequencies. This means that in addition to a fundamental frequency
impedance termination, the harmonic impedance terminations at both the gate and the
drain of the device can have an e�ect on the performance. The design of the power
ampli�er, in the narrow-band sense, involves the design of the input and output matching
networks that provide the input and output impedances at the operating frequency and its
harmonic frequencies that give the desired performance. This is called the \poly-harmonic
design space" at a given fundamental frequency and it is the space where the load-pull
measurements will be performed.

The discussion of how the large-signal RF behaviour of a power transistor device can
vary with bias, impedance terminations and frequency, brings into focus the importance
of having accurate power transistor models for the simulation of power ampli�er circuits.

2.3 Compact Models

Compact models of power transistors are implicit models of their electrical behaviour.
These models are formulated based on a known theory of operation of the device and are
expressed as a circuit representation which includes linear and nonlinear elements. This
circuit representation of the model consists of nodes that are connected by branches. Each
branch of the circuit can be equivalently represented by a di�erential equation (e.g. the
relationship of the current 
owing through a capacitor and the electrical potential across
the capacitor is a di�erential equation). Due to this basic fact, compact models are not
frequency speci�c as they're made up of time-domain di�erential equations that hold for
all frequencies of interest. The basic compact model topology used in the literature for
packaged power transistors involves the logical separation of the package model from the
inner transistor. The inner transistor is then also further sub-divided and modelled as
an active intrinsic transistor embedded within apassive extrinsic shell. The underlying
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Figure 2.8: Typical Compact Model Topology of a Field-E�ect Transistor [3]

assumption here is that the extrinsic network is linear and non-temperature-dependent
while all the nonlinearity of the device as well as thermal e�ects originate from the intrinsic
transistor. Some models even include the trapping e�ects exhibited by the power transistor
as part of the intrinsic transistor description [3] [4].

Figure 2.9 shows a simplistic nonlinear model of the intrinsic transistor used by many
compact models. Here the total gate-to-source and drain-to-source current of the intrinsic
transistor is represented by a current source in parallel with a charge source and described
by the state equations 2.1 and 2.2 [5]:

I drain (t) = I d (Vgs(t); Vds(t)) +
d
dt

Qd (Vgs(t); Vds(t)) (2.1)

I gate(t) = I g (Vgs(t); Vds(t)) +
d
dt

Qg (Vgs(t); Vds(t)) (2.2)

The drain and gate current expressions of equations 2.1 and 2.2 are separated into a
conduction current nonlinearity (nonlinear current sourcesI d and I g) and a displacement

15



Figure 2.9: Intrinsic Transistor Model

current nonlinearity (nonlinear charge sourcesQd and Qg). Nonlinear capacitive e�ects
that are common in many transistor devices such as LDMOS and GaN HEMTs and are
represented by these displacement current nonlinear terms that can account for a general
two-dimensional nonlinear capacitance.

The development of compact models requires a strong insight into the actual sources of
linear and nonlinear dynamics of the device. For example, the nonlinearity of a transistor
device is not entirely static, meaning that having the DC input/output trans-conductance
of the intrinsic transistor does not have all the information to predict the nonlinear dynam-
ics of the transistor. This is in part due to nonlinear capacitances (capacitances that vary
with the instantaneous voltage level) of devices which show up as nonlinear charge sources
in the intrinsic transistor model. These nonlinear components of the intrinsic transistor
can themselves be temperature dependent. A thermal sub-circuit that tracks the tempera-
ture of the transistor as a function of power dissipation is usually used in compact models
to model the thermal e�ects of the power transistor. Some very useful compact models in
the literature include the Angelov model [6][7], the Root model [8][9], and the DynaFET
model [10][11]. The DynaFET model in particular is summarized in Figure 2.10 where an
arti�cial neural network that takes a parameter input from a self-heating circuit meant
to simulate the junction temperature and separate trapping circuit meant to simulate the
trap states. The �eld of research of compact model design is active and ongoing work is
being done to improve the modeling capability of compact models for the objective of RF
power ampli�er design [12][13][14][15][16].

A common strategy employed in the development of compact models of a power tran-
sistor, after determining a compact model topology that re
ects the dynamics of the device
of interest, is to experimentally extract the chosen model parameters from measurements
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Figure 2.10: Form of the DynaFET compact model

that isolate the parameters of interest. For instance, for packaged transistors, the package
model and the bonding manifold to the transistor die can be modelled in 3D electromag-
netic simulation software, and measurements can be de-embedded through this simulated
package model to get to the transistor die measurement reference plane. For compact
models of the general form of Figure 2.8, the extrinsic shell is usually extracted next via
a measurement that isolates the e�ect of the intrinsic transistor from the extrinsic shell.
By doing this, the model engineer will then be able to de-embed measurements of the
transistor to the intrinsic transistor in order to extract the active parameters. In order to
delineate the extrinsic shell from the intrinsic transistor, a technique known as thecold
FET measurementis often used [5]. In this technique, the active transistor is kept unstim-
ulated by keeping the transistor in theOFF state and measuring its small signal response.
It is assumed that the dynamics measured when the transistor is o� is mainly due to the
extrinsic shell. Using a frequency sweep of its two-port parameters, the extrinsic shell
parameters can be optimized to match the cold FET measurements.

After determining the extrinsic shell parameters, the focus is on determining the conduc-
tion current and displacement current nonlinearities of the intrinsic transistor respectively.
If the model is a electro-thermal model, these intrinsic parameters will be measured in a
temperature controlled environment and will be made to be a function of temperature.
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In addition some new compact models also include trap state variables for the intrinsic
transistor to account for the non-ideal trapping e�ects seen in some transistor topologies
like GaN HEMT devices. Extracting the parameters for the trapping model also requires
its own specialized measurements of the power transistor.

The extraction of the intrinsic parameters has been traditionally performed using pulsed
DC and RF measurements. The measurement is pulsed so that the self-heating e�ects do
not have an e�ect on the measured behaviour of the transistor. The gate and drain DC
voltages are swept, and for each DC bias condition, a small-signal S-parameter measure-
ment is performed to extract the bias-dependent local linear dynamics of the transistor.
The DC current measurement of the intrinsic transistor at each DC voltage bias point is
used to determine the conduction current nonlinearity (I d and I g functions of equations
2.1 and 2.2 respectively). The S-parameter measurements at each bias point are used with
numerical integration (and an assumption of charge conservation of the intrinsic transis-
tor) to �nd the displacement current nonlinearity terms (Qd and Qg of equations 2.1 and
2.2 respectively) [5]. Using this method the large signal intrinsic transistor behaviour is
extracted only from bias-dependent small-signal measurements.

After numerically extracting the values of the two-dimensional nonlinear functions rep-
resenting the DC conduction current nonlinearitiesI d(Vgs; Vds) and I g(Vgs; Vds), and the
displacement current nonlinearitiesQd(Vgs; Vds) and Qg(Vgs; Vds) over a range of (Vgs; Vds)
DC biases, a closed form equation can then be �t to these points or a curve-�tting tools
like arti�cial neural networks (ANNs) is often employed.

An important point to note is that a compact model is fundamentally a time-domain
model in the sense that every single component of the model, whether a circuit element
or nonlinear equation describing conduction current or displacement current is described
by a time-domain di�erential equation. The frequency behaviour of the compact model is
implied by the time-domain description. It is in this sense that a compact model is not
an explicit model of the frequency domain behaviour of the device. To see what frequency
domain and large-signal behaviour is implied by a certain compact model, it will have to
be simulated in a large-signal circuit simulator. Since the measurements that were used to
extract the compact model using the common method were all small-signal measurements,
resulting in a model that can imply a certain large signal behaviour, a good validation of
compact models is their ability to predict the large signal behaviour of a power transistor,
especially under load-pull measurements. If there is signi�cant error between the large-
signal prediction of the compact model in the large-signal simulator and the large-signal
measurement of the power transistor, then the model engineer can go back and re-tune
their compact model parameters to result in a simulated large-signal performance that has
less error when compared to the load-pull measurements of the power transistor.
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It should be noted that the extraction and development of compact models of power
transistors is neither an easy task, nor can it be done with simple measurements of the
power transistor. Often when power transistors are new and in development, mature
compact models that accurately model the large-signal behaviour of the power transistor
in a circuit simulator are not available, leaving the power ampli�er designer with only load-
pull measurements of the power transistor as their only design guide. This is the primary
motivation for the development of behavioural models of RF power transistors. Behavioural
models will �t the load-pull measurement data directly and behave in the circuit simulator
exactly like how they were measured to behave in the load-pull measurement.

2.4 Harmonic Balance Simulation of Nonlinear Cir-
cuits

The �rst computer simulation tools that simulated the nonlinear behaviour circuits used
time-domain methods. The time-domain simulator steps in time, and solves for the circuit
behaviour for each discrete time given the behaviour at the previous time samples. When
it comes to the simulation of the response of nonlinear circuits to a periodic stimulus, e.g.
a sinusoidal stimulus at a �xed fundamental frequency, then the time-domain simulator
would start at an initial seed (instantaneous state of the circuit) and evolve in time until
the time-domain response converges to a periodic response with the same fundamental
frequency as the stimulus signal. At this periodic steady-state response, the entirety of
the voltage at each node of the circuit can be described by its Fourier series coe�cients
at DC, the fundamental frequency of the periodic response and its harmonic frequencies.
Harmonic balance simulation is a frequency-domain simulation that quickly resolves to
the periodic response of the circuit by only accounting for the behaviour of the linear and
nonlinear circuit at these �xed discrete Fourier series frequencies [17][18].

When a nonlinear circuit Netlist is de�ned, the harmonic balance simulator would need
to track a voltage vector of complex Fourier coe�cients and at every node of the circuit
and a current vector of complex Fourier coe�cients for every branch of the circuit. These
Fourier coe�cients include the value at DC (frequency of 0) and the complex phasor at
each harmonic frequency of the fundamental frequency representing the magnitude and
phase of the sinusoidal component at that harmonic frequency.

It's important to note that harmonic balance simulation is a discrete frequency domain
simulation, so even though the time-domain waveforms of the voltages and currents can
be plotted as though they are continuous waveforms, this continuous representation is
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just an evaluation of the discrete terms of a Fourier series, and so the voltage and current
information extracted from the simulation are fundamentally discrete. When doing a power
sweep of a power transistor model in harmonic balance simulation, for each power level a
separate harmonic balance simulation is performed until convergence is obtained for each
power level state independently.

The poly-harmonic distortion models (that will be discussed in Section 2.6) are de�ned
to fully take advantage of the harmonic balance simulator by having the input and output
terms of the frequency domain model match up with the simulation harmonic frequencies.

The harmonic balance simulation of a compact model of a power transistor can be seen
as the simulation analog of performing a frequency-domain measurement on the physical
power transistor. In the next Section, the techniques used in the large-signal characteriza-
tion of power transistors will be discussed.

2.5 Large Signal Characterization of Power Transis-
tors

To measure the full large signal RF periodic behaviour of a power transistor device in a
lab, there are di�erent measurement techniques, based on di�erent types of measurement
instruments, namely either a Large Signal Network Analyzer (LSNA), Nonlinear Vector
Network Analyzer (NVNA), or a multi-channel high-speed oscilloscope [19]. The most
popular method that is used for the full-waveform periodic characterization uses an NVNA,
and that's what is discussed in the next subsection.

2.5.1 Calibration and Measurement of a Nonlinear Vector Net-
work Analyzer

The Vector Network Analyzer (VNA) has been a ubiquitous tool in RF measurement
laboratories globally as they provide a comprehensive platform for performing calibrated
relative measurements between di�erent RF receivers, allowing for the extraction of S-
parameters of di�erent linear networks. Using a common local oscillator at a speci�c
frequency to down-convert the sampled incident and re
ected waveforms down to an inter-
mediate frequency (IF) and then sampling those IF signals using time-coherent ADCs, an
VNA is able to fully capture the relative relationship between the incident and re
ective
waveforms at the device ports one RF frequency at a time. And since for linear systems,
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the characterization of the system is not a function of power, a VNA calibration and mea-
surement does not include or need an absolute RF power calibration as all measurements
and calibrations are performed relative to each other and the absolute value of the power
is not known. In addition, since a VNA measures each frequency separately, if it were to
measure the harmonic response of a nonlinear circuit to a fundamental frequency stimulus,
it would not be able to infer the relative phase of the harmonic signal it measures relative to
the fundamental frequency as the VNA can only perform cross-port relative measurements
but not cross-frequency relative measurements.

The Nonlinear Vector Network Analyzer overcomes the limitations of VNAs for per-
forming large-signal multi-harmonic periodic waveform measurements by augmenting a
standard VNA with a power calibration to allow for the measurement of absolute power
levels, resulting in an 8-term calibration model that can be used for load-pull measurements
[20][21][22][23][24]. In addition to the power calibration, a system phase reference is mea-
sured on a separate RF receiver of the NVNA to allow for cross-frequency relative phase
measurement of the waveforms. By performing a standard VNA calibration followed by a
power calibration and then a phase calibration, a full NVNA calibration can be achieved
that allows for the full periodic (multi-harmonic) waveform characterization of both the
incident and re
ected waves on each port of the device under test (DUT) [19] [25][26].
Figure 2.11 is an illustration of the NVNA system around the DUT device (shown with
the letter A).

For power transistor and power ampli�er measurements, pulsed-RF measurements are
used since using a non-pulsed sinusoidal RF signal at the saturation power levels of a
high power transistor device would result in excess heat generated by transistor device and
would likely cause heat damage. When the power transistor is used to amplify a modulated
signal with a high peak-to-average-power-ratio (PAPR) then instantaneously the ampli�er
will output RF powers close to the saturation level but since the modulated signal is at
those peak powers for a short time, the self-heating at the peak power do not result in
heat damage, since on average the RF output power is at a backed-o� level compared to
the saturation power level of the power transistors. A 10% duty cycle can allow for the
characterization of the periodic response of the power transistor at its peak powers without
overheating the device. Performing pulsed measurements requires some considerations on
triggering of instruments used for the DC measurement during the RF-pulse and can be
performed using triggered digital multimeters or current probes attached to a triggered
oscilloscope.

Though a NVNA calibration and measurement instrument is a requirement for the type
of power transistor characterization that is needed for model extraction, it is not su�cient
as a power sweep measurement of a general RF power transistor when it is terminated
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Figure 2.11: A Nonlinear Vector Network Analyzer (NVNA) measurement

with 50
 ports does not give a full account of the its entire nonlinear behaviour and the
load-impedance would need to be varied to explore the nonlinear response of the power
transistor in more detail. This is the topic of the next subsection which describes the
load-pull measurements of power transistors.

2.5.2 Load-Pull Measurements of Power Transistors

In a load-pull measurement of a power transistor, a power sweep is performed on the power
transistor for di�erent values of load impedances (or source impedances for the case of
source-pull measurement). In Passive Load-pull [27], passive tuners, which are mechanical
devices that can produce desired RF impedances at desired frequencies are employed for
the large-signal power sweep measurement like in Figure 2.12.
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Figure 2.12: A Passive Load-pull Measurement

In the example of Figure 2.12 a three-harmonic source tuner and a three-harmonic
load-tuner is used and is placed outside the dual-directional couplers that are calibrated
to measure the input and output waveforms at the DUT measurement reference plane.
Placing these tuners outside of the couplers allows for the changing of the impedance
termination seen by the power transistor without changing the required RF calibration for
the measurement. The harmonic tuners allow the designer to set the input and output
impedances (or equivalently the re
ection coe�cient) presented to the power transistor.
These passive tuners require automated mechanical/RF calibrations where the tuner probes
move through their positions and the S-parameters of the tuner are measured, allowing
the tuner software to be able to predict what the S-parameters of the passive tuner are
at every tuner position. In addition the tuner software allows them to be recon�gured
mechanically to generate a requested RF impedance at a speci�c calibrated frequency, and
in the case of multi-harmonic tuners, will also present the desired impedances to the DUT
at the harmonic frequencies.

Passive tuners have the advantage of being able to operate under very high powers,
making them very attractive for the load-pull measurement of high power RF transistors.
The tuning capability of the passive tuner is limited to a certain maximum re
ection coe�-
cient magnitude (a re
ection coe�cient typically limited to around 0.9 at RF frequencies).
With the imposition of the dual directional couplers in front of the passive tuners, any
insertion loss from those couplers, as well as the insertion loss of the transistor �xture will
will further limit the achievable RF re
ection coe�cient magnitude at the power transistor
plane. Another drawback of passive load-pull is due to the fact that the passive tuners are
mechanical devices, they are slow to re-adjust and so passive load-pull measurements are
much slower than active load-pull measurements that are fully electrical and do not have
any moving parts for the measurement.

In active load-pull [28][29][30], the impedance, or alternatively, the re
ection coe�cient
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generated at the device plane is not the result of the re
ection of a passive system, but
the result of an active system that injects power back into the device to emulate a desired
re
ection coe�cient. Figure 2.13 shows the basic idea behind an active load-pull system.
The re
ection coe�cient � seen at a device port is the ratio of the incident wave (repre-
sented by a complex numbera) on the port to the re
ected wave from the port (represented
by another complex numberb). The b wave is generated by the device and can be diverted
to a load to be dissipated through an RF circulator. This circulator can also be used to
inject any desireda wave incident back onto the device independent of thebwave generated
by the device. The active load-pull system will then try to maintain a desired re
ection
coe�cient � = a=bby adjusting the injected a wave accordingly.

Figure 2.13: An active load-pull measurement

One of the drawbacks of using active load-pull for high power devices is that since
the a wave has to be independently produced, to generate a high re
ection coe�cient �
at the load of the device, thea wave produced must be comparable in magnitude to the
high power b wave generated by the device, resulting in the requirement of high-power
and expensive drivers in the active load-pull measurement setup. The main advantage of
using active load-pull is the measurement speed, as these systems do not have any moving
parts, they can measure many impedance loads rather quickly while the same number of
measurements in a passive load-pull system would take thousands of times longer.

It is possible to take advantage of the bene�ts of both passive and active load-pull
systems by employing what is referred to as a hybrid load-pull system, demonstrated by
Figure 2.14.

In a hybrid load-pull measurement system, thea wave required for the generation of the
desired re
ection coe�cient is partially generated by the re
ection of a passive tuner but
also has a contribution from an active load that generates the rest of thea wave presented
to the device load. In this method, a high-power (expensive) driver as an active load can
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Figure 2.14: A hybrid load-pull measurement

be avoided, by using a passive tuner to get the load impedance to an impedance close
to the desired high re
ection coe�cient target, and have a local and fast active load-pull
around that passive impedance. This allows one to take advantage of the speed of active
load-pull while not requiring a very high power active-load driver.

An analogy to the load-pull measurement of a power transistor using RF measure-
ment instruments also exists in the harmonic balance simulation of a power transistor
model. Creating the same conditions as a load-pull measurement, that is, changing the
load impedances and performing power sweep measurements, can also be performed in
a simulation environment in what is known as a simulated load-pull measurement. In
fact, as stated before, the only way to �nd out what the large-signal performance is im-
plied by a compact model at di�erent load impedances is to perform a simulated load-pull
measurement on the power transistor model in a harmonic balance circuit simulator.

Power transistor models that are explicitly directly derived from load-pull measure-
ments are behavioural models of power transistors and have been used in the design of RF
power ampli�ers [31][32][33][34]. A good methodology used in this research to evaluate the
e�cacy of a behavioural model before getting involved with the complexities of performing
large-signal measurements on power transistors, was to use a compact model as a device
under test, and to perform simulated load-pull measurements on this compact model. The
extracted load-pull measurements would then be used to extract a load-pull measurement
as shown in Figure 2.15.

Of course the extracted behavioural models can themselves be used as the device under
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Figure 2.15: Using a Compact Model of a Power Transistor as the Device Under Test for
a Simulated Load Pull Measurement

test in a load-pull simulation. Once a behavioural model is shown to at least be capable
of replicating the simulated behaviour of a compact model of a power transistor, then it
can at least have a chance to model the real measured behaviour of a power transistor
as the behaviour of the compact model in a harmonic balance simulator can be seen
as representative of how a power transistor of a par typically behave in measurements
though there are di�erences that further necessitates the measurement validation of power
transistor behavioural models.

In the next Section the poly-harmonic distortion model will be introduced as the dom-
inant nonlinear frequency-domain behavioural modeling strategy used in the industry for
RF power ampli�er design.
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2.6 Poly-Harmonic Distortion Models

The process involved in the development of compact models as discussed in Section 2.3
is quite complex. Creating compact models of power transistors requires a high level of
theoretical knowledge of device physics and access to specialized equipment used to extract
these models. In addition, the extraction of a compact model requires an experienced
person to guide the model development and to tweak and tune parameters if needed. Power
ampli�er designers in general do not have the knowledge to develop a compact model and
if they need a computer-aided design model for a packaged transistor and they aren't part
of the organization that manufactures the transistor, then they are often left with only
one type of model, which is a black-box, or behavioural model of the power transistor. To
develop a behavioural model one only needs to measure the power transistor's behaviour
of interest at the device ports and the behavioural model will predict how the device
will electrically react at its ports without requiring any further insight into the inner-
workings of the device. In fact the underlying semi-conductor technology used to make the
power transistor doesn't matter as behavioural models by their very nature are technology-
agnostic.

The most ubiquitous behavioural model for RF systems are S-parameters [35]. S-
parameters are one of the many multi-port evaluated transfer functions of linear time-
invariant systems de�ned at discrete frequencies[36][37] that are speci�cally suited to de-
scribe the RF power transfer characteristics of a multi-port system given known port
reference impedances (Z0, which is set to 50
 in most RF applications). With the use
of S-parameters one can simulate the linear response of a RF circuit. When the active
components of the RF circuits are operating in a very linear manner, which is the case for
the design of low noise ampli�ers for instance, they can be approximated quite well with
a linear model across frequency. An S-parameter model of a two-port system would con-
sist of only four complex numbers (the S-parameters) at each frequencyf and two linear
equations, one for each port:

B1(f ) = S11(f )A1(f ) + S12(f )A2(f ) (2.3)

B2(f ) = S21(f )A1(f ) + S22(f )A2(f ) (2.4)

The pseudo-powerwavesA1 and A2 are the incident waves at port 1 (the gate) and port
2 (the drain) of the power transistor andB1 and B2 are the re
ected waves at these two
ports as shown in Figure 2.16 and are related to the voltage and current at the ports of
the device by the following relationships:
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Figure 2.16: Incident and re
ected powerwaves on a device under test

A1(f ) =
V1(f ) + Z0I 1(f )

2
p

R0
(2.5)

B1(f ) =
V1(f ) � Z0I 1(f )

2
p

R0
(2.6)

A2(f ) =
V2(f ) + Z0I 2(f )

2
p

R0
(2.7)

B2(f ) =
V2(f ) � Z0I 2(f )

2
p

R0
(2.8)

For an amplifying transistor, the S11 parameter is called the input match parameter,
while the S22 parameter is called the output match parameter.S21 is the gain parameter
and S12 is the reverse isolation parameter.

As can be seen from what is required for a behavioural model for a linear system,
the description of the system at each frequency is independent of its description at other
frequencies. In linear systems there is no cross-frequency interaction between signals.

Early attempts to develop a behavioural model for nonlinear systems focused on gen-
eralizing the S-parameters by tweaking the model slightly. Initially a technique known as
Hot S-Parameterswas proposed where the S-parameters of the nonlinear system were a
function of the input power level [38] as well as frequency:

B1(f ) = Hot S11(f; jA1(f )j)A1(f ) + Hot S12(f; jA1(f )j)A2(f ) (2.9)

B2(f ) = Hot S21(f; jA1(f )j)A1(f ) + Hot S22(f; jA1(f )j)A2(f ) (2.10)
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However it was soon discovered that this technique is lacking in accuracy since the
resulting re
ected wavesB2 would empirically depend on the relative phase of theA2 and
A1 waves, which is a uniquely nonlinear e�ect that is not captured by the linear form of
the initial extension of S-parameters. To account for the phase variation, instead of using
a model that used 4 complex parameters, 2 extra complex numbers were added to add
enough degrees of freedom to account for phase variation of theA2 wave relative to theA1

wave. This model is referred to as Hot (Active) parameters by Keysight Technologies and
is the successor to the older Hot S-parameters:

B1 = X (F )
11 (jA1j)P + X (S)

12 (jA1j)A2 + X (T )
12 (jA1j)PA�

2 (2.11)

B2 = X (F )
21 (jA1j)P + X (S)

22 (jA1j)A2 + X (T )
22 (jA1j)PA�

2 (2.12)

whereP = A1=jA1j = ej \ A 1 is the pure phase component of the incident waveA1 at each
frequency. The addition of this term is to ensure that the model remains time-invariant
while accounting for the relative phase ofA2 and A1. For instance by observing equation
2.12, the output re
ected waveB2 is made up of two parts, the �rst part X (F )

21 (jA1j)P is
only dependent on the phase ofA1, while the second partX (T )

22 (jA1j)PA�
2 is only dependent

on the relative phase ofA2 and A1. The dependency on the relative phase, instead of an
absolute phase is due tojA1j being the \Large Signal Operating Point" (LSOP) of the
model. The X (T )

22 is an interaction parameter that describes how theA2 wave interacts
with the A1 wave with their relative phase taken into account. X (F )

11 (jA1j)=jA1j is the
active input match term which varies with input power. X (F )

11 (jA1j)=jA1j is the active gain
term of the model whileX (S)

12 (jA1j) is the active reverse isolation term.

The behavioural models up to this point only account for wave interaction at the funda-
mental frequency, but as mentioned before, the nonlinearity of the power transistor results
in the generation of power at harmonic frequencies which interacts with the surrounding
circuit at those frequencies.

Moving beyond the Hot (Active) model, to account for the interaction of the waves
at the harmonic frequencies, an assumption can be made that the harmonic e�ects can
be linearly super-imposed on to the resulting output wave through what is referred to as
the harmonic superposition principle. To account for such models that involve the cross
interaction of harmonic waves, we will shift to a poly-harmonic notation for the incident
waves and referring the the incident wave at port 1 (the gate of the power transistor) at the
fundamental frequency and its harmonics respectively asA11, A12, A13, and so on and the

29



incident waves at port 2 (the drain of the power transistor) at the fundamental frequency
and its harmonics respectively asA21, A22, A23, and so on. Similarly the re
ected waves
at the input of the device at the fundamental frequency and its harmonics will be referred
to as B11, B12, B13 and re
ected wave at the output of the power transistor are denoted
by B21, B22, B23 and so on.

Using this notation, the model that is sometimes referred to as the matched-load X-
parameter model is de�ned for each re
ected waveBef at port e and harmonic frequency
f is expressed as [39][40][41]:

Bef = X (F )
ph (jA11j)P � h +

X

g;h

�
X (S)

ef;gh (jA11j)AghP f � h + X (T )
ef;gh (jA11j)A �

ghP f + h
�

(2.13)

wheref g; hg =2 ff 1; 1gg. Here the same type of modeling throughX (S) and X (T ) terms is
extended to have a contribution from all the incident waves at all ports and all harmonic
frequencies. In order to extract these X-parameters, the LSOP of the model will have to be
held constant while atickler tone is injected as an incident wave at every port and at every
harmonic frequency. This tickler tone is injected at varying relative phases compared to
the fundamental frequencyA11 tone. This emphguided characterization step is essential for
the extraction of these X-parameters. Figure 2.17 shows that a local circular perturbation
of each of the harmonic incident wavesAgh results in an elliptical perturbation in the
resulting Bef re
ected wave. The X (S) and X (T ) terms in conjunction de�ne the local
stretching and skewing of the complex plane. Since all the parameters of the model are
a function of jA11j, the underlying assumption is that sincejA11j is the most signi�cant
incident wave, it's the only dimension along which the nonlinearity can vary. This can
be a good assumption for nonlinear power ampli�ers that have been matched to the load
impedance close to 50
, which results in a very smallA21 wave re
ected back onto the
load side of the power ampli�er in aZ0 = 50
 system.

In this X-parameter analytic model the output phasors at each harmonic are linearly
related to all the other input phasors and also their complex conjugates. To explain why
there is a dependence on the complex conjugates, it should be noted that the set of complex
numbersA11, A12, A13, A14, and so on are Fourier series coe�cients of a periodic real-valued
time-domain waveform as follows:

a1(t) =
1
2

hmaxX

h=0

�
A1hejh! 0 t + A �

1he� jh! 0 t
�

(2.14)
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