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X-PARAMETERS BASED ANALYTICAL DESIGN OF

NON-LINEAR MICROWAVE CIRCUITS. APPLICATION TO

OSCILLATOR DESIGN

TESIS DOCTORAL

Autor:
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atómica: la voluntad.✮✮.

Albert Eisntein





Agradecimientos
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Resumen

El diseño clásico de circuitos de microondas se basa fundamentalmente en el uso

de los parámetros s, debido a su capacidad para caracterizar de forma exitosa el com-

portamiento de cualquier circuito lineal. La relación existente entre los parámetros s

con los sistemas de medida actuales y con las herramientas de simulación lineal han

facilitado su éxito y su uso extensivo tanto en el diseño como en la caracterización de

circuitos y subsistemas de microondas. Sin embargo, a pesar de la gran aceptación

de los parámetros s en la comunidad de microondas, el principal inconveniente de

esta formulación reside en su limitación para predecir el comportamiento de sistemas

no lineales reales.

En la actualidad, uno de los principales retos de los diseñadores de microondas

es el desarrollo de un contexto análogo que permita integrar tanto el modelado no

lineal, como los sistemas de medidas de gran señal y los entornos de simulación no

lineal, con el objetivo de extender las capacidades de los parámetros s a reǵımenes de

operación en gran señal y por tanto, obtener una infraestructura que permita tanto la

caracterización como el diseño de circuitos no lineales de forma fiable y eficiente. De

acuerdo a esta filosof́ıa, en los últimos años se han desarrollado diferentes propuestas

como los parámetros X, de Agilent Technologies, o el modelo de Cardiff que tratan

de proporcionar esta plataforma común en el ámbito de gran señal. Dentro de este

contexto, uno de los objetivos de la presente Tesis es el análisis de la viabilidad del

uso de los parámetros X en el diseño y simulación de osciladores para transceptores

de microondas.

Otro aspecto relevante en el análisis y diseño de circuitos lineales de microondas

es la disposición de métodos anaĺıticos sencillos, basados en los parámetros s del
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transistor, que permitan la obtención directa y rápida de las impedancias de carga y

fuente necesarias para cumplir las especificaciones de diseño requeridas en cuanto a

ganancia, potencia de salida, eficiencia o adaptación de entrada y salida, aśı como la

determinación anaĺıtica de parámetros de diseño clave como el factor de estabilidad o

los contornos de ganancia de potencia. Por lo tanto, el desarrollo de una formulación

de diseño anaĺıtico, basada en los parámetros X y similar a la existente en pequeña

señal, permitiŕıa su uso en aplicaciones no lineales y supone un nuevo reto que se va

a afrontar en este trabajo.

Por tanto, el principal objetivo de la presente Tesis consistiŕıa en la elaboración

de una metodoloǵıa anaĺıtica basada en el uso de los parámetros X para el diseño

de circuitos no lineales que jugaŕıa un papel similar al que juegan los parámetros s

en el diseño de circuitos lineales de microondas. Dichos métodos de diseño anaĺıticos

permitiŕıan una mejora significativa en los actuales procedimientos de diseño dispo-

nibles en gran señal, aśı como una reducción considerable en el tiempo de diseño, lo

que permitiŕıa la obtención de técnicas mucho más eficientes.
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Abstract

In linear world, classical microwave circuit design relies on the s-parameters due

to its capability to successfully characterize the behavior of any linear circuit. Thus

the direct use of s-parameters in measurement systems and in linear simulation

analysis tools, has facilitated its extensive use and success in the design and cha-

racterization of microwave circuits and subsystems. Nevertheless, despite the great

success of s-parameters in the microwave community, the main drawback of this

formulation is its limitation in the behavior prediction of real non-linear systems.

Nowadays, the challenge of microwave designers is the development of an analo-

gue framework that allows to integrate non-linear modeling, large-signal measure-

ment hardware and non-linear simulation environment in order to extend s-parameters

capabilities to non-linear regimen and thus, provide the infrastructure for non-linear

design and test in a reliable and efficient way. Recently, different attempts with

the aim to provide this common platform have been introduced, as the Cardiff

approach and the Agilent X-parameters. Hence, this Thesis aims to demonstrate

the X-parameter capability to provide this non-linear design and test framework in

CAD-based oscillator context.

Furthermore, the classical analysis and design of linear microwave transistor-

based circuits is based on the development of simple analytical approaches, involving

the transistor s-parameters, that are able to quickly provide an analytical solution

for the input/output transistor loading conditions as well as analytically determine

fundamental parameters as the stability factor, the power gain contours or the in-

put/output match. Hence, the development of similar analytical design tools that

are able to extend s-parameters capabilities in small-signal design to non-linear ap-
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plications means a new challenge that is going to be faced in the present work.

Therefore, the development of an analytical design framework, based on load-

independent X-parameters, constitutes the core of this Thesis. These analytical non-

linear design approaches would enable to significantly improve current large-signal

design processes as well as dramatically decrease the required design time and thus,

obtain more efficient approaches.
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Chapter 1

Introduction

During the last decades, conventional microwave subsystems design has relied on

linear system theory. The well known linear framework enables to successful model

linear devices, with the small-signal s-parameters, as well as properly characterize

the component behavior, by means of classical vector network analyzers (VNAs).

Nevertheless, the current market pressure, driven by the explosive growth of social

media and smart phones, is pushing the development of high bandwidth and more

efficient (lower power consumption) applications that require the use of active devices

operating in non-linear regimen. Hence, in this context, the linear theory is no longer

valid, and non-linear behavior insight becomes essential [Van06, Vye10].

An example of this evolution to non-linear operation is found in aerospace en-

vironment, where the radio frequency (RF) and microwave communication systems

demand extremely high power modules and thus, high power amplifiers (PA) play a

critical role in those systems.

Furthermore, in mobile communications world is crucial to develop low cost and

optimal working prototypes with large autonomy. This demand can be accomplis-

hed by improving the transistor efficiency, task that is strongly related with the

component non-linear operation.

In linear circuits, classical microwave circuit design relies on s-parameters due

to their capability to successfully characterize the behavior of any linear circuit on

any impedance environment. Thus the direct use of s-parameters in measurement
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systems, as the VNA, and in linear simulation analysis tools, has enabled its exten-

sive use and success in the design and characterization of microwave circuits and

subsystems. However, s-parameters are based on superposition principle and hence,

can just represent accurately linear devices as filters, power splitters or couplers. Mo-

reover, s-parameters can also be successfully used to predict active devices behavior,

as for example in amplifiers, when a small signal stimulus drives the system. Nevert-

heless, when the input drive becomes significant compared to the operating range of

the device, the s-parameters are no longer valid since superposition principle does

not hold and non-linear distortion effects appear, for example, gain compression or

harmonic and intermodulation generation.

Therefore, a current challenge of microwave designers is the development of an

analogue framework that allows to integrate non-linear modeling, large-signal mea-

surement hardware and non-linear simulation environment in order to extend s-

parameters capabilities to non-linear regimen and thus, provide the infrastructure

for non-linear design and test in a reliable and efficient way. Recently, different at-

tempts with the aim to provide this common platform have been introduced, as the

Cardiff approach and the Agilent X-parameters.

Furthermore, the classical analysis and design of linear microwave transistor-

based circuits, as microwave amplifiers and oscillators, is based on the development

of simple analytical approaches, involving the transistor s-parameters and the circuit

performance requirements, that are able to provide an analytical solution for the in-

put/output transistor loading conditions as well as analytically determine fundamen-

tal parameters as the stability factor, the power gain contours or the input/output

match. Hence, the development of similar analytical design tools that are able to ex-

tend the paradigm for s-parameters in small-signal design to non-linear applications

[Bay11] means a new challenge that is partly faced in the present work. Thus, this

goal constitutes the main work of the current Thesis.

2



1.1 Large-signal modeling

1.1. Large-signal modeling

Within this framework, non-linear modeling is a key factor in the efficient design

of complex microwave non-linear circuits. Moreover, large-signal measurement-based

models (black-box approaches) represent a potential solution in order to extend the

s-parameters paradigm to non-linear operation [Hei11].

The aim of any modeling technique is to provide a mathematical characterization

able to accurately predict the device behavior under certain real conditions. In litera-

ture, it can be found numerous empirical large-signal modeling techniques which can

be characterized and thus, classified following different criteria [Snc12, Pel09]. Ne-

vertheless, two types of particular interest should be distinguish: compact/analytical

models and measurement-based models. The first non-linear type refers to an ap-

proach that describes the intrinsic non-linear device behavior by means of analytical

equations, while in measurement-based models the intrinsic equivalent circuit topo-

logy is simplified and derived from general mathematics that describe the device mea-

sured non-linear behavior for a given input stimulus. Furthermore, in measurement-

based approaches the parameter extraction is simpler and tedious optimization steps

are not required, as it occurs with compact models. In Fig. 1.1 a diagram of a possible

classification of empirical large-signal models is depicted.

Figure 1.1: Classification of empirical large-signal models.
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1.1.1. Analytical modeling

Compact approaches aim to predict the device behavior by following circuit

modeling philosophy, in a similar manner than in small-signal circuit modeling. Thus,

the device is represented by an equivalent circuit, where some of their parameters are

intrinsic non-linear functions of the stimulus signal. Furthermore, a linear extrinsic

network represents the device parasitics and thus, the device is made up of both

non-linear and linear networks.

Within the most famous field effect transistor (FET) compact approaches it

should be cited the Curtice model and the Angelov model. The first one [Cur80],

published in 1980 by W. R. Curtice and applied to a metal semiconductor field ef-

fect transistor (MESFET) device, non-linearly defines the drain current relationship

with the drain-source voltage, and the gate-source voltage and the non-linear cu-

rrent in gate-source and gate-drain unions with respective voltages. Furthermore,

the gate capacitance is seen as a Schottky barrier diode with voltage dependent

capacitance. The coefficients that appear in these non-linear functions are obtained

from experimental measurements.

The Angelov model [Ang92], published in 1992 by I. Angelov, is specially sui-

ted for the characterization of MESFETs and high electron mobility transistors

(HEMTs). Angelov model provides an accurate approach to non-linearly describe

the device current-voltage characteristic and its derivatives, including the charac-

teristic transconductance and gate-source and gate-drain capacitances. Moreover,

Angelov model provides more accurate results in comparison with Curtice approach.

Other classical compact approaches for MESFETs modeling that can not be

forgotten are the following ones: the Curtice-Ettenberg model [Cur85], the Statz-

Raytheon model [Sta87], the Materka-Kacprzak model [Mat85] and finally, the Tri-

Quint foundry model [McC90].

For heterojunction bipolar transistor (HBT) devices, it should also be cited

different analytical modeling techniques as: the Gummel Poon model [Gum70b,

Gum70a], the Vertical Bipolar Inter-Company (VBIC) model [McA96, McA99],

the University of California, San Diego (UCSD) model [UCS00], the Agilent model
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[Agi04, Iwa03], the Ferdinand Braun Institut (FBH) model [Rud05], the MEXTRAM

model [Gra89] and finally, the HICUM model [Sch02].

1.1.2. Black-box modeling

Black-box models aims to describe the device behavior in a general form, avoiding

a deep knowledge on the device internal operation and on its physical behavior. Furt-

hermore, its implementation in a commercial computer-aided design (CAD) simula-

tor does not require, necessarily, an association with conventional circuit elements.

Thus, the active device intrinsic part is considered a black-box of three terminals.

Moreover, this approach basically relates, in the time-domain or in the frequency-

domain, input and output variables, as for example the current and voltages at

the device ports, by means of general mathematical functions. These functions are

obtained from the measured behavior of the device under test (DUT) for a given

input stimulus and for certain external conditions.

Within these measurement-based models, it should be highlighted the following

approaches: the look-up table models, the neuronal approach and the behavioral

models.

1.1.2.1. Look-up table modeling

Look-up table (LUT) models are considered intrinsic black-box approaches, sin-

ce they basically relate in the time-domain intrinsic input and output variables

(i.e. currents -displacement or conduction- vs. voltages). Besides, the intrinsic non-

linear functions are defined in table-format, as a function of instantaneous port

voltages and/or currents, and interpolated during simulation time. Moreover, these

functions are extracted from direct current (DC) and bias dependent small-signal

s-parameters. As in the analytical approach, a linear extrinsic network including the

device parasitics is required in combination with the non-linear table-based network

in order to properly characterize the device behavior.

Look-up table models are not necessary described in just time-domain format

and thus, a frequency-domain representation is also possible. For example, the

5



Introduction

s-parameters can be considered as the seed of current LUT models. In fact, s-

parameters are measured and stored in table format, where bias point data and

frequency values made up the independent variables.

The main drawback of time-domain approaches is its high complexity and its

low computational efficiency.

LUT models were initially developed for FETs devices and within the most po-

pular approaches should be cited the Root model [Roo91]. Although other examples

as [Ent88, Dan91, Foi92, Cor92, Fer96, Sch96] must be highlighted as well. In parti-

cular, the LUT model proposed by M. Fernández-Barciela [Fer96, Fer00] combines

some characteristics of two previous FET LUT models, suggested by D. E. Root

[Roo91] and R. R. Daniels [Dan91], and improves significantly LUT model predic-

tions enabling the achievement of higher bandwidths up to 118.5 GHz.

In the case of HBTs devices, main LUT approaches have been proposed in

[Ang04, Nun06, Rod07].

Previous LUT models have been directly obtained from DC and bias dependent

small-signal s-parameters measurements. Nevertheless, an alternative approach, ba-

sed directly on large-signal measurements and proposed in [Cur00, Cur05], is possible

as well. This method consists in extracting directly the quasi-static FET model non-

linear charge functions from large-signal measurements performed with a non-linear

vector network analyzers (NVNA) with load-pull capabilities. The main advantages

of this approach are that the extractions are performed under the real operating

conditions of the device, and that the number of measurements required for the

extractions are significatively reduced.

1.1.2.2. Behavioral modeling

The weakness of previous LUT approaches is their high complexity and its low

computational efficiency. Therefore, in order to overcome this drawback and thus,

improve model accuracy and decrease the circuit simulation time, different behavio-

ral approaches have been developed recently. Nevertheless, the penalty paid with

respect to conventional time-domain models is the fact that the model accuracy is
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limited to almost the same transistor operating conditions used when performing the

measurements for model extraction and thus, model extrapolation is much reduced in

comparison with conventional models. Within the most popular behavioral approa-

ches it can be found the Cardiff Model [Qi09, Tas09, Tas11] and the X-parameters

[Ver06, Ver05b].

Cardiff Model: Cardiff approach aims to develop a fast and reliable CAD-

based large-signal design environment to provide a common base for large-

signal measurements and simulation platforms. In order to fulfill this purpose

firstly, a direct waveform lookup (DWLU) approach has been proposed [Qi06]

for the direct utilization of current and voltage waveform measurement da-

ta in CAD design. DWLU model is defined in the frequency domain and it

relates the measured current spectra with the voltage stimulus. Cardiff mo-

del parameters are functions of the stimulus voltage magnitude, the complex

load impedance and the bias point. However, this approach may degrade if

simulations outside the measurement space are required and thus, poor ex-

trapolation ability and lengthy measurement and simulation time is provided.

In order to overcome this limitation, a polynomial-based behavioral model is

developed and directly extracted from the DWLU data [Qi07]. This behavio-

ral model formulation is based on the polyharmonic distortion model (PHD),

but expanded significantly to provide n-order complex polynomials instead of

just the third order extension corresponding to the conventional PHD model.

The simpler non-linearity dependency of this polynomial-based behavioral ap-

proach enables a quicker convergence and thus, simulation process is much

faster.

X-parameters: X-parameters [Ver06, Ver05b] represent the superset of non-

linear parameters of polyharmonic distortion models. Unlike s-parameters,

they represent the linear and non-linear behavior of RF components and thus,

X-parameters are considered as the mathematically correct extension of s-

parameters into a non-linear, large-signal operating environment. The aim of

PHD model, like Cardiff model, is to provide the necessary framework in order
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to enable a reliable CAD-based design and test infrastructure for non-linear

systems. Hence, the X-parameters have the potential to provide the characte-

rization, modeling and CAD-based design of non-linear components in just the

same tool. PHD model is also defined in the frequency domain but the main

difference respect to DWLU model resides in the relationship between the mea-

sured reflected waves with the incident waves, instead of using voltage-current

waveforms relationships. Besides, X-parameters are functions of the funda-

mental incident wave magnitude, the complex load impedance and the bias

point. Unlike Cardiff Model’s philosophy, that aims to accurately predict the

device behavior under the same conditions used in model extraction (DWLU

approach), PHD philosophy is based on the extrapolation concept from the

measured waveform data as well [Sim08, Gun09]. In fact, X-parameters ha-

ve already shown to support extrapolation capability for both the input drive

magnitude and the load impedance. Nevertheless, if PHD model is compared to

Cardiff n-order polynomial behavioral model, many similarities can be found.

Indeed, Cardiff model can be considered as an extension of PHD approach.

The main difference between both models lies in the non-linear dependency of

the model parameters. In Cardiff approach, its parameters depend non-linearly

on the incident wave’s magnitude while X-parameters depend non-linearly of

the output incident wave’s (A21) phase as well. This simpler non-linearity

dependency makes Cardiff model more time efficient. Moreover, the generic

formulation of Cardiff model based on n-order polynomial description allows

to improve model accuracy and thus, to better account for non-linear device

behavior in comparison with a third order extension, as the PHD model.

1.2. Large-signal measurement systems

With the advent of large-signal measurement systems in the 1990s, the non-linear

characterization of active devices became a reality [Van06, Hei11]. This milestone

was motivated by the modeling world pressure that required accurate non-linear

measurements in order to obtain good non-linear models. Hence, the development
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of behavioral models as the Cardiff approach or the X-parameters would not be

possible without the aid of non-linear vector network analyzers. Furthermore, the

relationship between measurement systems and modeling is intricate and highly

interdependent.

Large-signal measurement systems allow to measure both the amplitude and

the phase of all significant harmonics of both the incident and scattered traveling

waves of the active device under non-linear operation. Such information can be

very valuable to get insight into issues that are usually related to hard non-linear

phenomena.

Within the current large-signal measurement systems, two different approa-

ches that allow to correctly measure the device non-linear time domain waveforms

should be highlighted: the sampler-based technique and the mixed-based approach

[Van10, Pai11]. The first one uses digital samplers in order to perform the down

conversion of the high frequency signals to the IF spectrum. An example of a mea-

surement system that follows this philosophy is the large-signal network analyzer

(LSNA). Nevertheless, the mixer-based technique uses the heterodyne principle to

downconvert the RF signals. Current NVNAs represent this approach.

In appendix A, a more detailed review of current available large-signal measure-

ment systems and its main characteristics has been performed.

1.3. Microwave circuit design

Microwave circuit design is a challenging process that may contain multiple sta-

ges. This process is specially complex when a large-signal operation point is required.

Furthermore, the circuit design process depends on the circuit technology selected.

For example, it should be highlighted the design of monolithic microwave integrated

circuits (MMIC) and designs based on discrete packaged active devices.

MMICs designs rely strongly on model and CAD driven design flows due to the

availability of commercial process design kits which provide the required models and

layouts of all circuit elements and structures available in the given semiconductor

manufacturing process.
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Nevertheless, microwave circuit design using packaged active devices presents a

lower level of integration in commercial available CADs due to the relatively lack of

commercial available non-linear models. In fact, CAD tools are usually used just for

designing the circuit matching networks, which impedances are usually obtained by

means of source/load-pull measurements.

Therefore, large-signal circuit design is mainly based on complex non-linear mo-

deling approaches coupled with numerical techniques (Harmonic Balance) or empi-

rical source/load-pull techniques that allow to correctly describe the device perfor-

mance and thus, it enables to determine the appropriate input and output matching

networks according to the design specifications [Cri06]. In Fig. 1.2, a flowchart des-

cribing conventional non-linear circuit design is shown.

Figure 1.2: Classical non-linear design flowchart.

A new challenge in current large-signal circuit design is the development of sim-

ple, analytical-based methodologies that will circumvent the need of complex non-

linear models that are necessary in conventional numerical large-signal circuit design,

that based on Harmonic Balance (HB), as well as a complete source/load-pull cha-

racterization of the device. This analytical design formulation should be able to

provide the information required to directly find the source and load impedances

to meet the design requirements for output power, efficiency, input/output match,

etc. Hence, design time efficiency may be significantly improved since lengthy and

time-consuming simulator-based steps could be replaced by real-time analytical pre-

dictions.

Within this non-linear design framework, X-parameters formulations aim to ex-

10
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tend s-parameters capabilities to non-linear operation, thus providing for the pos-

sibility of developing simple, analytical design approaches that will mean a great

step forward in large-signal circuit design. Hence, the aim of this Thesis is the de-

velopment of analytical design tools, based on load-independent X-parameters, that

are able to extend the paradigm for s-parameters in linear design to non-linear ap-

plications. Furthermore, the developed analytical framework has been successfully

applied to the design of microwave free running oscillators. Improved oscillator beha-

vior predictions over classical analytical methods have been obtained and thus, the

usefulness of this novel design approach has been proved as well.

1.4. Thesis objectives

This Thesis aims to demonstrate the X-parameter capability to provide a com-

mon platform for non-linear modeling, large-signal measurement hardware and non-

linear simulation environment. In fact, this common platform should provide the

desired infrastructure for non-linear design and test in a reliable and efficient way.

In this context, the X-parameter modeling framework has been evaluated in CAD-

based oscillator design and its usefulness and accuracy have been demonstrated.

Moreover, X-parameter model predictions in oscillator context have also been com-

pared to other conventional time-domain large-signal modeling approaches, with the

aim to establish which large-signal modeling technique is the most suited in CAD-

based oscillator design.

On the other hand, the development of an analytical design framework, based

on load-independent X-parameters, has been addressed as well and it constitutes

the core of this Thesis. These analytical non-linear design approaches would enable

to significantly improve current large-signal design processes as well as dramatically

decrease the required design time and thus, obtain more efficient approaches that

could reduce cost and production time for microwave companies.

To this purpose, different large-signal design issues have been dealt with during

the current work. Firstly, the robustness of load-independent X-parameters formu-

lation has been evaluated and the impedance region for which its predictions remain

11
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valid has been established as well, with the aim to obtain accurate predictions when

used as an enabler of analytical non-linear circuit design.

Secondly, large-signal stability analysis, a critical issue in any RF microwave

design, has also been investigated by means of the X-parameters formulation. An

analytical tool to provide guidance with respect to the determination of the large-

signal locus, gamma equal to the unity, at the fundamental frequency and thus guide

the microwave circuit design stage has been proposed. This design guidance may be

very useful in speeding up oscillator design. Besides, its ability to provide similar

general stability guidance, as classic s-parameters stability circles under small-signal

operation, to assess circuit stability in large-signal regime has also been proved.

Furthermore, an analytical non-linear design approach for series feedback cir-

cuits computation, that provides the key component required for developing analy-

tical circuit design procedures for feedback amplifiers and oscillators, has also been

proposed.

Finally, by integrating in a common design platform previous analytical ap-

proaches, a novel microwave oscillator analytical design procedure that incorporates

non-linear effects has been developed. This new approach aims to improve predic-

tions of fundamental output power and oscillation frequency, in comparison with

conventional small-signal methods based on s-parameters.

1.5. Thesis organization

This Thesis is organized in eight chapters and one appendix. The first two chap-

ters attempt to review the fundamentals of X-parameters and its application to

analytical circuit design. From chapter 4 to chapter 6 the main contribution of the

present work is addressed and finally, in chapter 7, proposed analytical tools in

previous chapters are successfully applied in the development of a novel oscillator

analytical design procedure. Hence, the different chapters of the present Thesis may

be summarized as follows:

In chapter 2 the different attempts of extending s-parameters to non-linear ope-

ration regimen have been discussed. Special emphasis has been made on Hot S-

12
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parameters, the PHD model and Cardiff approach.

Furthermore, PHD model fundamentals have been reviewed in detail and its

mathematically formulation has been derived as well. Besides, X-parameters experi-

mental extraction using a large-signal measurement system has also been described.

It should be highlighted that X-parameters framework constitutes the core of the

present Thesis.

In this chapter, in addition to review the X-parameters fundamentals, the useful-

ness and validity of polyharmonic distortion models in CAD design have also been

evaluated in oscillator design framework.

Therefore, with the aim of establishing the usefulness of X-parameters for osci-

llator modeling in transceiver design framework, a PHD model for a package HBT

has been experimentally generated and compared, both at device and circuit level,

with two time-domain conventional transistor large-signal models. Moreover, desig-

ned HBT-based oscillators using conventional numeral techniques (HB) have also

been manufactured in order to validate the predicted PHD model performance at

circuit level in comparison with the conventional approaches.

Furthermore, the most robust PHD model extraction strategy for oscillator de-

sign has been evaluated as well. Hence, X-parameters have been extracted at different

output port impedances and injection levels.

Chapter 3 attempts to highlight the advantages of developing simple and analy-

tical design approaches for non-linear circuits, based on X-parameters formulations,

with the aim to extend the paradigm for s-parameters in linear design to non-linear

applications and thus, the development of such analytical design framework would

enable to significantly improve current large-signal design processes.

Moreover, a summary of the proposed analytical tools for non-linear circuit de-

sign has been performed. Special emphasis has been put in oscillator circuit context.

In chapter 4, the robustness of load-independent X-parameters formulation has

been evaluated as well as the impedance region in which the model predictions

remain valid, with the aim of obtaining accurate predictions when used as an enabler

of analytical non-linear circuit design.
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Chapter 5 deals with network series configuration modeling under large-signal

regimen since this kind of circuits play a crucial role in non-linear microwave circuits

such as feedback amplifiers and oscillators.

In small-signal regimen, to compute the effect of adding a series feedback to a mi-

crowave transistor and thus, predict the new circuit behavior, the z-parameters of the

combined network are of great usefulness. Nevertheless, as s-parameters are the most

common representation of microwave circuits, the series connection z-parameters

may be transformed back to s-parameters for use in analytical design, performance

prediction and CAD simulation.

Hence, the aim of this chapter is to develop new algebraic expressions able to

compute, under large-signal operation, the effect of a series connection applied to a

non-linear system, modeled by X-parameters and thus, to obtain a similar functiona-

lity than s-parameters for linear circuits behavior predictions, but under large-signal

regimen.

Furthermore, such close-form expressions have been validated experimentally

and by means of HB simulations.

Chapter 6 attempts to assess large-signal stability, a crucial issue in the design

of any microwave circuit, by means of X-parameters formulation.

Hence, in order to fulfill this purpose, an analytical tool to provide guidance with

respect to the determination of the large-signal locus, gamma equal to the unity, at

the fundamental and thus guide the microwave circuit design stage has been propo-

sed. This approach has been validated using conventional numerical techniques, in

particular HB load-pull simulations.

Furthermore, the ability of the large-signal locus, gamma equal to the unity, to

provide similar general stability guidance, as classic s-parameters stability circles

under small-signal operation, to assess circuit stability in large-signal regime has

also been proved experimentally.

Finally, in chapter 7 a novel oscillator analytical design procedure is developed,

using X-parameters formulation, that provides for improved oscillator behavior pre-

dictions over classical analytical methods, as such based on s-parameters predictions.
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The aim of this analytical procedure is to account for accurate non-linear net-

work performance, as in CAD based methods, HB mainly, with the advantage of

quickly providing an initial valid design solution and thus, avoiding lengthy and time-

consuming optimization steps, usually necessary in a fully numerically simulation-

based circuit design.

This large-signal analytical oscillator procedure makes use of some concepts pre-

sented in previous chapters as the PHD model robustness, feedback role analysis or

the large-signal boundaries, gamma equal to unity.

Finally, the accuracy and usefulness of the developed technique have been eva-

luated by manufacturing and characterizing a microwave free running oscillator de-

signed using this novel analytical approach.

The last chapter of this Thesis, the appendix A, aims to review the current

available large-signal measurement systems and its main characteristics. A special

attention has been paid to sampler-based techniques and mixed-based approaches.

Besides, the evolution from earliest large-signal measurement systems until the latest

commercial releases has also been discussed.

Furthermore, the main features of a LSNA-based system and a NVNA-based

system and its pros and cons have been reviewed. Finally, a package HBT has been

measured using both approaches and successful results have been obtained with the

different measurement architectures.
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Chapter 2

X-parameters Fundamentals and

Application in Oscillator Design

2.1. Introduction

The aim of this chapter is to review the fundamentals of the polyharmonic dis-

tortion model framework and the main advantages and applications of this kind of

behavioral formulation.

The superset of non-linear parameters of the polyharmonic distortion model is

commercially known as X-parameters and this nomenclature is mainly followed in

next chapters, although in this chapter the generic terminology has been selected

to provide a more general vision of this behavioral framework. Unlike s-parameters,

X-parameters represent the linear and non-linear behavior of RF components and

thus, X-parameters are considered as the mathematically correct extension of s-

parameters into a non-linear, large-signal operating environment.

Furthermore, in this chapter, with the purpose of correctly understand the de-

velopment of recent PHD model and its corresponding X-parameters, the different

attempts in the last decades of extending s-parameters formulation under large-

signal conditions have been reviewed as well.

Finally, the usefulness and validity of such models in CAD design have been
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addressed with the aim of establishing the usefulness of X-parameters for oscillator

modeling in transceiver design framework, a task not performed so far.

2.2. S-parameters

In conventional microwave circuit design, the s-parameters [You61, Kur65] could

be considered the most successful behavioral model due to its capability to characte-

rize the behavior of any linear circuit. The link of the s-parameters with measurement

systems, as the VNA, and with linear simulation analysis tools, has facilitated its

extensive use and success in the design and characterization of microwave circuits

and subsystems.

S-parameter formulation fully define the behavior of a linear network by analy-

tically describing the traveling b waves response of a linear system in terms of the

stimulus traveling a waves. For a two port network, as the represented in Fig. 2.1,

the s-parameters definition would be the following:

Figure 2.1: Two port network description in terms of traveling waves.

b1 = S11a1 + S12a2

b2 = S21a1 + S22a2.
(2.1)

where:

S11 =
b1
a1

∣

∣

∣

∣

a2=0

S21 =
b2
a1

∣

∣

∣

∣

a2=0

S12 =
b1
a2

∣

∣

∣

∣

a1=0

S22 =
b2
a2

∣

∣

∣

∣

a1=0

(2.2)
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2.2 S-parameters

an =
Vn + InZn

2
√

ℜ(Zn)
bn =

Vn − InZ
∗

n

2
√

ℜ(Zn)
(2.3)

and Zn corresponds to the reference impedance, which value could be any complex

impedance, although the most typical values used in microwave standard systems

are 50 and 75 Ω.

Despite the great success of s-parameters in the microwave community, the main

drawback of this formulation is its limitation in the behavior prediction of real

non-linear systems. The problem arises of the linear formulation intrinsic to this

small-signal behavioral model that it is no longer valid under large-signal operation,

where non-linearities in the system are responsible of frequency conversions, har-

monics generation and spectral regrowth. But unfortunately, scattering parameters

are not able to predict this harmonic content when the non-linear system is driven

by a large-signal excitation. Nevertheless, for transistors operating in a small-signal

regime, where the system behavior is lineal, the s-parameters give useful insight into

gain, input and output match, stability, circuit embedding or de-embedding, etc;

parameters that are fundamental in any design of transistor based circuits.

Scattering parameters, as well as being a key component in transistor based

circuit design, can be easily measured using conventional vectorial network analyzers.

The VNAs are able to provide reliable and repeatable data due to the s-parameters

intrinsic definition as ratios of the traveling waves, which results in independent

data respect to the stimulus signal. Therefore, the s-parameters measurements can

be accomplished by injecting a reference signal from a 50 Ω source at one port and

measuring the responses at all other ports when they are loaded with the reference

impedance, typically, 50 Ω. This measurement technique is applied at all other ports

in the system, allowing the scattering matrix of the DUT to be obtained.

As it has been stated during this section, the s-parameters can be considered the

greatest revolution in classical microwave world of the last decades. Therefore, the

next breakthrough would be the extension of this kind of behavioral models in order

to accurately describe driven non-linear systems.

In the past, several authors tried to apply s-parameters to the measurement of
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large-signal devices, as in [Lei73] and [Cha73] in 1973, where the main conclusion

was that the measurement of the S12 and S22 parameters did not give correct re-

sults. However, four years later, a novel solution [Maz77, Maz78] was presented in

order to correctly measure the S12 and S22. This technique consists in applying a

large-signal tone of constant power at the input port, in order to measure the co-

rresponding response waves to compute the S11 and S21, as in a similar way that

forward measurements for the conventional s-parameters. However, the S12 and S22

are not going to be computed by conventional reverse measurements, since another

signal is going to be injected at the output simultaneously to the large-signal input

tone, which is used to compute the desired parameters once the original forward s-

parameters have been determined. This technique was later called Hot S-parameters

and although this method improves the model predictions, when the reverse injected

signal increases significantly, distortion effects appear and are not well predicted.

2.3. Hot S-parameters

Although the first attempt of extending the s-parameter concept into large-signal

domain was in the 70’s, it was not until the 90’s when Hot S-parameters were really

investigated. This special interest in the development of improved large-signal S-

parameters models was due to the introduction of new large-signal measurement

systems, as the microwave transition analyzer (MTA) or the LSNA. These novel

measurement equipments made possible that the problem associated with the Hot

S22 measurement was solved in a different way than in [Maz77, Maz78], by measuring

the traveling waves at the device ports and applying a Least-Squares algorithm for

the parameters extraction. One of the most representative modeling developments

thanks to the appearance of non-linear vectorial network analyzers is described in

[Ver97], where J. Verspecht introduces a novel black-box modeling technique that can

be considered as an extension of the previous Hot S-parameters, with the addition of

all the espectral components influence in the model definition. It is very important to

note that this extended Hot S-parameter formulation is very similar to the later PHD

model, also introduced by J. Verspecht in [Ver06], and that is going to constitute
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2.3 Hot S-parameters

the core of the present Thesis.

The behavioral model developed in [Ver97] for an active device under large-

signal excitation is focused in the accurate description of the traveling waves at the

device ports instead of using the s-parameters description. This conceptual shift

was motivated due to the NVNAs ability of providing fully calibrated and phase

coherent measurements of the traveling waves at all the harmonics. Therefore, this

approach meant a great step forward in the behavioral modeling framework, that

was based until this moment on the measurement of the traveling waves ratios at

just the fundamental frequency. Verspecht’s model aims to describe the large-signal

traveling B waves response of a non-linear system in terms of the stimulus traveling

A waves by using a describing function, as 2.4, able to characterize the non-linear

system.

Bij = Fij(A
re
11, A

re
12, ..., A

re
1N , Aim

12 , ..., A
im
1N , Are

21, ..., A
re
2N , Aim

21 , ..., A
im
2N ) (2.4)

where Aij and Bij denote the stimulus and response waves at port i and for the

spectral component j and finally, the superscript re and im refer to the respective

real and imaginary part. This traveling wave definition is clearly depicted in Fig.

2.2.

Figure 2.2: Traveling waves definition.

It is important to note that in 2.4, the term Aim
11 has been neglected since the

fundamental component is going to be used as a phase reference respect to all the

spectral components. Thus, the A11 wave becomes in a real number.
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Verspecht’s model is valid under the assumption that just one dominant spectral

component is present in the device and thus, the rest of spectral components are

harmonically related and significantly smaller to the dominant one. Thus, taking

into account this condition, the harmonic superposition principle can be applied to

the system and the final mathematical representation becomes in:

Bij = Kij +
∑

l=2...N

LijklA
re
kl +

∑

l=2...N

MijklA
im
kl (2.5)

where Kij , Kijkl and Mijkl represent the linearized coefficients respect to the Large

Signal Point (LSP = A11 , A21(Γ21)) and the biasing conditions. These complex

parameters are called the large-signal S-parameters or extended Hot S-parameters.

It is very important to note that the LSP in 2.5 means that the system depends

non-linearly on the fundamental load and thus, Verspecht’s model is able to predict

the DUT behavior in a load-pull environment. So, it is necessary to headlight that

this model feature enables the device performance prediction in non-linear systems,

where the large-signal load reflected wave (A21) can no longer be considered as a

perturbation of the large-signal fundamental incident wave (A11).

Large-signal S-parameters can be accurately measured in a set-up as the illustra-

ted in Fig. 2.3, which main element is a NVNA that allows to measure the amplitude

and phase of all the spectral components. The extraction process consists in exciting

the DUT input with a large fundamental tone by means of a signal generator, while

a passive tuner is set at the device output in order to control the desired set of

load reflected waves A21. Besides, at each fundamental input power, the device is

simultaneously perturbed with a small-signal tone at each harmonic frequency and

for both ports using a second signal generator. Thus, for each harmonic component,

the corresponding Kij , Kijkl and Mijkl parameters can be easily obtained applying

a least-squares algorithm to the measured data.
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Figure 2.3: Measurement set-up of Verspecht’s model [Ver97].

2.4. Development of the polyharmonic distortion model

2.4.1. Linearization of large-signal scattering functions

The polyharmonic distortion model formulation is based on the large-signal scat-

tering functions linearization presented in [Ver05c], where the theory described in

[Ver97] (extended Hot S-parameters) has been developed by applying the Jacobian

to the selected describing function, which enables the rewriting of the lineariza-

tion in a similar form than the traditional scattering parameters. In [Ver05c], it has

been proved that the developed theory encompasses the conversion-matrix approach

used for describing mixer behavior [Maa92] and thus, includes the phase-conjugated

mixing products missing from the Hot S-parameters [Maz78].

In [Ver97], a large-signal describing function as 2.4 is used to relate the large-

signal traveling B waves response of a weakly non-linear time invariant device in

terms of the stimulus traveling A waves. However, in [Ver05c], this describing fun-

ction is defined more generally by using:

[B] = ℑ([A]) (2.6)

where [A] and [B ] are vectors containing the large-signal stimulus and response
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waves, respectively, at all the ports and all the frequencies present in the system.

So, the associated frequencies with the [A] and [B ] vectors may or may not be

harmonically related, necessary condition in the linearization presented in [Ver97].

The describing function 2.6 can be linearized around a stable single-valued and

continuous operating point of ℑ by defining [A] and [B ] vectors as [A] = [A0] + [a]

and [B] = [B0]+ [b], where [B0] is the large-signal steady-state response to the large

steady-state stimulus [A0] and [b] is the small-signal response to a small excitation

signal [a] superimposed on [A0].

For linear time-invariant devices, ℑ is an analytic function and thus, [A] and [B ]

vectors can be related by a linear scattering matrix as [B] = [S]linear[A]. However,

for non-linear devices, the ℑ function is generally not analytic and [A] and [B ], or

even [a] and [b], vectors can not be related by means of a linear scattering matrix.

Nevertheless, when [a] and [b] components in a non-linear device are small, the

Jacobian [J ] of ℑ, evaluated at the large-signal operating point ([A0] and [B0]), can

be used to approximate the real and imaginary parts of the small [b] response to the

real and imaginary parts of the small [a] stimulus, following the next formulation:





Re([b])

Im([b])



 ≈ [J ]





Re([a])

Im([a])



 ≡





[

JRR

] [

JRI

]

[

JIR

] [

JII

]









Re([a])

Im([a])



 (2.7)

where [J ] is a real Jacobian matrix made up of the first partial derivatives of the

real and imaginary parts of [B ] with respect to the real and imaginary parts of [A],

evaluated at [A0] and [B0].

Thus, taking into account 2.7, small [b] response to small [a] excitation can be

reformulated by means of:

[b] ≈ [S][a] + [S′][a]∗ (2.8)

where [S ] and [S’ ] matrices can be defined according to 2.9.
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[S] = 1/2([JRR ] + [JII ] + j([JIR]− [JRI ]))

[S′] = 1/2([JRR]− [JII ] + j([JIR] + [JRI ]))
(2.9)

Therefore, the total [B ] response of the non-linear system can be predicted using

2.10.

[B] = [B0] + [b]

= ℑ([A])

= ℑ([A0] + [a])

≈ ℑ([A0]) + [S][a] + [S′][a]∗

(2.10)

It is important to note the relevance of the terms in the linearization which des-

cribe the phase-conjugating behavior of the non-linear device, since the [S’ ] matrix

allows the linearization to be applied to all first-order mixing products generated by

a weakly non-linear device.

The corresponding [S ] and [S’ ] matrix individual elements can be easily solved

with a classic linear least-squares algorithm. Thus, B0i, Sij and S′

ij parameters are

estimated in order to obtain the best fit to 2.11

Bi ≈ B0i + Sijaj + S′

ija
∗

j (2.11)

where Bi and B0i are the ith elements of [B ] and [B0] vectors, respectively, and aj

is the j th element of [a] vector.

The estimation process of B0i, Sij and S′

ij is performed for a set of measurements

of the large-signal response Bik of the device to different small-signal stimulus ajk,

where the index k corresponds to the measurement number. In order to estimate Sij

and S′

ij from this data set, the following process is carried out:

















Bi1

Bi2

...

Bik

















= B0i

















1

1
...

1

















+ Sij

















aj1

aj2
...

ajk

















+ S′

ij

















a∗j1

a∗j2
...

a∗jk

















(2.12)
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(2.13)

[B] = [β][S] (2.14)

[S] = ([β]H [β])−1[β]H [B] (2.15)

where βH is the Hermitian conjugate of β (complex conjugate of all elements in the

transposed matrix). The three elements of [S ] are the least squares estimators of

B0i, Sij and S′

ij, respectively.

2.4.2. Phase normalization

Phase normalization has been used in recent PHD models [Ver06, Ver05b] in

order to set the phase of the injected fundamental signal at the input port to zero.

This phase normalization has carried out by applying the time-invariance property

to the non-linear system. This implies that applying an arbitrary delay to the input

signal (A-waves), the output signal (B-waves) are going to be delayed exactly the

same time. This time delay, in the frequency domain, is equivalent to a linear phase

shift proportional to frequency. Thus, if a phase shift equal to θ is applied to the

system describing function, this fact can be expressed according to:

Bpmejmθ = Fpm(A11e
jθ, A12e

j2θ, ...,

A21e
jθ, A22e

j2θ, ...).
(2.16)

If θ is equal to the inverted phase of A11, the large-signal fundamental stimulus

wave, the describing function can be formulated as:

Bpm = Fpm(|A11|, A12P
−2, A13P

−3, ...,

A21P
−1, A22P

−2, ...)Pm.
(2.17)

where
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P = ejϕ(A11) (2.18)

The main advantage of the previous phase normalization is that the first input

argument, the amplitude of the fundamental stimulus wave at the input port, is a

positive real number instead of a complex number and this fact is going to simplify

the PHD model formulation.

2.4.3. Polyharmonic distortion model and X-parameters

The polyharmonic distortion model [Ver06, Ver05b, Hor10] is a black-box fre-

quency domain modeling technique that has been presented as a natural extension

of s-parameters under large-signal conditions. Black-box definition indicates that no

knowledge about the internal structure of the device is required and thus, the main

advantages of this kind of modeling technique are that it is really technology inde-

pendent and that it provides full protection of intellectual property. However, the

main drawback of this approach is its limitation for similar signals to those used in

the model extraction.

Basically, the PHD model uses the concept of harmonic superposition to analyti-

cally describe the large-signal Bpm waves response of a non-linear system, linearized

around a large signal point, in terms of a linear mapping of the stimulus Aqn wa-

ves, similar to classic s-parameters. The basic model has the following mathematical

formulation [Hor10]:

Bpm = XF
pm(DC, |A11|)P

m

+
∑

qnX
S
pm,qn(DC, |A11|)P

m−nAqn

+
∑

qnX
T
pm,qn(DC, |A11|)P

m+nA∗

qn.

(2.19)

where the model coefficients XF
pm, XS

pq,mn andXT
pq,mn are identified as X-parameters,

hence the formulation and terminology follow that introduced by Agilent, p and q are

the port indexes (1,2), m (1, 2, . . .) and n (1, 2, . . .) are the corresponding harmonic

indexes, also P = ejϕ(A11) and |A11| represents the large-signal fundamental (n=1)

input (q=1) stimulus.
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The aim of the PHD model is to provide the necessary framework in order to

enable a reliable non-linear design and test infrastructure for non-linear systems.

Thus, the X-parameters have the potential to provide the characterization, modeling

and design of non-linear components in just the same tool.

As it has been stated in previous sections, the PHD model development is

strongly based on previous works related to large-signal scattering functions or Hot

S-parameters [Ver05c]. In fact, the same techniques have been applied for PHD

model extraction but now, taking into account the assumption that all considered

frequencies in the system have to be harmonically related. Besides, X-parameters

formulation derives from a multiharmonic linearization around a periodic steady-

state established by a large-signal stimulus tone and hence, the system depends in

a strongly non-linear way on the large-signal excitation. Nevertheless, it responds

linearly to the additional harmonic components considered as small perturbations

around the time-varying system state. This concept is called “The Harmonic Super-

position Principle” and is shown graphically in Fig. 2.4.

Figure 2.4: Harmonic superposition principle.

The extraction procedure to obtain the PHD model coefficients is conceptually

straightforward due to the linear nature of 2.19 equation. In fact, the same extrac-

tion process described in [Ver97] and illustrated in Fig. 2.5 can be used for the

X-parameters computation, where only three measurements are theoretically suffi-
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2.4 Development of the polyharmonic distortion model

cient to determine each set of XF
pm, XS

pm,qn and XT
pm,qn coefficients. Hence, these

parameters are obtained from the responses of the non-linear device stimulated in

first place only by a fundamental large-signal stimulus tone and then simultaneously,

by a small-signal tone (perturbation signal) at the respective harmonic frequencies,

and two different phases in quadrature. Although this approach corresponds to the

minimum extraction measurement set, more measurements can be performed in

combination with a linear regression technique in order to reduce noise errors and

measurement uncertainty.

Figure 2.5: Parameter extraction approach.

The basic PHD model described by 2.19, where the X-parameter coefficients

are load-independent, can be used to predict the large-signal response of the non-

linear system robustly, over an extended range of impedances, around the defined

reference impedance Zref used for the traveling waves definition and thus, for the

X-parameters extraction. The validity of this assumption is an important concern

that has been addressed in this Thesis. This limitation can be simply overcome by

making the model coefficients, X-parameters, a look-up function of A21, i.e. load-

dependent, as it has been proposed in [Sim08, Hor10]. Note that in this approach, the

LSP of the linearized model is also made up of the fundamental load and thus, the

load-dependent X-parameters are able to predict the DUT behavior in a load-pull

environment. In 2.20 the new load-dependent model reformulation is defined.
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Bpm = XF
pm(DC, |A11|,Γ21)P

m

+
∑

qnX
S
pm,qn(DC, |A11|,Γ21)P

m−nAqn

+
∑

qnX
T
pm,qn(DC, |A11|,Γ21)P

m+nA∗

qn.

(2.20)

where now, the harmonic indexes are m (1, 2, . . .) and n (2, 3, . . .), instead of n

(1, 2, . . .). Hence, the reformulated X-parameter model is assumed to be spectrally

linear for the stimulus waves of second and third harmonics (if the considered har-

monic number is equal to three) at both device ports.

The table look-up approach used for X-parameters in order to improve model

accuracy in terms of fundamental load-pull predictions is not the only one propo-

sed in literature. In fact, Cardiff model [Woo08] accomplishes this issue with the

development of higher order polynomials.

2.5. Cardiff model

Cardiff model aims to overcome the basic PHD formulation limitation for predic-

ting role of fundamental load-pull behavior. The approach proposed in [Qi07, Qi09]

consists in the development of a n-order polynomial-based behavioral model that

relies on the PHD formulation expansion.

As it has been stated in previous sections, describing functions are used to repre-

sent any two-port linear or non-linear network behavior. Nevertheless, this general

description can just be used from a conceptual point of view. In the case of PHD

model, its formulation is developed by linearizing the system describing function

by means of the Jacobian operator. However, Cardiff model uses a n-order polyno-

mial with complex coefficients to approximate the describing function behavior. The

polynomial description has been selected due to its extremely robustness and thus,

its suitability for non-linearities description.

Therefore, a n-degree bivariate polynomial can be used to express the system

describing function in the following way:

B1 = ϕ10A1 + ϕ01A2 + ϕ11A1A2 + . . . + ϕn1n2A
n1
1 An2

2 (2.21)
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2.5 Cardiff model

B2 = θ10A1 + θ01A2 + θ11A1A2 + . . .+ θn1n2A
n1
1 An2

2 (2.22)

where ϕn1n2 and θn1n2 are constant complex coefficients and the stimulus waves (A1

and A2) and response waves (B1 and B2) correspond to the fundamental harmonic.

The order n of the polynomial is equal to the sum of degree n1 and n2.

For a third order polynomial, the same order of the PHD model, the non-linear

system could be described by:

B1 = ϕ10A1 + ϕ01A2 + ϕ11A1A2 + . . . + ϕ30A
3
1 + ϕ03A

3
2 (2.23)

B2 = θ10A1 + θ01A2 + θ11A1A2 + . . .+ θ30A
3
1 + θ03A

3
2 (2.24)

By expanding 2.23 and 2.24, different harmonic components are generated due

to the terms multiplication. If only fundamental components are taken into account,

the DC and higher harmonic terms can be filtered and just the following products

are going to be considered in this analysis:

ϕ10A1 ϕ01A2 ϕ21A2A
2
1 ϕ12A1A

2
2 ϕ30A

3
1 ϕ03A

3
2

θ10A1 θ01A2 θ21A2A
2
1 θ12A1A

2
2 θ30A

3
1 θ03A

3
2

If the stimulus waves are expressed in the frequency domain as:

A1 = |A1|[e
−jα1 e+jα1 ] (2.25)

A2 = |A2|[e
−jα2 e+jα2 ] (2.26)

where |An| and |αn| are the magnitude and the relative phase, respectively, of the

stimulus traveling wave. By substituting 2.25 and 2.26 in the odd-order products,

the resulting positive fundamental components can be derived and thus, the input

response wave can be expressed as in 2.27.
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B1 = (ϕ10|A1|+ 3ϕ30|A1|
3 + 2ϕ12|A1||A2|

2)e−jα1

+(ϕ21|A1|
2|A2|)e

−j2α1+jα2

+(ϕ01|A2|+ 3ϕ03|A2|
3 + 2ϕ21|A2||A1|

2)e−jα2

+(ϕ12|A2|
2|A1|)e

−j2α2+jα1

(2.27)

B2 equation is similar to B1, except for the coefficients terminology. If 2.27 is

rearranged, following the s-parameters definition, the third order polynomial beha-

vioral model can be defined as:

B1 =
[

(ϕ10 + 3ϕ30|A1|
2 + ϕ12|A2|

2)

+(ϕ21|A1||A2|)
(

Q
P

)]

A1

+
[

(ϕ01 + 3ϕ03|A2|
2 + ϕ21|A1|

2)

+(ϕ12|A1||A2|)
(

P
Q

)]

A2

(2.28)

where Q = e−jα1 and P = e−jα2 . In the same way, the corresponding B2 equation

can be obtained.

If 2.28 terms are unified in just four variables to represent the magnitude com-

ponents, the following formulation is obtained:

B1 =

[

C1,0 + C1,1

(

Q

P

)]

A1 +

[

U1,0 + U1,1

(

P

Q

)]

A2 (2.29)

B2 =

[

C2,0 + C2,1

(

Q

P

)]

A1 +

[

U2,0 + U2,1

(

P

Q

)]

A2 (2.30)

The third order polynomial-based behavioral model 2.29-2.30 can be generalized

to higher nth-order models following 2.31 formulation.

Bk =

n−1

2
∑

m=0

Ck,m

(

Q

P

)m

A1 +

n−1

2
∑

m=0

Uk,m

(

P

Q

)m

A2 (2.31)

where k corresponds to the port index and n to the polynomial order.

As conclusion, it is relevant to headlight that the generic formulation of Cardiff

model 2.31, based on a n-order polynomial description, allows to improve model

accuracy and thus, to better account for non-linear device behavior in comparison
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with a third order extension, as the PHD model. Hence, accuracy of Cardiff model is

limited by the selected polynomial order while PHD model robustness is confined to

an extended range of impedances, around the reference impedance. Nevertheless, this

limitation can be simply overcome by making the X-parameters a look-up function

of A2.

In this Thesis, the load-independent X-parameters formulation is going to cons-

titute the core of the developed framework which main purpose is to enable reliable

and accurate analytical design approaches for non-linear systems, as power ampli-

fiers or oscillators. The basic PHD model has been selected due to its simplicity

and its coefficients definition, since its load independency (A2) makes possible the

use of these basic expressions to analytically predict device non-linear response to

any variation in the load impedance. This is an essential requirement in any analy-

tical circuit design approach, that invalidates load-dependent X-parameters use for

analytical predictions.

2.6. PHD model validation in CAD-based oscillator de-

sign

2.6.1. Introduction

Accurate non-linear circuit models are essential to efficient design complex mi-

crowave transceivers. In CAD circuit simulation, most of the available transistor

models are still formulated in the time-domain and usually fall into two categories

compact/analytical [McA96] and table-based approaches [Rod07]. The main diffe-

rence consists in whether the intrinsic non-linear functions are defined analytically

or by means of interpolated data tables. All these approaches assume a linear ex-

trinsic parasitic network, and non-linear functions are extracted from DC and bias

dependent small-signal s-parameters.

Table-based models can also be considered intrinsic black-box approaches, since

they basically relate in the time-domain intrinsic input and output variables (i.e.

currents -displacement or conduction- vs. voltages). In this sense, a different classi-
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fication as the one stated above could be performed. Nevertheless, from the point of

view of this Thesis, table-based definition refers to time-domain approaches in which

the intrinsic equivalent circuit topology is simplified in comparison to compact ap-

proaches and does not require parameter extraction and optimization steps. Besides,

the non-linear functions are defined in table-format, as a function of instantaneous

port voltages and/or currents, and interpolated during simulation time.

The main drawback of time-domain approaches is its high complexity and its

low computational efficiency. However, recently, a number of different behavioral

approaches [Ver06, Ver05b, Woo08, Qi07] have been developed to improve accuracy

and decrease the circuit simulation time. The penalty paid with respect to conven-

tional time-domain models is the fact that the model accuracy is limited to almost

the same transistor operating conditions used when performing the measurements

for model extraction and thus, model extrapolation is much reduced in comparison

with conventional models. Besides, the measurements required for model extraction

demand expensive and complex large-signal measurement systems as the LSNA.

Although, being measurement-based they are very fast to generate. A critical next

step is to demonstrate the usefulness and validity of such models when used in CAD

design.

Therefore, in this section, the usefulness and validity of polyharmonic distortion

models in CAD design are going to be evaluated. As this model has already been

successfully demonstrated at transistor level (FETs [Ver07] and HBTs [Ver05b]) and

at circuit level (PAs [Bet11], mixers [Ver07]), in this Thesis, PHD modeling approach

is going to be evaluated and validated in the framework of oscillator design. Note

that part of the information included in this section has already been published in

[Pel10a, Pel10b] by the author.

In order to establish the usefulness of X-parameters for oscillator modeling in the

transceiver design framework, a frequency-domain HBT behavioral model has been

experimentally generated and compared, both at device and circuit level, with two

time-domain conventional transistor large-signal models: the VBIC [McA96] and

the table-based approach [Rod07]. The PHD model has been extracted using the

load-pull LSNA-based measurement system of University of Vigo. Once the three
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2.6 PHD model validation in CAD-based oscillator design

non-linear models are generated, HBT-based oscillators are going to be designed and

manufactured in order to validate the predicted behavioral model performance at

circuit level in comparison with the conventional approaches.

Furthermore, the goal of this section is also to determine the most robust PHD

model extraction strategy for oscillator design and thus, the X-parameters have been

extracted at different output port impedances and injection levels. The obtained

results for the different extraction strategies have been evaluated and compared

with the manufactured HBT-based RF oscillators behavior.

2.6.2. PHD model extraction

In this section, a PHD model is going to be extracted for a SiGe HBT from wave-

form data which were obtained from the measurement system available at University

of Vigo.

As it has been stated in previous sections, the X-parameters coefficients at each

harmonic can be extracted directly from three measurements (the responses at each

port and at each harmonic frequency to the large tone, the responses at the simulta-

neous excitations of the large tone and a small-signal perturbation tone, and finally,

the responses to a simultaneous excitation of the large tone and a small-signal per-

turbation tone at the same frequency, but in phase quadrature). Therefore, as the

output spectral component (Bpm) has contributions from both Aqn and A∗

qn, the

two relative phases for the small tones provide two independent data for the output

spectral component (Bpm), that are sufficient to determine the XS and XT terms

for a given harmonic frequency component. Although three measurements are theo-

retically enough to extract the PHD model coefficients, it may be advantageous to

perform more measurements in combination with a linear regression technique for

reducing residual measurement errors. This is the main reason why the behavioral

model is going to be extracted by using active load-pull measurements, as it has

been proposed in [Woo08].

The required load-pull locus can be achieved by terminating the device into a 50

Ω impedance, and then setting the output signal source (A21) to a fixed low power
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level and randomizing the input signal source phase P between 0 and 2π.

As the behavioral model is going to be used in the design of an oscillator, it would

be more appropriate to center the load-pull loci around the output impedance more

suitable from the transistor operation point of view. Depending on the oscillator’s

specifications, in terms of noise or power, this impedance (ZLosc) could be, for exam-

ple, the one which provides maximum linear output power. For setting the load-pull

locus center to ZLosc, a passive tuner can be inserted in the measurement system.

This tuner only sets output impedance at the fundamental frequency and hence,

control of the tuner impedances for the 2nd and 3rd harmonics is not possible. But

these impedances can however been measured and, in this case, the second harmonic

impedance is unfortunately quite different from the estimated impedance presented

by the oscillator circuit. The architecture for generating the required load-pull loci

is graphically illustrated in Fig. 2.6 and is available at University of Vigo, where the

output impedance is obtained by combining a passive tuner and a signal source by

means of a directional coupler. A photograph of the measurement system used to

extract the PHD model is also depicted in Fig. 2.7. Note that as the HBT, for mea-

surement purposes, is mounted on a test fixture, the passive tuner must be adjusted

at a value such as the transistor sees ZLosc at its output port.

Figure 2.6: Architecture for generating the required load-pull loci by integrating an active

source and a passive tuner.
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Figure 2.7: Maury-NMDG LSNA measurement system with active fundamental load-pull

capability.

As conclusion, direct extraction of XS and XT terms requires to measure the

RF large-signal waveform performance of the device under the desired load-pull loci

impedances for a constant input power (A11) and randomized input signal phase.

Besides, the load-pull loci must satisfy the following condition:

A21 = B21Γtuner +As (2.32)

where As represents the stimulus wave generated by the output signal source and

Γtuner the reflection coefficient provided by the passive tuner.

The resulting measured B and A waves, after performing the load-pull sweep,

can be used in combination with a Least-Squares algorithm in order to extract the

X-parameters as a function of the input drive and the load impedance.
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2.6.3. PHD model validation at device level

The PHDmodel is going to be extracted for a packaged SiGe HBT (NESG2030M04),

the transistor used in the oscillator circuits, from waveform data obtained from the

Maury-NMDG LSNA measurement system with active fundamental load-pull capa-

bility, available at University of Vigo. A photograph of the present system is depicted

in Fig. 2.7.

The aim of this section is to design oscillators at 5 GHz by using a model able

to cope in the simulator with oscillator frequency variations up to 0.5 GHz. With

this in mind, the X-parameters extraction has been performed by measuring the

device behavior for the following conditions: a fundamental frequency sweep from

4.5 to 5.5 GHz (7 frequency values) and a range of the input drive level A11 from -30

dBm to 6 dBm (14 power levels). The chosen transistor bias point Q is: Ib = 87mA,

Vce = 1.95V. The output signal source is set to approximately 15 dB below A11

and the selected ZLosc, at transistor output port, is 70+j30 Ω (optimum oscillator

impedance condition selected according to Cripps design method [Cri83] to obtain

maximum oscillator power) and thus, system tuner has been set accordingly when

necessary. From these measurements, XS and XT coefficients have been extracted

using a Least-Squares algorithm.

In order to validate the extracted X-parameters at device level, the PHD model

has been implemented in Advance Design System (ADS) by means of a Frequency-

Domain Defined Device (FDD) built-in component. This element allows ADS users

to easily add custom behavioral, non-linear system models, by describing the output

spectral components in terms of arbitrary functions of the input spectral compo-

nents. Hence, the FDD enables PHD model implementation in combination with a

data-access component (DAC), which links the measured X-parameters, tabulated

and stored in a multidimensional Citifile, to the model by performing multidimen-

sional interpolation during the simulation. The implemented PHD model in ADS is

shown in Fig. 2.8.

The developed circuit model is then placed in a simulation template in ADS and

a Harmonic Balance analysis has been performed by applying a single tone excitation
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Figure 2.8: PHD model implemented with a FDD built-in component.

at the HBT input, terminated with 70+j30 Ω. The HB analysis has been computed

for a sweep of the input drive level similar to that used for model extraction.

As the main purpose of this section consists in evaluating the usefulness and ac-

curacy of X-parameters at device level, for a SiGe HBT, the obtained experimental

PHD model is going to be compared with two time-domain conventional transistor

large-signal models: the VBIC [McA96] and the table-based approach [Rod07]. Hen-

ce, both time-domain modeling approaches have also been extracted and simulated

in ADS for the same device and for identical simulation conditions that those used

in PHD model.

Figs. 2.9 to 2.11 show device level comparison between the large-signal respon-

ses of the different extracted models and HBT measurements for a fundamental

frequency of 5 GHz.

Obtained results confirm the expected behavioral model good predictions at

device level, improving on those of the conventional models at the same operating

conditions used for model extraction. Also, in the previous plots it could be observed

that the behavioral model is showing good results even at power levels where it

is obviously extrapolating. Furthermore, the PHD model behavior has also been

compared with the measured response of the transistor using the LSNA system. The

measured output power at the fundamental frequency and harmonics is remarkably

similar to the output power predicted by the extracted model and thus, this fact

confirms X-parameter model validity in order to accurately predict the transistor

39



X-parameters Fundamentals and Application in Oscillator Design

behavior in similar conditions that those used in model extraction.

Figure 2.9: Measured and simulated, using the three different approaches, output power vs.

input power at the fundamental frequency of 5 GHz.

Figure 2.10: Measured and simulated, using the three different approaches, second harmonic

output power vs. input power at the fundamental frequency of 5 GHz.
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Figure 2.11: Measured and simulated, using the three different approaches, third harmonic

output power vs. input power at the fundamental frequency of 5 GHz.

2.6.4. PHD model validation at circuit level

The next step is the PHD model validation at circuit level and thus, in order

to fulfill this purpose, RF free-running HBT-based oscillators at 5 GHz have been

designed, fabricated and tested to prove X-parameters skills. The manufactured

circuits performance has been compared to that predicted by the HBT experimental

X-parameter model used to simulate the corresponding oscillator circuit behavior in

ADS and successful results have been obtained.

These oscillators have been initially designed by using the table-based model

since the aim of this initial work is just to validate the HBT X-parameters predictions

in the oscillator framework, although similar performance could be obtained using

the behavioral model for the same purpose, as it has been proved in chapter 7, where

an analytical design approach has been developed using X-parameters formulation

in order to accurately design RF free-running oscillators.

The selected oscillator design method, using the conventional time-domain mo-

deling approach [Rod07], mainly follows the classical negative-resistance approach

41



X-parameters Fundamentals and Application in Oscillator Design

based on s-parameters [Gon07]. This design procedure is very popular due to its

simplicity and, in practice; a reasonable approximation to the real oscillator per-

formance can be achieved. However, these analytical design criteria are based on

a linear approach and, therefore, it cannot accurately predict the oscillator beha-

vior not only in terms of the output power but also with respect to the oscillation

frequency. Thus, large-signal simulations (usually Harmonic Balance based) are man-

datory as a further step to provide accurate non-linear predictions of the oscillator

performance [Gon07, Sua09]. Therefore, the developed HBT-based oscillators have

been designed using classical negative-resistance approach in combination with HB

simulations and taking into account the maximum output power criterion as design

target, thus the optimum oscillator impedance condition has been selected according

to Cripps design method [Cri83] (see chapter 7, section 7.3).

Once the oscillators have been initially designed using the table-based model in

ADS and the oscillator specifications are reached in simulation (fundamental fre-

quency close to 5 GHz and maximum output power), the conventional time-domain

model [Rod07] is replaced with the extracted VBIC and experimental PHD model,

for the same HBT SiGe, in order to compare and evaluate the oscillator predictions

obtained with the three models. Furthermore, the manufactured oscillators perfor-

mance has been measured with the aid of the 20 Hz to 40 GHz Rhode Schwarz

FSV40 Signal and Spectrum Analyzer and in Table 2.1 a comparison between mea-

surements and predicted behavior of the HBT-based oscillator depicted in Fig. 2.12

is shown. Similar results haven been obtained for the other oscillator circuits.

Table 2.1: HBT-based oscillator: measurements vs. simulations

Measurements PHD Table-based VBIC

model model model

Freq.(GHz) 4.6 4.76 4.84 4.91

Power fund freq. (dBm) 6.1 9.9 9.4 10.1

Power 2nd harm. (dBm) -13.8 -26.4 -21.8 -27.4

Power 3rd harm. (dBm) -9.3 -11.5 -13.6 -9.6

Simulation time (s) — 8.99 20.08 5.59
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Figure 2.12: Photograph of the manufactured common-emitter HBT-based oscillator circuit,

with partial bonding.

As can be seen, the predictions of the behavioral model are quite good and

improve those obtained with both time-domain approaches. The predicted circuit

oscillation frequency by the PHD model is just 160 MHz away from the measu-

red one while table-based and VBIC approaches are 240 MHz and 310 MHz away,

respectively. Respect to the predicted output power, at the fundamental frequency

and main harmonics, the differences between model results and measurements are a

little bit higher but even so, this power deviation is consistent with the tolerances

expected by the manufacturers of the circuit substrate and components.

Indeed, in order to check the manufacturing process tolerances, the same circuit

was fabricated by using two different technology processes: a milling and a photo-

lithographic method. The LPKF ProtoMat circuit board plotter has been used for

producing the first one prototype since it allows a depth milling of microwave prin-

ted circuit boards (PCBs). Other PCB prototyping method is the photolithography,

where a photomask and a chemical etching are used to remove the copper foil from

the substrate. Furthermore, although the oscillator PCB has been manufactured

using two different methods, the passive and active components used in both circuits

are the same but it is important to note that each component tolerance can modify

the oscillator global behavior. Finally, both prototypes have been characterized in

43



X-parameters Fundamentals and Application in Oscillator Design

the same conditions. The measured power at the fundamental frequency presents a

2 dB power deviation between both oscillators and respect to the harmonics power a

higher difference, of approximately 7 dB, has been measured. Furthermore, a oscilla-

tion frequency shift of almost 200 MHz has also been produced. Hence, taking into

account these results, the accuracy of the measurement-based PHD model to predict

the non-linear transistor behavior in oscillator circuits has been demonstrated.

A critical element in the design of complex microwave transceivers is the availabi-

lity of computational efficient non-linear models. Thus, the simulation time required

for the oscillator HB analysis has been computed and compared for the three diffe-

rent modeling approaches. Obtained results are also shown in Table 2.1, where it can

be observed that the simulation time in the case of PHD model is much lower than

in the case of the table-based approach. Nevertheless, the simulation time for the

compiled VBIC (in ADS) is much smaller, but we must take into account that the

table-based approach has been implemented in ADS using Symbolic Defined Devices

(SDDs) and the behavioral one using FDDs, both not compiled implementations.

As conclusion, the PHD model validity at circuit level has been evaluated in

oscillator context. The behavioral model success in predicting oscillator circuits per-

formance has been demonstrated and a performance improvement has also been

achieved in comparison with the other two non-linear approaches.

2.6.5. X-parameters extraction strategies for oscillator design

In previous sections, the PHD model validity, both at device and circuit level,

has been proved using a conventional extraction strategy, where the perturbation

tone is significantly lower respect to the fundamental input drive tone. However,

this is not the unique solution and different extraction strategies are going to be

evaluated, at device and circuit level as well, in order to determine which one is the

better suited for oscillator design with this model.
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2.6.5.1. PHD model validation at device level

An active load-pull configuration, as the proposed in Fig. 2.6, has also been used

to perform the different X-parameters extraction strategies that have been evaluated

at device level in this section, for the same packaged SiGe HBT and using identical

bias conditions and frequency and input power sweeps. Initially, this extraction

procedure has been used in a nominal 50 Ω system with small tone active injection.

However, this model in the oscillator simulation will have to predict device behavior

at an output impedance not close to 50 Ω and thus, the problem of poor model

performance, in load impedance regions far away of the extraction impedance, can

be addressed as shown in [Qi09] by defining a higher order term model formulation

and also including the dependence on the magnitude of the load-reflected stimulus

tone, A21, in the XS and XS terms. However, in this Thesis, the model formulation

is going to be confined to the basic PHD type, and the following extraction strategies

are going to be performed: a 50 Ω approach, and a non 50 Ω one, using in both cases

two different A21 injection levels (a small-signal level, level 1, and a large-signal level,

level 2). The impedance space covered by the 50 Ω approach, when using the two

injection levels, can be seen in Fig. 2.13.

Figure 2.13: Measured locus of A21/B21 at different injection levels (low power level, level

1, and higher injection, level 2) and for a tuner impedance of 50 Ω. Phase randomization is

apparent in the contours. It is also shown the position of the actual load impedance present

to the HBT at the designed oscillator circuit.
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This figure shows how the locus of A21/B21 for level 2 contains the estimated

impedance seen by the HBT in the oscillator. Unfortunately, this approach is not

always possible, since it depends on how far the desired impedance for appropriate

oscillator performance is from 50 Ω. The higher the differences in impedances, the

higher injection is required, sometimes not achievable with a standard generator or

alternatively generating impedances encompassing unstable regions.

Hence, the second approach is to center the fundamental load-pull loci around

the output impedance more appropriate for the oscillator operation, following the

same concepts explained in the previous section, where for setting the load-pull locus

center to ZLosc, a passive tuner has been inserted in the measurement system of Fig.

2.6. Nevertheless, in this second strategy, different signal source 2, A21, injection

levels have also been tried. In all cases studied in this evaluation of the PHD model

extraction strategies, level 1 is set approximately 15 dB below A11, and level 2, 2 dB

above A11. Fig. 2.14 shows the locus of A21/B21 at different injection levels obtai-

ned for this second procedure. Device power performance predictions from models

extracted for each approach is also shown in Figs. 2.15, 2.16 and 2.17, where the

HB analysis simulations have been performed by using the same load impedance of

70+j30 Ω, the one expected seen by the HBT at the oscillator circuit.

Figure 2.14: Measured locus of A21/B21 at different injection levels (low power level, level

1, and higher injection, level 2) and for a tuner impedance of 70+30j Ω. It is also shown the

position of the actual load impedance present to the HBT at the designed oscillator circuit.
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Figure 2.15: Measured and simulated, using different extraction procedures, SiGe HBT out-

put power vs. input power at the fundamental frequency of 5 GHz.

Figure 2.16: Measured and simulated, using different extraction procedures, second harmonic

SiGe HBT output power vs. input power at the fundamental frequency of 5 GHz.
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Figure 2.17: Measured and simulated, using different extraction procedures, third harmonic

SiGe HBT output power vs. input power at the fundamental frequency of 5 GHz.

Obtained results for the 50 Ω case confirm that the use of a higher injection

level improves model performance, as it was expected, since the locus of A21/B21

for level 2 contains the estimated impedance seen by the HBT in the oscillator and

thus, the model is interpolating. Nevertheless, for the 70+30j Ω case, slightly better

results were obtained by using the higher injection level. The explanation for this

result could be the improvement in the accuracy of the resulting measurements and

the higher averaging of model parameters over a wider impedance space. Hence, as

the obtained results for this impedance using both injection levels are very similar,

level 1 case has not been represented in Figs. 2.15, 2.16 and 2.17 in order to clarify

the represented plots.

As conclusion, the extraction strategies with the impedance load set to 70+30j Ω,

using both injection levels, and 50 Ω, using the level 2, accurately predict the HBT

behavior, at device level, for a load impedance of 70+30j Ω, the optimum oscillator

impedance. Similar results are expected at oscillator circuit level as well.
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2.6.5.2. PHD model validation at circuit level

Once the X-parameters extraction approaches have been validated at device level,

its predictions are going to be evaluated at circuit level in order to establish which

one is the most suitable for RF free-running oscillator design with this model.

Again, the same RF free-running HBT-based oscillators designed at 5 GHz have

been tested to validate the usefulness and accuracy of the extracted PHD models.

Nevertheless, a different oscillator is now selected to perform the comparison between

the measured and predicted oscillator behavior. In Fig. 2.18 a photograph of the

manufactured circuit is depicted.

Figure 2.18: Photograph of the common-emitter HBT-based oscillator circuit before com-

pletion of via-hole metallization.

The oscillator performance has been measured with the aid of the 20 Hz to 40

GHz Rhode Schwarz FSV40 Signal and Spectrum Analyzer and in Table 2.2 a com-

parison between measurements and predicted behavior of the HBT-based oscillator

depicted in Fig. 2.18 is shown.

Table 2.2 results prove the high accuracy of the different basic PHD models

evaluated in this work. Indeed, the frequency prediction error is just 100 MHz and

the error in the fundamental power estimation is approximately 0.4 dB, thus the

different extraction strategies mean a great success in the efficient design of RF

oscillators in commercial CAD simulators.
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Table 2.2: HBT-based oscillator: measurements vs. simulations

Meas. ZL = ZLosc ZL = ZLosc ZL = 50 ZL = 50

level 2 level 1 level 2 level 1

Freq.(GHz) 5.19 5.098 5.095 5.092 5.089

Power fund freq. (dBm) 8.7 9.07 9.11 9.17 9.33

Power 2nd harm. (dBm) -15 -17.28 -21.06 -18.03 -16.77

Power 3rd harm. (dBm) -13 -13.02 -14.22 -12.9 -12.7

Furthermore, as can be seen, the predictions of the behavioral model extracted

at 50 Ω and an appropriate high injection level of A21, or those of the model close

to ZLosc are very good, proving the usefulness of both extraction strategies. Besides,

the PHD model at ZLosc and extracted with higher level of injection is the one that

show better accuracy.

Finally, it is important to highlight that during oscillator design, the PHD model

was used to predict performance at different impedance values and frequencies not

directly measured and the model provides the necessary extrapolating and interpo-

lating characteristics. This requirement is essential for a practical oscillator design

tool and therefore, the usefulness and validity of X-parameters models when used in

CAD design have been proved.
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Chapter 3

Development of an Analytical

Non-linear Circuit Design

Framework, based on

X-parameters

3.1. Introduction

The classical analysis and design of linear microwave transistor-based circuits,

as microwave amplifiers and oscillators, is based on the development of analytical

approaches, involving the transistor s-parameters and the circuit performance re-

quirements, that are able to provide an analytical solution for the input/output

transistor loading conditions. For example, in the case of a microwave transistor

amplifier, the input and output matching networks are chosen to fulfill a set of de-

sign criteria as gain, input and output match, noise or efficiency. Assuming that

the transistor is excited by a small signal, its operation can be consider linear and

the small-signal s-parameters can be used to characterize its behavior. Thus, the

development of simple and analytical design approaches, based on s-parameters, is

possible and the optimum source and load reflection coefficients can be easily ob-

tained, according to the design requirements. The amplifier design problem can be
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conceptually described as in Fig. 3.1.

Figure 3.1: Block diagram of the microwave transistor amplifier design problem.

However, for large-signal power amplifiers, although the same conceptual ap-

proach can be used, the transistor representation by means of the s-parameters is

no longer valid. Hence, a non-linear model able to predict the transistor non-linear

effects, as the harmonic generation, is essential. Therefore, complex non-linear mo-

deling approaches must be used to describe the device behavior, which then feeds

into conventional numerical large-signal circuit design approaches.

In this classical design context, large-signal simulations (usually Harmonic Ba-

lance based) are thus mandatory as a further step to provide accurate non-linear

predictions of the circuit performance. The main drawbacks of this method are the

lengthy and time-consuming simulator-based design steps and hence, it would be

helpful to further develop an analytical non-linear design approach to better ac-

count for non-linear active device behavior, as in CAD based methods, but also

enabling real-time synthesis, hence quickly providing an initial valid design solu-

tion that could be later, if required, validated or optimized in the CAD tools, thus

considerable decreasing simulation time.

In summary, large-signal circuit design is mainly based on complex non-linear

modeling approaches coupled with numerical techniques (Harmonic Balance) or em-

pirical source/load-pull techniques that allow to correctly describe the device perfor-

mance and thus, it enables to determine the appropriate input and output matching

networks according to the design specifications.

Within this non-linear design framework, X-parameters formulation aims to ex-
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tend s-parameters capabilities to non-linear operation, thus providing besides a nu-

merical design framework, the possibility of developing simple, analytical design ap-

proaches that could circumvent or diminish the need of complex non-linear models

that are necessary in conventional numerical large-signal circuit design. Moreover,

an analytical design formulation based on X-parameters should be able to provide

the information to directly find a good initial guess about the source and load impe-

dances that meet the design requirements for output power, efficiency, input/output

match, etc [Bay11]. Hence, design time efficiency may be significantly improved sin-

ce time-consuming simulator based steps could be replaced by real-time analytical

predictions.

With this motivation in mind, the aim of this Thesis is the development of analy-

tical non-linear design methodologies, based on load-independent X-parameters, that

allows to extend the paradigm for s-parameters in small-signal design to non-linear

applications.

Hence, the development of similar s-parameters based analytical design tools,

valid under non-linear operation, and able to analytically determine fundamental

parameters in circuit design as the stability factor, the power gain contours or the

input/output match constitute the core of the current Thesis. The capability to

analytically predict contours as the power gain contours for different non-linear gain

criteria may move current non-linear design from predominantly empirical techni-

ques (source/load-pull characterization) to simpler analytical approaches.

Among the analytical design tools that have been extended in this work from

small-signal to large-signal operation by means of the X-parameter formulation, it

should be cited the following ones:

The development of an analytical non-linear design approach for series feed-

back circuits computation, that provides the key component required for de-

veloping analytical circuit design procedures for feedback amplifiers and os-

cillators. This formulation enables to extend conventional series connection

modeling based on small-signal z-parameters computation to a large-signal

operating environment by means of the X-parameters, the correct superset of
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non-linear parameters that allow to extend the s-parameters formulation into

a non-linear context.

Conventional analytical expressions for input/output reflection coefficients of

a two-port network in terms of s-parameters have been extended to provide an

input drive dependent formulation that enables to properly characterize the

non-linear network under large-signal operation by means of X-parameters.

The proposal of an analytical tool to provide guidance with respect to the

determination of the large-signal locus, gamma equal to the unity, at the fun-

damental frequency and thus guide the microwave circuit design stage. This

design guidance may be very useful in speeding up oscillator design. Besides,

its ability to provide similar general stability guidance, as classic s-parameters

stability circles under small-signal operation, to assess circuit stability in large-

signal regime has also been demonstrated. Hence, X-parameters formulation

provides an alternative to evaluate stability (stability factor, stability circles)

in non-linear circuits.

The development of a predictive tool for load-pull contours by means of X-

parameters in a similar manner than s-parameters based gain contours but

overcoming, in a given impedance area around the measurement load, s-parameters

main weakness, its degradation with drive. Hence, this analytical tool based

on X-parameters formulation enables to address power contours functionality

under non-linear regimen. This part is partly included in [Woo11], as a joint

work carried out by the Technical University of Madrid, the University of Vigo

and Cardiff University.

Finally, previous analytical design tools provide the necessary framework to de-

velop analytical non-linear circuit design procedures equivalent to those based on

s-parameters. Hence, such predictive tools have been successfully utilized to provide

a novel microwave oscillator analytical design procedure that incorporates non-linear

effects, as in numerical methods (Harmonic Balance). This new approach improves

predictions of fundamental output power and oscillation frequency in comparison

with conventional small-signal methods based on s-parameters. Furthermore, this
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real-time approach accounts for non-linear active device behavior as in CAD based

numerical methods with conventional non-linear models, with the added value of a

direct computation of the non-linear network performance and, hence speeding-up

the design process.

Therefore, such analytical design framework enables to significantly simplify the

large-signal design processes as well as dramatically decrease the required design time

and thus, obtain more efficient methodologies. In Fig. 3.2, a flowchart describing the

different analytical approaches that have been dealt with during the present Thesis

is shown.

Figure 3.2: Flowchart of extended conventional analytical design tools to non-linear appli-

cations by means of X-parameters paradigm.

However, before tackling previous analytical design methods, it is necessary first

to evaluate the robustness of the load-independent X-parameters formulation and

establish the impedance region for which its predictions remain valid, in order to

obtain accurate predictions when used as an enabler of analytical non-linear circuit

design. This issue has been addressed in chapter 4.
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3.2. Analytical design tools based on X-parameters

In this section, a more detailed review of the main X-parameters based tools

developed in the present Thesis for analytical non-linear circuit design has been

performed. This analytical framework is focused in oscillator circuit design, although

it may be applied to amplifier design as well.

3.2.1. Input/output reflection coefficient close-form expressions

The aim of this section is to extend conventional analytical expressions for in-

put/output reflection coefficients based on small-signal s-parameters of a two-port

network, as the one depicted in Fig. 3.1, to provide an input drive dependent formu-

lation that enables to properly characterize a non-linear network under large-signal

operation.

This formulation can be developed by using the load-independent X-parameters

coefficients, defined at fixed respective harmonic terminations, through manipulating

traveling wave’s relationships, as follows. The input reflection coefficient of a non-

linear block characterized by the X-parameters formulation can be described as 3.1.

ΓIN =
B1

A1
=

XS
11A1 +XS

12A2 +XT
12P

2A∗

2

A1
(3.1)

where XS
11 = XF

11/|A11|

Note that the simplified formulation used in 3.1 assumes that all the harmonic

terminations are 50 Ω, so the Aqn waves can be neglected for n > 1 and, as this de-

velopment is restricted to the fundamental frequency of the driving signal, harmonic

indexes in 3.1 are equal to m = n = 1. Thus, in order to simplify model notation,

fundamental B11 wave: B11 = XF
11P +XS

11,21A21 + XT
11,21P

2A∗

21 has been replaced

by the following notation: B1 = XF
11P +XS

12A2 +XT
12P

2A∗

2. The above assumption

will be considered for the rest of the work.

In 3.1, the input reflection coefficient depends on the A2 and A1 and thus, it is

necessary to obtain a expression that relates both incident waves in order to provide a

equation for the input reflection coefficient in terms of just the X-parameters and the
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load impedance. Hence, if the fundamental output response wave B2 is manipulated

as follows, such relationship between A2 and A1 can be obtained.

B2 =
A2

ΓL
= XS

21A1 +XS
22A2 +XT

22P
2A∗

2 (3.2)

Using 3.2 in the following system equation, the A2 traveling wave can be ex-

pressed as a function of the input wave A1. The final expression is described in

3.4.







B2 = A2/ΓL = XS
21A1 +XS

22A2 +XT
22P

2A∗

2

B∗

2 = A∗

2/Γ
∗

L = XS∗
21 A

∗

1 +XS∗
22 A

∗

2 +XT∗

22 P
−2A2

(3.3)

A2 =

((

1− Γ∗

LX
S∗
22

)

ΓLX
S
21 + ΓLX

T
22Γ

∗

LX
S∗
21

)

A1
∣

∣ΓLXS
22 − 1

∣

∣

2
−
∣

∣ΓLXT
22

∣

∣

2 (3.4)

Finally, by replacing 3.4 in 3.1, the input reflection coefficient at the fundamental

frequency can be obtained in terms of the load-independent X-parameters.

ΓIN = XS
11 +

XS
12ΓL

((

1− ΓLX
S
22

)

∗

XS
21 +XT

22

(

ΓLX
S
21

)

∗
)

∣

∣ΓLXS
22 − 1

∣

∣

2
−
∣

∣ΓLXT
22

∣

∣

2 +

+
XT

12Γ
∗

L

((

1− ΓLX
S
22

)

XS∗
21 +XT∗

22 (ΓLX
S
21

)

∣

∣ΓLXS
22 − 1

∣

∣

2
−
∣

∣ΓLXT
22

∣

∣

2 (3.5)

The output reflection coefficient can also be expressed by means of X-parameters

following a similar development as the previous one. The final expression is given by

3.10.

ΓOUT =
B2

A2
=

XS
21A1 +XS

22A2 +XT
22P

2A∗

2

A2
(3.6)

where XS
21 = XF

21/|A11|

The fundamental input response wave, B1, can be expressed in function of the

X-parameters as:

B1 =
A1

ΓS
= XS

11A1 +XS
12A2 +XT

12P
2A∗

2 (3.7)
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Using 3.7 in the following system equation, the A1 traveling wave can be ex-

pressed as a function of the input wave A2. The final expression is described in

3.9.







B1 = A1/Γs = XS
11A1 +XS

12A2 +XT
12P

2A∗

2

B∗

1 = A∗

1/Γ
∗

s = XS∗
11 A

∗

1 +XS∗
12 A

∗

2 +XT∗

12 P
−2A2

(3.8)

A1

A2
=

|ΓS |
2(|XS

12|
2 − |XT

12|
2)

(Γ∗

SX
S∗
12 (1− ΓSXS

11)− ΓSXT
12(1− Γ∗

SX
S∗
11 ))

= ∆ (3.9)

Finally, by replacing 3.9 in 3.6, the output reflection coefficient at the funda-

mental frequency can be obtained in terms of the load-independent X-parameters

(3.10).

ΓOUT = XS
22 +XS

21∆+
XT

22∆

∆∗
(3.10)

A more complete development can be found in chapter 6.

3.2.2. Input/output gamma equal to unity curves

In small-signal operation, the stability of a two-port network, as the one depicted

in Fig. 3.1, can be analyzed in terms of the input/output reflection coefficients.

Indeed, an oscillation can occur if either the input or output port impedances present

a negative real part, which imply that reflection coefficients magnitude is higher than

the unity. Hence, the input and output locus gamma equal to unity (|ΓIN | = 1 and

|ΓOUT | = 1) determine the boundaries between the stable and instable regions of the

transistor block. These locus are commonly referred to the classical input/output

stability circles.

Nevertheless, the stability circles, expressed in terms of s-parameters, are valid

only for small-signal operation since accurate calculation of input/output reflection

coefficients, under large-signal operation, is required to properly characterize the

non-linear network under such regime.

Therefore, from previous input/output reflection coefficient close-form expres-

sions based on X-parameters, the boundary loci between the negative (energy deli-
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vered) and positive (energy absorbing) real input impedance regions of the non-linear

network can be obtained by solving 3.5 and 3.10 for |ΓIN | = 1 and |ΓOUT | = 1, res-

pectively. The solution |ΓIN | = 1, loci, located on the load ΓL plane, lies, in this case

not on a simple circle (solution obtained with the classical s-parameters approach)

but on a quartic plane curve that can be expressed by the implicit form in 3.11. The

solution |ΓOUT | = 1, loci, located on the source ΓS plane also lies on a quartic plane

curve and its expression is similar to 3.11 with slightly different terms.
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e
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= 0 (3.11)

where ΓL = x+ jy.
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Note, that as XT tends to zero, the small-signal condition, this expression will

simplify to a circle, identical to that predicted by the s-parameters and commonly

referred to the output stability circle. However, it has not been proved yet that this

locus is related to potential instability in large-signal regime, thus it is essential to

demonstrate in a rigorous way this statement. A complete analysis of this issue has

been performed in chapter 6.

3.2.3. Large-signal power contours

In small-signal operation, power gain contours based on s-parameters represent

a very useful utility in microwave circuit design since it allows to determine the op-

timum load according to a maximum output power target. Nevertheless, the main

weakness of this predictive tool is its degradation with drive. Hence, the develop-

ment of a predictive tool for load-pull contours by means of X-parameters, in a

similar manner than s-parameters based gain contours but overcoming s-parameters

main weakness, is essential to address power contours functionality under non-linear

regimen and thus, provide the desired analytical non-linear circuit design framework.

These large-signal power contours, based on X-parameters, can be obtained by

following the development showed below, where the power delivered at the transistor

output is computed by means of normalized traveling waves, as shown in expression

3.17.

P =
1

2

(

|B2|
2 − |A2|

2
)

(3.17)

where P is the delivered power at the fundamental frequency and, B2 and A2 are

the large-signal response and incident waves, respectively, at the transistor output

port.
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If the PHD model formulation is used for describing the output B2 wave in

terms of the input A2 wave through the extracted load-independent X-parameters,

the output power is analytically described as:

P =
1

2

(

∣

∣XF
21 +XS

22A2 +XT
22A

∗

2

∣

∣

2
− |A2|

2
)

(3.18)

If equation 3.18 is developed, contours of constant power on A2 (3.19), which

corresponds to an ellipse, can be provided.

C(φ) = CE+(rA cos(φ) cos(θ)+rB sin(φ) sin(θ))+j(rA cos(φ) sin(θ)−rB sin(φ) cos(θ))

(3.19)

where φ is the phase on the A2 plane, which is in the range between 0 and 2π, θ is

the ellipse main axis angle, CE is the center and finally, rA and rB are the ellipse

radii.

The ellipse parameters are functions of the load-independent X-parameters and

can be obtained through the following expressions:

CE = −α− jβ (3.20)

rA =

√

∣

∣

∣

∣

−K

A cos2(θ) + C sin2(θ) +B sin(2θ)

∣

∣

∣

∣

(3.21)

rB =

√

∣

∣

∣

∣

−K

C cos2(θ) +A sin2(θ)−B sin(2θ)

∣

∣

∣

∣

(3.22)

tan(2θ) =
2B

A− C
(3.23)

α =
D − 2Bβ

2A
(3.24)

β =
−(AE −DB)

2(B2 −AC)
(3.25)
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A =
(

∣

∣XS
22

∣

∣

2
+
∣

∣XT
22

∣

∣

2
− 1
)

+ 2ℜ(XS
22X

T∗

22 ) (3.26)

B = −2ℑ(XS
22X

T∗

22 ) (3.27)

C =
(

∣

∣XS
22

∣

∣

2
+
∣

∣XT
22

∣

∣

2
− 1
)

− 2ℜ(XS
22X

T∗

22 ) (3.28)

D = 2ℜ(XF∗

21 XS
22 +XF

21X
T∗

22 ) (3.29)

E = −2ℑ(XF∗

21 XS
22 +XF

21X
T∗

22 ) (3.30)

F =
∣

∣XF
21

∣

∣

2
− 2P (3.31)

K = F −Aα2 −Cβ2 − 2Bαβ (3.32)

From the expression of constant power on A2 contour (3.19), the equation for

the reflection coefficients at the transistor output terminals compatible with A2 can

be easily obtained through 3.33.

ΓT (φ) =
A2

B2
=

C(φ)

XF
21 +XS

22C(φ) +XT
22C(φ)∗

(3.33)

A complete development of provided large-signal power contours (3.33) can be

found in chapter 7.

3.2.4. Large-signal feedback modeling

Network series configuration plays a crucial role in non-linear microwave circuits

such as feedback amplifiers and oscillators. Hence, the development of an analytical

non-linear design approach for series feedback circuits computation, similar to that

62



3.2 Analytical design tools based on X-parameters

available in small-signal and based on s-parameters, would provide the key compo-

nent required for developing simple analytical non-linear circuit design procedures,

in special for microwave oscillators.

In small-signal regimen, to compute the effect of adding a series feedback to a

microwave transistor and thus, predict the new circuit behavior, the s-parameters

of the combined network are of great usefulness. Although the s-parameters are not

the most appropriate option to characterize series configurations, the z-parameters

(derived from measured s-parameters) are the best choice for obtaining the resulting

series connection. This fact is due to the z-parameters of the combined networks are

simply equal to the sum of the individual z-parameter matrices of each quadripole.

Then, the computed series connection z-parameters can be transformed back to s-

parameters for use in analytical design, performance prediction and CAD simulation.

S-parameter representation is usually selected due to its suitability for the microwave

frequency range.

However, the impact of this type of configuration, under large-signal operation,

can not be addressed using s-parameters. Hence, it is necessary to extend such small-

signal analytical approach for series configurations operating in large-signal regime.

To overcome this problem, new algebraic expressions, based on X-parameters, have

been developed in order to compute, under large-signal operation, the effect of a

series connection applied to a non-linear system.

Figure 3.3: Series connection of two port networks where the active device is modeling by

the load-independent X-parameters.
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For modeling a series configuration in large-signal operation, as the presented in

Fig. 3.3, it is necessary first to obtain a method for transforming sets of analytical X-

parameters into voltage and current relationships, thus making it possible to relate

individual networks by the sum of each voltage port. The analytical X-parameter

matrix equation (3.34) can be converted into a current-voltage relationship through

multiple algebraic operations [Woo11]. The final expression is (3.35).

[B(DC, |A11|)] = [XF (DC, |A11|)] + [XST (DC, |A11|)] · [A(DC, |A11|)] (3.34)

where [XF ] is a column vector formed by the terms XF
pm(DC, |A11|)P

m and their

conjugates, [XST ] is a matrix with
∑

qnX
S
pm,qn(DC, |A11|)P

m−n,
∑

qnX
T
pm,qn(DC, |A11|)P

m+n

terms and their conjugates, [A] is a column vector composed of Aqn stimulus waves

and their conjugates and, finally, [B] is a column vector composed of Bpm response

waves and their conjugates.

[V ]a =
[

XF
]a

+
(

[

XST
]a

+ 1
)

·
(

1−
[

XST
]a
)

−1
·
(

[

XF
]a

+ Zref [I]
a
)

(3.35)

where Zref is the reference impedance and typically is real, [I ] is a column vector

formed by Ip,m current terms and their conjugates and, finally, [V ] is a column

vector composed of Vp,m voltage terms and their conjugates.

Applying 3.35, a non-linear series configuration can be computed by the summa-

tion of each voltage matrix [V ]. For the particular case in which one of the networks

is passive, very common in microwave subsystems, the incorporation of a series con-

figuration (Fig. 3.3) can thus be analytically described by 3.36.

[V ] =
[

XF
]a

+
(

[

XST
]a

+ 1
)

·
(

1−
[

XST
]a
)

−1
·
(

[

XF
]a

+ Zref [I]
)

+
[

Zb
]

· [I]

(3.36)

where [Zb] are the Z parameters of the passive network, provided this network can

be characterized in terms of those parameters.

This computed current voltage relationship can now be transformed back into

the initial analytic X-parameter form by using 3.37.
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1

2
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]a)−1

Zref +
[
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(3.37)

Hence, the individual X-parameters, can be determined from the following ex-

pressions (3.38) and (3.39),

[

XF
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=
1

2
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+ 1
)

·
(

1−
[

XST
]a)−1

Zref +
[

Zb
]

+ Zref [Id]
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·
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·
[
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[
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)
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(3.38)

[

XST
]

=
(

([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

Zref +
[

Zb
]

− Zref [Id]
)

·
(

([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

Zref +
[

Zb
]

+ Zref [Id]
)

−1 (3.39)

where [Id] is the identity matrix.

From
[

XF
]

and
[

XST
]

matrices, the new analytical X-parameters terms that

such characterize the non-linear behavior of the new combined, and un-measured,

network can be obtained for use in analytical design and performance predictions.

Or, if desired, in compact CAD simulation.

3.3. Application to oscillator design

Previous analytical design tools, developed along the present work, aim to provi-

de the necessary framework to extend conventional analytical non-linear circuit de-

sign procedures, based on s-parameters, to non-linear operation. The present Thesis

is focused in oscillator context and thus, such predictive tools have been successfully

utilized to provide a novel microwave oscillator analytical design methodology which

accounts for non-linear device behavior.
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This new large-signal approach significantly improves predictions obtained using

conventional small-signal methods based on s-parameters. Indeed, fundamental out-

put power and oscillation frequency is accurately predicted while conventional analy-

tical methods are less accurate in terms of oscillator power estimation and oscillation

frequency shifts.

Furthermore, this real-time approach accounts for non-linear active device beha-

vior as in CAD based methods coupled with non-linear models, with the added

value of a direct computation (performed, for example, with Excel software) of the

non-linear network performance and, hence speeding-up the design process and im-

proving its efficiency.

Figure 3.4: Two-port transistor oscillator diagram.

This design procedure, described in detail in chapter 7, for a two-port free run-

ning oscillator as the one depicted in Fig. 3.4, can be briefly described through the

following steps:

1. Selection of a potentially unstable biased transistor according to design speci-

fications.

2. Selection of the appropriate transistor terminating load (output reference) im-

pedance and extraction of the corresponding X-parameters, following the blind

iterative process described in chapter 4.

3. From previous X-parameter model, selection of the terminating load to si-

multaneously achieve maximum transistor output power and negative resistan-

ce at the transistor input. Hence, in order to predict the |ΓIN | = 1 boundary at

66



3.3 Application to oscillator design

the desired oscillation frequency, input gamma equal to unity curves 3.11 have

been used to provide design guidance. Simultaneously, for maximizing transis-

tor output power, large-signal power contours 3.33, based on X-parameters, are

used in this work to provide a similar functionality than classical s-parameters

gain contours, but in this case under non-linear operation.

4. Selection of the resonator (input) impedance. The non-linear input im-

pedance (ZIN ) is computed analytically by means of the input reflection coef-

ficient close-form expression 3.5, based on X-parameters as well. From this po-

wer dependent impedance value, the resonator impedance adequate to obtain

maximum steady-state oscillator power can be determined to fulfill oscillation

condition.

Note that in the case that the selected transistor may require the addition of a

feedback network to increase device instability, equations (3.38) and (3.39) would

be very useful to determine the new X-parameters of the combined network.
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Chapter 4

Evaluation of the Robustness of

load-independent PHD

Formulation and Optimization

Methodology

4.1. Introduction

Once of the main limitations of the basic PHD formulation (load-independent

X-parameters) consists in the large-signal predictions confinement over an extended

range of impedances, around the defined reference impedance used for the traveling

waves definition and thus, for the X-parameters extraction. Therefore, accurately

predictions over the whole Smith Chart are not possible and the validity of this

assumption is an important concern that is going to be addressed in this chapter.

Although this limitation can be simply overcome by making the model coeffi-

cients, X-parameters, a look-up function of A21, i.e. load-dependent, as it has been

proposed in [Sim08, Hor10], unfortunately, this “look-up”solution is not compatible

with the desired fully analytical circuit design procedure. This fact is motivated by

the essential requirement enabling analytical design that consists in the model spec-
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trally linearization for the fundamental stimulus wave A21. Now, this basic expression

(load-independent X-parameters) can be used to analytically predict transistor non-

linear response to any variation in the impedance presented at the device output

port.

The next important advance would be to utilize this formulation, constraint

to load-independent X-parameters, to enable analytical non-linear microwave cir-

cuit design procedures. For this purpose, in this chapter, the robustness of load-

independent X-parameters has been evaluated by means of HB simulations and

experimentally for the same package SiGe HBT, used in chapter 2. Moreover, a

blind iterative process is presented and validated in order to obtain the appropria-

te load-independent X-parameters, focused around the chosen optimum impedance

condition, necessary to enable accurate analytical non-linear circuit design to be

undertaken.

Note that in chapter 2, the PHD model extraction and verification in oscillator

circuits did not require, for the load-independent X-parameter extractions, the deve-

loped blind process since the optimum oscillator impedance condition was selected

according to Cripps design method [Cri83] in order to obtain maximum oscillator

power. However, as the aim of this Thesis is the development of a fully non-linear

analytical design approach, based on X-parameters predictions, a blind iterative pro-

cess is necessary to provide an accurate non-linear load-independent X-parameter

model focused around the optimum target impedance for use in analytical circuit

design.

Finally, part of the information included in this chapter has been reflected in

two international conferences [Pel11c, Pel12c] and in a national conference [Pel12b].

4.2. Robustness of load-independent PHD formulation

4.2.1. Simulation-based approach

The impedance space over which the load-independent PHD model is valid has

been established, in first place, by characterizing the non-linear behavior of a Si-
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Ge HBT transistor (NESG2030M04, biased at Ib = 87mA, Vce = 1.95V) by means

of load-pull simulations at 5 GHz. For this purpose, a conventional time-domain

(TD) measurement-based model [Rod07] is used to accurately describe the SiGe

HBT transistor non-linear behavior. The transistor’s equivalent PHD model, for-

mulated in terms of load-independent X-parameters, has been extracted with the

X-parameters Generator tool provided by ADS software by using the non-linear TD

model in order to emulate the X-parameter measurement process. For the PHD mo-

del extraction, the input and output reference load impedances have been set to 50

Ω and the harmonic indexes used in the extraction, m and n, are equal to 4. Once

the HBT X-parameters have been determined, they can now be used numerically

in a Harmonic Balance simulator or analytically in an Excel spreadsheet to predict

load-pull behavior, hence target a design objective. By comparing the results using

the extracted PHD model with the reference TD model simulations the accuracy of

this prediction can be evaluated and quantified.

The output power contours have been determined for three representative input

drive levels (small-signal, 1 dB compression point and 3 dB compression point) and

the comparison for the last two cases can be found in Figs. 4.1 and 4.2.

In order to quantify the accuracy of the PHD model, error contours, also shown

in Figs. 4.1 and 4.2, have been computed and the difference between the simulated

reference TD model and the extracted PHD model output power is depicted in per

cent. The equation used to calculate the error is defined below in 4.1:

Error(%) =

∣

∣

∣

∣

PPHD
out (watts)− P TD

out (watts)

P TD
out (watts)

∣

∣

∣

∣

100% (4.1)

For the small-signal case, a perfect agreement has been observed, accurate PHD

model extrapolation extending in fact over the whole of the Smith Chart since at

these drive levels X-parameters are equivalent to the s-parameters; for this reason,

the small-signal case has not been plotted.
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Figure 4.1: PHD model (solid) and simulated reference TD model (dotted) output power

contours shown on the Smith Chart with a reference impedance of 50 Ω. Step size between

every two power contours is 0.2 dB. Error contours levels are indicated in the color bar.

Represented error contours are 1% and 5%. Simulated load-pull grid is plotted with grey

marks. Input drive is set to 1 dB compression point.

For 1 dB and 3 dB compression points, the comparison shows good agreement for

both interpolation, load impedances close to the reference load, and extrapolation,

beyond the reference load. However, as expected, the error increases as the distance,

between the simulated load impedance and the reference load impedances increases.

Note that the error is not uniform in all the impedance space, so there are directions

where the error increases very quickly and other directions where the error increases

more slowly, hence the region of validity is not easily defined. For this device, the

SiGe HBT, the accuracy of the PHDmodel (extracted at 50 Ω) to analytically predict

the load impedance for maximum output power at 3 dB compression point is good

because predicted optimum impedance is inside the 5% error contour region in this

case. However, at 1 dB compression point, the predicted impedance for maximum

power is outside the 5% error contour, thus prediction is less accurate and extra

steps, as proposed later, should be taken.
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Figure 4.2: PHD model (solid) and simulated reference TD model (dotted) output power

contours shown on the Smith Chart with a reference impedance of 50 Ω. Step size between

every two power contours is 0.2 dB. Error contours levels are indicated in the color bar.

Represented error contours are 1% and 5%. Simulated load-pull grid is plotted with grey

marks. Input drive is set to 3 dB compression point.

4.2.2. Measurement-based approach

The impedance space over which the load-independent PHD model is valid has

also been experimentally established by measuring the non-linear behavior of the

same SiGe HBT transistor with the nonlinear vectorial network analyzer PNA-X

coupled with a Focus Microwaves tuner to perform fundamental load-pull measu-

rements. Note that this tuner only sets output impedance at the fundamental fre-

quency and hence, control of the tuner impedances for the 2nd and 3rd harmonics

is not possible. This measurement system with fundamental passive load-pull capa-

bility is available at the High Frequency Engineering Centre in Cardiff University

and it can be seen in detail in Fig. 4.3. The measurement configuration used in this

experimental characterization is presented in Fig. 4.4, it differs from that proposed

for Agilent to measure load-dependent X-parameters [Sim08], two external couplers
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have been introduced between the device and the tuner, thus avoiding the com-

plex and time-consuming task of de-embedding the tuner. Low loss couplers have

been used to provide the widest range of possible load terminations. This simple

architecture enables the PNA-X itself to measure X-parameters as a function of the

load.

Figure 4.3: PNA-X measurement system with passive load-pull

Figure 4.4: PNA-X configuration to allow X-parameters measurements into an arbitrary

load.
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The SiGe HBT X-parameters have been initially measured on the previous set-up

at 5 GHz, using a load impedance of 50 Ω. Once the HBT X-parameters have been

determined, they can be used analytically in an Excel spreadsheet (or numerically in

a Harmonic Balance simulator) to predict load-pull behavior, hence target a design

objective. Then, in order to evaluate the model accuracy, load-pull measurements

have been performed for the same device and using the same measurement set-up.

In this case, the HBT behavior has been measured for a set of 97 fundamental load

impedances. By comparing the results predicted by the extracted 50 Ω PHD model

with the load-pull measurements, the accuracy of the model can be evaluated and

quantified.

The transistor output power contours have been computed from the X-parameter

model for the same representative input drive levels used in the simulation-based ap-

proach (small-signal, 1 dB and 3 dB compression points) and again, the comparison

for the last two cases is shown in Figs. 4.5 and 4.6.

Figure 4.5: PHD 50 Ω model (solid) and load-pull measured (dotted) output power contours.

Step size between every two power contours is 0.2 dB. Error contours levels are indicated

in the color bar. Load-pull grid is plotted with grey marks. Input drive is set to 1 dB

compression point.

75



Evaluation of the Robustness of load-independent PHD Formulation and

Optimization Methodology

Figure 4.6: PHD 50 Ω model (solid) and load-pull measured (dotted) output power contours.

Step size between every two power contours is 0.2 dB. Error contours levels are indicated

in the color bar. Load-pull grid is plotted with grey marks. Input drive is set to 3 dB

compression point.

The accuracy of the PHD model has also been quantified by means of the error

contours, shown in Figs. 4.5 and 4.6, where now, the difference between the measured

and the extracted PHD model output power is depicted in per cent, using equation

4.2:

Error(%) =

∣

∣

∣

∣

PPHD
out (watts)− Pmeas

out (watts)

Pmeas
out (watts)

∣

∣

∣

∣

100% (4.2)

For the small-signal case, as in the simulation-based approach, there is a perfect

agreement and thus, the corresponding figure has not been presented.

For the 1 dB and 3 dB compression points, the PHD model is able to accurately

extrapolate in a load impedance region around the reference impedance, 50 Ω in

this case. However, as expected, the error increases non-uniformly as the distance

between the measured load impedance and the model reference impedance increases

and thus, establishing the impedance space over which the PHD model is valid is
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a complex task due to the spectral linearization degradation beyond Zref . For this

device, the SiGe HBT, the accuracy of the X-parameters, extracted at 50 Ω, to

analytically predict the load impedances for maximum output power for both the

1 dB and the 3 dB compression points is insufficient since the predicted impedance

for maximum output power is outside the 5% error contour.

Furthermore, the simulation-based results have been compared with the expe-

rimental ones and for the 1 dB compression point, similar predictions have been

obtained using both experimental X-parameters and the simulated ones. However,

for the 3 dB compression point, the discrepancy between both approaches is signi-

ficant, while the X-parameters obtained in simulation using the TD model predict

that the optimum impedance is inside the 5% error contour region, the measured

X-parameters predictions are outside of this contour region. This difference between

both X-parameters models is due to the TD model, which is not able to accurately

predict the device behavior in high compressed regions, as the 3 dB compression

point, and thus, the differences between the measured load-pull behavior of the

transistor and the TD load-pull predictions can not be neglected.

These comparisons show that it is possible to use the basic, load-independent,

X-parameters coefficients over a useable, extended, impedance region about the re-

ference impedance. However, it is important to ensure that for a given design ap-

plication an appropriate reference impedance, which may not be 50 Ω, centered in

the targeted design space is utilized for the PHD model extraction. A blind iterative

process can be developed in order to determine this appropriate reference impedan-

ce location, hence obtain the appropriate load-independent analytical X-parameters

model, for example, to identify accuracy in the optimum load impedance region for

a specific circuit design.
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4.3. Blind iterative process for centering the load inde-

pendent PHD model

The aim of the blind iterative process is to obtain a load-independent X-parameter

model with high accuracy in the desired impedance area for a specific circuit design.

This process can be either experimental or simulation based. In [Leo10] the useful-

ness of a PHD model assisted algorithm to speed up the determination of a given

termination requirement was presented. However, in this Thesis is proposed a search

algorithm based on X-parameter analytical computations instead of using directly

numerical model predictions, thus enabling a quicker convergence of the algorithm.

The first step in the blind process consists in determining the initial reference

impedance that is going to be used to experimentally extract the load-independent

X-parameters of the DUT. If we assume that there is no previous knowledge about

the non-linear active device behavior, the starting impedance could be set to 50 Ω;

a reference impedance (Zref ) of 50 Ω. Then, the 50 Ω PHD model can be used in an

analytical circuit design procedure (i.e. amplifier or oscillator circuits). The outcome

of this process is the determination of the load impedance into which the transistor in

the fabricated circuit should be operating, in this case study the target considered is

to obtain the HBT load impedance for maximum output power; impedance assumed

not to be known in advance. For this purpose, an analytical tool based on load-

independent X-parameters has been developed to provide constant power contours

in the load plane (see chapter 7, section 7.4.1).

If the target impedance location is close to 50 Ω, the present PHD model reference

impedance, we can be confident in the design solution. If not, measurements need to

be re-focused around an impedance identified by the analytical design predictions

(Zopt) obtained by using the 50 Ω PHD model. This can be achieved by appropriate

reconfiguration of the measurement system or simulation set-up. The process is

then repeated until there is the required convergence between the relevant design

impedance space required (Ztarget) and the reference impedance (Zref ) used for the

X-parameter extraction.

In each iteration of the blind process, a weighting function as 4.3 is used until
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the optimum impedance predicted by the corresponding X-parameters (Zopt) con-

verges to the target impedance (maximum power) where the condition Zref = Zopt

is fulfilled, thus ensuring that PHD model is appropriately centered.

Zref (i+ 1) = weight · Zopt(i) + (1− weight) · Zref (i) (4.3)

It is worth noting, that while the model predictions accuracy is improved at a gi-

ven impedance by renormalizing to that value, the global error profile is determined

by the measurement region used for parameter extraction. Hence, although renor-

malization to Zref is not strictly necessary for the model extraction, it allows the low

order model (PHD) to provide good accuracy around the selected optimum region

(Zref ), since magnitude of A21 has a minimum value at this reference impedance

and grows gradually when moving from this point.

This impedance renormalization consists in transforming the measured device

port voltage and current into traveling waves renormalized to a different impedance,

in this case the reference impedance (Zref ) used in the blind process. Hence, the

pseudo-wave renormalization formulation proposed in [Anr02] has been chosen and

used to extract the new renormalized waves and thus, the new load-independent

X-parameters following 4.4 and 4.5:

Arenorm =
V + ZrefI

2
·

√

ℜ(Zref )

|Zref |
(4.4)

Brenorm =
V − ZrefI

2
·

√

ℜ(Zref )

|Zref |
(4.5)

In Fig. 4.7, a flow chart describing this blind iterative process is shown.

Finally, this iterative process has been applied to the previous SiGe HBT and

for both measurement-based and simulation-based approaches.
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Figure 4.7: Flow chart of the blind iterative process.

4.3.1. Simulation-based approach

This blind process has been applied to the previous SiGe HBT X-parameters

obtained in simulation using the TD model and in Fig. 4.8, improved results are

shown for the 1 dB compression point and for the third iteration (iteration at which

process converges to the targeted impedance), where Zopt = Ztarget = 33.4+9.6j

Ω and the weight used is equal to 0.5. In this example the target was to obtain

maximum power and the TD model (not required in the blind process) is only used

here to validate the extracted PHD model and the blind process itself.
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Figure 4.8: PHD model extracted at Zref = Zopt (solid) and simulated reference TD model

(dotted) output power contours shown on the Smith Chart with a reference impedance of 50

Ω. Step size between every two power contours is 0.2 dB. Error contours levels are indicated

in the color bar. Represented error contours are 1% and 5%. Simulated load-pull grid is

plotted with grey marks. Input drive is set to 1 dB compression point.

4.3.2. Measurement-based approach

The required measurement architecture to perform the blind process is the same

depicted previously in Fig. 4.4, where the PNA-X is coupled with a passive tuner.

In Fig. 4.9, improved experimental results after applying the blind process are

shown for the 1 dB compression point and for the third iteration (iteration at which

process converges to the targeted impedance), using a weight of 0.5 as well. Note

that with this blind process, coupled with PNA-X measurements (for X-parameters

extraction only), is sufficient to find the appropriate solution (Ztarget and corres-

ponding PHD model) since the weighting function enables the convergence to the

target impedance space and thus, time-consuming load-pull measurements over an
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extended region of the Smith Chart are avoided.

Figure 4.9: PHD model extracted at Zref = Zopt=37+7j Ω (solid) and load-pull measured

(dotted) output power contours. Step size between every two power contours is 0.2 dB. Error

contours levels are indicated in the color bar. Load-pull grid is plotted with grey marks. Input

drive is set to 1 dB compression point.

It must be highlighted the great agreement among results obtained with both

simulation-based and measurement-based approaches, where in both cases the blind

process convergence is reached at the third iteration and for a target impedance of

Ztarget = 33.4+9.6j Ω and Ztarget = 37+7j Ω, respectively. Furthermore, obtained

results for the optimum impedance must be compared with the provided by conven-

tional analytical methods, as the Cripps technique that has been used in chapter 2 to

determine the optimum oscillator impedance for maximum oscillator power. Cripps

approach is mainly used for predicting the maximum output power impedance of

microwave amplifiers, based on load-line analysis, when load-pull measurements are

not available. For the same SiGe HBT, by using this conventional method, the real

part of the optimum HBT output terminating impedance is approximately 70 Ω, a

value quite different of that obtained with load-pull measurements, 37 Ω. Hence, it
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has been proved how load-pull measurements represent the best choice to accurately

characterize non-linear devices and determine its optimum impedance, especially in

the case of HBTs. Nevertheless, in linear classical methods where large-signal in-

formation is not used or available, Cripps method predictions can be consider as a

good approximation to the real large-signal device behavior.

As conclusion, the developed search algorithm based on X-parameters analytical

computations, has been used and experimentally validated with successful results.

Besides, its purpose of speeding up the characterization/design process, minimizing

the number of load-pull measurements necessary to provide an accurate analytical

non-linear X-parameter model for use in the circuit design has also been demons-

trated. Therefore, the next step is the development of large-signal analytical design

tools, based on load-independent X-parameters and thus, on the described blind

process, in order to improve the actual large-signal design methods, based mainly in

CAD methods.
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Chapter 5

Analytical Design of Transistor

Feedback Networks based on

X-parameters. Application in

Oscillator Design

5.1. Introduction

Network series configuration is very commonly used in non-linear microwave

circuits such as feedback amplifiers and oscillators. In microwave transistor-based

oscillators, series or shunt feedback plays a crucial role in order to assure energy is

delivered from its input to the resonator and thus, the device instability is enhan-

ced [Gon07]. An example of feedback oscillator is the Colpitts configuration [Col18],

where the feedback signal is taken from a voltage divider made up by two capacitors

in series. One of the main advantages of this circuit is its simplicity. On the other

hand, feedback insertion in amplifier circuits is used to provide a flat gain response

and to improve input and output matching in broadband amplifiers [Gon97, Ble57].

In fact, a microwave transistor amplifier in combination with a feedback network

is able to provide very wide bandwidths, greater than two decades and with small

gain variations, tenths of decibels. In the case of oscillators, the feedback network is
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usually made up of series or shunt capacitors and inductors, however, in broadband

amplifiers, the feedback network is composed of series and shunt resistor configura-

tions.

In small-signal regimen, to compute the effect of adding a series feedback to a

microwave transistor and thus, predict the new circuit behavior, the s-parameters

of the combined network are of great usefulness. Although the s-parametrs are not

the most appropriate option to characterize series configurations, the z-parameters

(derived from measured s-parameters) are the best choice for obtaining the resulting

series connection. This fact is due to the z-parameters of the combined networks are

simply equal to the sum of the individual z-parameter matrices of each quadripole.

Then, the computed series connection z-parameters can be transformed back to s-

parameters for use in analytical design, performance prediction and CAD simulation.

The analytical computation of the impact of this type of configuration, under

large-signal operation, in a similar manner to that used in the small-signal case,

would mean an important advance in the non-linear circuit design framework. In fact,

the direct computation of the resulting network performance by means of analytical

predictions, would considerably reduce the required time until obtaining an initial

valid design solution that can be used later in the design of more complex circuits

in CAD simulators, allowing to decrease the lengthy and time-consuming steps in

fully numerically simulation-based circuit designs and thus, improving circuit design

process efficiency. Moreover, an example of the usefulness of this kind of analytical

approach would be in oscillator or feedback amplifier design, where the ability to

predict the non-linear response change of the transistor when additional network

series feedback is introduced is essential.

The load-independent X-parameters, as a natural extension of s-parameters un-

der large-signal operation, constitute the most appropriate non-linear mathematical

representation in order to extend such small-signal analytical approach for series

configurations operating in large-signal regime.

Therefore, in this chapter, new algebraic expressions have been developed in order

to compute, under large-signal operation, the effect of a series connection applied

to a non-linear system, modeled by X-parameters. Such close-form expressions have
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also been validated experimentally and by means of HB simulations. Note that the

developed approach has resulted in two conference publications [Pel11a, Pel11b].

5.2. Modeling of series configurations in small-signal

operation

In a series configuration as the one depicted in Fig. 5.1, the voltage of the com-

bined network at each port is the sum of the individual voltages of each quadripole

and the combined network current at each port is the same as each individual qua-

dripole current [Ven90]. Therefore, a series connection in small-signal regimen can

be described by the sum of the individual Z matrices of each network, as can be seen

in expression 5.1.

Figure 5.1: Series connection of two 2-port networks.
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(5.1)

Once the total network z-parameters are obtained, they can be transformed

back to s-parameters for use in analytical design, performance prediction and CAD

simulation.
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5.3. Modeling of series configurations in large-signal ope-

ration

For modeling a series configuration in large-signal operation, as the presented

in Fig. 5.2, the small-signal s-parameters are no longer valid to predict large-signal

transistor behavior and thus, load-independent X-parameters formulation has been

selected to model active device performance.

Figure 5.2: Series connection of two 2-port networks where the active device is modeling by

the load-independent X-parameters.

In order to use the transistor X-parameters in circuit analysis it is helpful to

re-formulate conventional equation 5.2 in terms of the matrix description shown in

5.3.

Bpm = XF
pm(DC, |A11|)P

m

+
∑

qnX
S
pm,qn(DC, |A11|)P

m−nAqn

+
∑

qnX
T
pm,qn(DC, |A11|)P

m+nA∗

qn.

(5.2)

[B(DC, |A11|)] = [XF (DC, |A11|)] + [XST (DC, |A11|)] · [A(DC, |A11|)] (5.3)

where [XF ] is a column vector formed by the terms XF
pm(DC, |A11|)P

m and their

conjugates, [XST ] is a matrix with
∑

qnX
S
pm,qn(DC, |A11|)P

m−n,
∑

qnX
T
pm,qn(DC, |A11|)P

m+n

terms and their conjugates, [A] is a column vector composed of Aqn stimulus waves
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and their conjugates and, finally, [B] is a column vector composed of Bpm response

waves and their conjugates. For example, the expansion of X-parameters equation

to include fundamental and second harmonic terms at just one port would be the

following (assuming P=1):
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(5.4)

Once the matricial form of the X-parameters formulation has been established,

the next step for modeling a series configuration in large-signal operation consists in

developing a method for transforming sets of analytical X-parameters into voltage

and current relationships, thus making it possible to relate individual networks by

the sum of each voltage port. The analytical X-parameter matrix equation 5.3 can

be converted into a current voltage relationship through the following development.

The final expression is 5.13.

The voltage term can be expressed in function of the incident and scattered

waves as 5.5.

[V ] = [A] + [B] (5.5)

[V ] = [A] +
[

XF
]

+
[

XST
]

· [A] (5.6)

[V ] =
[

XF
]

+
([

XST
]

+ 1
)

· [A] (5.7)

where A-waves can be expressed in terms of voltage as 5.8.

[A] =
([

XST
]

+ 1
)−1

·
(

[V ]−
[

XF
])

(5.8)

The current term can be expressed in function of the incident and scattered
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waves as 5.9.

[I] =
([A] − [B])

Zref
(5.9)

[I] = −

([

XF
]

+
[

XST
]

· [A]− [A]
)

Zref
(5.10)

[I] = −

([

XF
]

+
([

XST
]

− 1
)

· [A]
)

Zref
(5.11)

where A-waves can be expressed in terms of current as 5.12.

[A] =
(

1−
[

XST
])−1

·
([

XF
]

+ Zref [I]
)

(5.12)

So, making equal both expressions for A-waves 5.8 and 5.12; the final current

voltage relationship for active device in Fig. 5.2 can be obtained.

[V ]a =
[

XF
]a

+
(

[

XST
]a

+ 1
)

·
(

1−
[

XST
]a
)

−1
·
(

[

XF
]a

+ Zref [I]
a
)

(5.13)

where Zref is the reference impedance and typically is real, [I ] is a column vector

formed by Ip,m current terms and their conjugates and, finally, [V ] is a column

vector composed of Vp,m voltage terms and their conjugates. Note that the inverse

matrix exists if its determinant is not zero, for physically valid X-parameter values

the inverse matrix must exist. The non-linear traveling waveforms can always be

converted into terminal voltage and current waveforms.

Applying 5.13, a non-linear series configuration can be computed by the summa-

tion of each voltage matrix [V ]. For the particular case in which one of the networks

is passive, very common in microwave subsystems, the incorporation of a series con-

figuration (Fig. 5.2) can thus be analytically described by 5.14.

[V ] =
[

XF
]a

+
(

[

XST
]a

+ 1
)

·
(

1−
[

XST
]a
)

−1
·
(

[

XF
]a

+ Zref [I]
)

+
[

Zb
]

· [I]

(5.14)

where [Zb] are the Z parameters of the passive network, provided this network can

be characterized in terms of those parameters.
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This computed current voltage relationship can now be transformed back into

the initial analytic X-parameter form, through the following algebraic operations.

This final transformation is given by 5.22 and 5.23. Note there is a singular special

case, port impedances being equal to the negative of Zref , when Z to X parameters

conversion cannot be performed [Jac92].

The A-wave term can be expressed in function of the voltage and current terms

as 5.15.

[A] =
([V ] + Zref [I])

2
(5.15)

[A] =
(

[

XF
]a

+
([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

·

·
([

XF
]a

+ Zref [I]
)

+
[

Zb
]

· [I] + Zref [I]
)

/2
(5.16)

where current can be expressed in terms of A-waves as 5.17.

[I] =
(

([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

Zref +
[

Zb
]

+ Zref [Id]
)

−1

(

2[A] −
[

XF
]a

−
([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

·
[

XF
]a
) (5.17)

The B-wave term can be expressed in function of the voltage and current terms

as 5.18.

[B] =
([V ]− Zref [I])

2
(5.18)

[B] =
(

[

XF
]a

+
([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

·

·
([

XF
]a

+ Zref [I]
)

+
[

Zb
]

· [I]− Zref [I]
)

/2
(5.19)

where current can be expressed in terms of B-waves as 5.20.

[I] =
(

([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

Zref +
[

Zb
]

− Zref [Id]
)

−1
·

·
(

2[B]−
[

XF
]a

−
([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

·
[

XF
]a
) (5.20)

So, making equal both expressions for current terms 5.17, 5.20; the final scattered

and incident waves relationship for Fig. 5.2 configuration can be obtained.
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(5.21)

Hence, the individual X-parameters, can be determined from the following ex-

pressions 5.22 and 5.23.
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)

−1
·

(

−
[

XF
]a

−
([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

·
[
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[
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)
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(5.22)

[

XST
]

=
(

([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

Zref +
[

Zb
]

− Zref [Id]
)

·
(

([

XST
]a

+ 1
)

·
(

1−
[

XST
]a)−1

Zref +
[

Zb
]

+ Zref [Id]
)

−1 (5.23)

where [Id] is the identity matrix.

From
[

XF
]

and
[

XST
]

matrices, the new analytical X-parameters terms that

such characterize the non-linear behavior of the new combined, and un-measured,

network can be obtained for use in analytical design and performance predictions.

Or, if desired, in compact CAD simulation.

Note that to consider more harmonics, up to mn for a device of pq ports, the

described method would remain valid and hence, just a change on
[

XF
]

and
[

XST
]

matrices definition of 5.4 is necessary.

5.4. Validation of series connection closed-form expres-

sions via non-linear simulations

In this section, the validity and accuracy of the developed analytical approach to

compute the non-linear behavior of a non-linear system with passive series feedback

92



5.4 Validation of series connection closed-form expressions via non-linear

simulations

has been evaluated by means of non-linear simulations. A series network connec-

tion involving a SiGe HBT transistor (NESG2030M04, biased at Ib = 87mA, Vce =

1.95V), in common-emitter configuration and a feedback passive network, composed

of a series capacitor, is utilized for evaluation purposes. This circuit configuration

being selected since it represents the key building block for RF microwave oscillators

and thus, in any oscillator design process the ability to predict the non-linear res-

ponse change of the transistor when additional network series feedback is introduced

is essential.

In order to evaluate the proposed analytical close-forms accuracy, the analyti-

cal predictions have been compared to that obtained using a, more conventional,

non-linear model with series feedback in a commercial CAD simulator (ADS) using

Harmonic Balance. For this purpose, a TD measurement-based model [Rod07] is

used to accurately describe the SiGe HBT transistor non-linear behavior. In Fig.

5.3, the schematic of the non-linear series connection that is going to be analyzed

by means of HB simulations is illustrated.

Figure 5.3: Schematic of the HBT TD model with passive series feedback.

In this investigation in order to avoid adding unnecessary errors due to differen-

ces in comparing results from two different sources (measurements of the HBT and

simulations of the HBT using a TD model), a simulation sequence was initially per-

formed using the HBT TD model, to emulate the X-parameter measurement process

and extract the corresponding load-independent X-parameters values of the HBT by
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means of the X-parameter generator tool provided by ADS software. For the PHD

model extraction, the input and output load impedances have been set to 50 Ω and

34+9.6j Ω, respectively, and the harmonic indexes used in the extraction, m and n,

are equal to 3. The output load impedance has been established following the blind

process described in chapter 4 and assuming the same target design, maximum tran-

sistor output power. Once the HBT X-parameters have been determined they can

now be used, through 5.22 and 5.23, in real time in a worksheet design environment

to account for the inclusion of a series feedback element. Finally, the obtained analy-

tical results are compared with those determined from the full Harmonic Balance

simulations performed using the non-linear TD model.

In both approaches, TD model and analytical X-parameters, the resulting non-

linear voltage and current waveforms are computed. Typical results are presented in

Figs. 5.4 and 5.5. Voltage and current waveforms obtained with the proposed alge-

braic transformed X-parameters, accounting for the addition of a series connection,

are able to accurately predict those obtained from the reference simulation, the Har-

monic Balance non-linear simulation using a large-signal TD model and the series

feedback, for both large (HBT input power is set to 0 dBm, close to 1 dB compression

point) and small-signal (HBT input power is set to -25 dBm) excitations.

Figure 5.4: Large-signal and small-signal input loadline in the combined network.
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Figure 5.5: Large-signal and small-signal output loadline in the combined network.

A critical question is the impedance space overwhich the X-parameter model

is valid since that will constraint the valid impedance range of both the feedback

and oscillator load network. Published practical experience [Ver98] implied that the

resulting model should be approximately valid for output impedances ranging from

Zopt/2 to 2Zopt (assuming Zref = Zopt), nevertheless it is a complex task to establish

the impedance space over which the PHD model is valid due to the spectral linea-

rization degradation beyond Zref , as it has been proved in previous chapter where

the PHD model robustness for the same SiGe HBT has been evaluated. Therefore,

there is no a fix rule to quantify PHD validity and thus, the area established by

output impedances ranging from Zopt/2 to 2Zopt (area shown in Fig. 5.6) is going to

be tried in the current robustness evaluation of the analytical formulation developed

to predict series feedback role. To check this assumption, a number of analytical

predictions have again been compared to the full HB simulations using the TD mo-

del over this impedance space. Examples at two extreme transistor load impedance

cases Z1 and Z2 are shown in Figs. 5.7 and 5.8. These results prove the validity, in

this case, of the proposed algebraic transformation of analytical X-parameters for

predicting the change in the behavior of a non-linear system in the presence of a

passive network series connection over the design relevant impedance variations.
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Figure 5.6: Transistor load impedances tested : Z1=68+19.2jΩ, Z2=17+4.8jΩ and Zopt=

34+9.6jΩ, by tuning Zload=-V2/I2.

Figure 5.7: Large-signal input RF loadlines for different load impedances.

5.5. Experimental validation of series connection closed-

form expressions

The validity and accuracy of the algebraic computation for series configurations

presented in this chapter has also been tested experimentally. This was done by ma-

nufacturing, see Fig. 5.9, the series feedback circuit used in the previous simulations.
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Figure 5.8: Large-signal output RF loadlines for different load impedances.

Figure 5.9: Manufactured series configuration.

In this work, the X-parameters used for characterizing the non-linear device

has been extracted experimentally from waveform data obtained from the Maury-

NMDG LSNA measurement system (available at University of Vigo) with active

load-pull capability, again for a load impedance at the HBT output equal to 34+9.6j

Ω (optimum load impedance determined using the blind process). Note that the

system available at University of Vigo has been recently modified to provide active
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load-pull capability up to the third harmonic. In Fig. 5.10, a photograph of the new

system configuration is depicted, where a passive tuner is used to set the funda-

mental output impedance in combination with a RF signal generator, by means of

a directional coupler, in order to compensate the system losses at the fundamental

frequency and thus, provide the widest range of possible load terminations. In the

previous measurement system, as the tuner just set the fundamental output impe-

dance, tuner impedances control for the 2nd and 3rd harmonics was not possible.

Hence, the system has been modified by inserting a triplexer and two additional

source signal generators to provide active load-pull for the 2nd and 3rd harmonics as

well.

Figure 5.10: Maury-NMDG LSNA measurement system with active load-pull capability up

to the third harmonic.

The measurement configuration used to provide load-pull capability up to the

third harmonic is represented in Fig. 5.11 and is based on the active harmonic load-

pull system described in [Abo05], where a triplexer is used to split the fundamental

frequency and its harmonics in three independent paths. This triplexer has been im-
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plemented using different microwave filters and 90◦ hybrid couplers and its topology

is described in Fig. 5.12. Furthermore, the purpose of this system is to fix the central

output impedance for the 2nd and 3rd harmonics to 50 Ω and by means of both RF

signal sources to synthesize the desired harmonic load-pull.

Figure 5.11: Measurement configuration to provide active load-pull capability up to the third

harmonic.

Figure 5.12: Triplexer configuration.

The main advantage of Fig. 5.11 measurement system is the possibility of extrac-

ting the SiGe HBT X-parameters by controlling the desired 2nd and 3rd harmonic
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output impedances and in this case, are going to be fixed at 50 Ω. Hence, improved

results are going to be obtained in comparison with the X-parameter model pre-

dictions extracted with no control of harmonic output impedances. Moreover, the

manufactured series feedback circuit is going to be measured in the same system

and under the same conditions and thus, setting the 2nd and 3rd harmonic output

impedances to 50 Ω and the passive tuner impedance is going to be fixed to provide

the optimum load impedance, 34+9.6j Ω, at the transistor output.

Finally, the measured series feedback circuit behavior has been compared to

those predicted from the analytical transformation and hence, the measured input

and output RF loadlines at the extraction load and the same power levels used in

simulation are presented in Figs. 5.13 and 5.14, and the corresponding responses at

the previous extreme load impedances Z1 and Z2 values are shown in Figs. 5.15 and

5.16.

Figure 5.13: Large-signal and small-signal input RF loadlines at Zopt.
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Figure 5.14: Large-signal and small-signal output RF loadlines at Zopt.

Figure 5.15: Large-signal input RF loadlines for different load impedances.
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Figure 5.16: Large-signal output RF loadlines for different load impedances.

The obtained results show the good accuracy of the developed approach to pre-

dict both the linear and non-linear cases for a load impedance equal to that used

in the X-parameters extraction. Hence, as the PHD model is not extrapolating, the

analytical expressions to compute the feedback series performance are extremely ac-

curate. However, for the extreme load impedances Z1 and Z2, the X-parameters are

clearly extrapolating and thus, the analytical approach accuracy is constraint by the

transistor X-parameters validity. Even so, the predictions obtained for both Zopt/2

and 2Zopt are quite accurate in comparison with the experimental results and prove

that the developed formulation, based on load-independent X-parameters, can be

used in a useable, extended, impedance region around the defined reference impe-

dance to robustly predict the system large-signal response.

Furthermore, to highlight that the proposed analytical approach means an im-

portant development since it extends the domain of X-parameters utilization from

cascaded circuit connections to also series feedback connections (i.e. oscillator feed-

back) analysis.
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Chapter 6

Stability Analysis based on

X-parameters. Application in

Oscillator Design

6.1. Introduction

Stability considerations are a crucial issue in the design of microwave circuits

such as amplifiers or oscillators. In linear circuit design, prior to and during the

circuit design stage, potential instability is assessed using closed-form expressions as

the Rollet factor [Rol62] or the stability circles [Poz98], both based on s-parameters,

although more complete analysis techniques have also been proposed in literature

[Mon99]. The small-signal stability conditions depend on the DC solution and the

possible fulfillment of the oscillation start-up condition at a particular resonance

frequency. However, although the DUT may fulfill the stability condition for a small

input power, thus exhibiting no experimental resonance, an oscillation can occur

when this input power is increased. Hence, the small-signal stability approach is no

longer valid under large-signal operation.

As a consequence, rigorous stability analysis of the large-signal steady-state so-

lution should be carried out by means of the use of numerical pole-zero identi-

fication or Nyquist criterion [Sua09]. Although, other numerical based techniques
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[Sua06, Di 02], implemented within the Harmonic Balance simulation framework,

have also been developed for use during the circuit design stage, to directly assess

instability under large-signal operation.

Furthermore, as it has been proved in [Di 02], the non-linear scattering functions

provide a useful tool to extend the concept of stability (stability factor, stability cir-

cles) to non-linear circuits in a rigorous way by computing the conversion matrix

between the potentially unstable frequencies. Thus, this method allows the identifi-

cation of potential instabilities in non-linear circuits by means of the representation

of the conventional stability circles corresponding to the frequency-converting linea-

rized network.

Hot S-parameters usefulness in out-of-band device behavior prediction has also

been demonstrated in [Gas04], where a characterization setup that enables in-band

and out-of-band measurements of Hot small-signal S-parameters of a non-linear de-

vice driven by a large-signal stimulus tone is presented. These four parameters are

measured with a perturbation signal tone at a frequency much lower that the large-

signal tone frequency and the obtained results enable the prediction of parametric

oscillations.

Within this framework, in this chapter, an analytical design tool, applicable

under large-signal operation, has been developed with the aim of predicting the

boundary between the negative (energy delivered) and positive (energy absorbing)

fundamental real input impedance regions of the non-linear block in an oscillator

circuit by using the X-parameters based rather than classical s-parameter based

formulations. Therefore, this analytical tool is able to provide guidance with respect

to the determination of the large-signal locus, gamma equal to the unity, at the

fundamental frequency and thus, guide the microwave circuit design stage. This

design guidance is very useful in speeding up oscillator design, where the negative

real impedance region determination at the fundamental frequency as a function

of the input drive and feedback is a crucial initial microwave design task. Then,

in order to determine the stability of the possible non-linear circuit steady-state

solution, methods like time-domain approaches or those adapted to HB simulators,

must be used [Sua06, Di 02]. Nevertheless, in a similar way than in [Di 02], the
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6.2 Small-signal stability analysis

proposed analytical expressions based on load-independent X-parameters, used to

predict the boundary between the negative and positive input impedance regions in

large-signal operation, can also predict spurious out-of-band oscillations if in these

expressions the small-signal X-parameters measured at the perturbation frequency,

when the DUT is driven by a large-signal tone at the design frequency, are used.

In summary, a first-order practical design tool, which could be related to classic

s-parameters based closed-form expressions, has been developed with the purpose

of aiding in oscillator design, thus making it more time efficient. Moreover, the

proposed approach can also be used as an analysis tool to assess global instability

under large-signal regime, in a similar way than in [Di 02]. Finally, the closed-form

expressions proposed in this chapter have been validated by comparison with the

traditional large-signal HB simulation approach and its success in spurious out-

of-band oscillation predictions has also been experimentally evaluated. Note that

the developed approach has already been published by the autor in a international

journal publication [Pel12d] and in an international conference [Pel12a].

6.2. Small-signal stability analysis

In small-signal operation, the stability of a two-port network, as the one depicted

in Fig. 6.1, is mainly analyzed in terms of the input/output reflection coefficients.

An oscillation can occur if either the input or output port impedances present a

negative real part, which imply that reflection coefficients magnitude is higher than

the unity (|ΓIN | > 1 or |ΓOUT | > 1). Hence, the input and output locus gamma

equal to unity determine the boundaries between the stable and instable regions of

the transistor block.

These input/output reflection coefficients depend on the source and load mat-

ching networks and thus, on the load and source reflection coefficients presented

by the matching networks to the transistor (ΓL and ΓS). Therefore, the input and

output reflection coefficients of a two-port network can be expressed in terms of the

small-signal s-parameters of the transistor and the corresponding load and source

impedances as 6.1 and 6.2.
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Figure 6.1: Two-port network described in terms of reflection coefficients.

ΓIN = S11 +
S12S21ΓL

1− S22ΓL
(6.1)

ΓOUT = S22 +
S12S21ΓS

1− S11ΓS
(6.2)

The input and output locus gamma equal to unity can be mathematically ob-

tained by applying the stability condition (|Γ| = 1) to equations 6.1 and 6.2. The

range of source and load impedances values that fulfill this condition and thus, de-

fine the classical input/output stability circles, can be obtained from the following

circle equations [Poz98]:

CS =
(S11 −∆S∗

22)
∗

|S11|2 − |∆|2
(6.3)

RS =

∣

∣

∣

∣

S12S21

|S11|2 − |∆|2

∣

∣

∣

∣

(6.4)

CL =
(S22 −∆S∗

11)
∗

|S22|2 − |∆|2
(6.5)

RL =

∣

∣

∣

∣

S12S21

|S22|2 − |∆|2

∣

∣

∣

∣

(6.6)

∆ = S11S22 − S12S21 (6.7)
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where CS and CL correspond to the input and output stability circle centers, res-

pectively, and RS and RL describe the input and output stability circle radii, res-

pectively.

The obtained close-form expressions 6.3, 6.4, 6.5 and 6.6, based on s-parameters

formulations, provide the boundaries between the negative and positive real input

impedance region of the two-port network. Nevertheless, it is also necessary to de-

termine which area corresponds to the stable and instable region by evaluating the

network behavior at 50 Ω. For this case, if |S11| < 1 or |S22| < 1, then |ΓIN | < 1

and |ΓOUT | < 1 and thus, the 50 Ω load belongs to the stable region. On the other

hand, if |S11| > 1 or |S22| > 1, then |ΓIN | > 1 and |ΓOUT | > 1 and hence, the 50 Ω

load belongs now to the unstable area.

Therefore, in small-signal the stability can be analyzed by means of the stability

circles or alternatively, by using the Rollet’s stability criteria [Rol62] under the

conditions that an unloaded two-port, which has no poles in the right-hand plane,

will remain stable loaded externally at its input and output if and only if for all

frequencies K > 1 and |∆| < 1, where:

K =
1− |S11|

2 − |S22|
2 + |∆|2

2|S12S21|
(6.8)

6.3. Locus gamma equal to unity determination from

X-parameters

Previous stability closed-form expressions based on s-parameters formulation are

no longer valid for stability analysis under large-signal operation since, although the

DUT may fulfill the small-signal stability conditions for a small input power, an

oscillation can occur when this input power is increased and thus, rigorous stability

analysis of the large-signal steady-state solution should be carried out by means of

the use of conventional numerical pole-zero identification or Nyquist criterion.

Furthermore, the two-port network boundaries between the negative and positive

real input impedance region, determined from load/source dependent input/output
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reflection coefficient calculations expressed in terms of s-parameters, are valid only

for small-signal operation since accurate calculation of input/output reflection coeffi-

cients, under large-signal operation, requires input drive dependent expressions that

properly characterizes the non-linear network under such regime. To obtain those

predictions, the load-independent X-parameters formulation considered along the

present Thesis has been selected.

Note that the aim of this section has been motivated by the desire of speeding

up oscillator design process and improving design efficiency as well. Thus, the main

goal of this work consists in the development of an analytical tool able to predict the

boundary between the negative (energy delivered) and positive (energy absorbing)

fundamental real input impedance regions of a non-linear block and thus, providing

guidance with respect to the determination of the large-signal locus gamma equal

to the unity, at the fundamental frequency.

With this motivation in mind, firstly, it is required to analytical describe the

input and output reflection coefficients of a non-linear two-port network as a function

of signal power level and load impedance. This issue can be performed by using the

load-independent X-parameters coefficients, defined at fixed respective harmonic

terminations, through manipulating traveling wave’s relationships, as follows. The

simplified formulation used in 6.9 assumes that all the harmonic terminations are 50

Ω, so the Aqn waves can be neglected for n > 1 and, as this development is restricted

to the fundamental frequency of the driving signal, harmonic indexes in 6.9 are equal

to m = n = 1. Thus, in order to simplify model notation, fundamental B11 wave:

B11 = XF
11P +XS

11,21A21+XT
11,21P

2A∗

21 has been replaced by the following notation:

B1 = XF
11P +XS

12A2 +XT
12P

2A∗

2 .

The input reflection coefficient of a non-linear block characterized by the X-

parameters formulation can be describes as 6.9.

ΓIN =
B1

A1
=

XS
11A1 +XS

12A2 +XT
12P

2A∗

2

A1
(6.9)

where XS
11 = XF

11/|A11|

The fundamental output response wave, B2 can be expressed in function of the
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6.3 Locus gamma equal to unity determination from X-parameters

X-parameters as:

B2 =
A2

ΓL
= XS

21A1 +XS
22A2 +XT

22P
2A∗

2 (6.10)

Using 6.10 in the following system equation, the A2 traveling wave can be ex-

pressed as a function of the input wave A1. The final expression is described in

6.17.







B2 = A2/ΓL = XS
21A1 +XS

22A2 +XT
22P

2A∗

2

B∗

2 = A∗

2/Γ
∗

L = XS∗
21 A

∗

1 +XS∗
22 A

∗

2 +XT∗

22 P
−2A2

(6.11)







0 = ΓLX
S
21A1 + (ΓLX

S
22 − 1)A2 + ΓLX

T
22P

2A∗

2

0 = Γ∗

LX
S∗
21 A

∗

1 + (Γ∗

LX
S∗
22 − 1)A∗

2 + Γ∗

LX
T∗

22 P
−2A2

(6.12)







0 = (Γ∗

LX
S∗
22 − 1)ΓLX

S
21A1 + (Γ∗

LX
S∗
22 − 1)(ΓLX

S
22 − 1)A2 + (Γ∗

LX
S∗
22 − 1)ΓLX

T
22P

2A∗

2

0 = ΓLX
T
22P

2Γ∗

LX
S∗
21 A

∗

1 + ΓLX
T
22P

2(Γ∗

LX
S∗
22 − 1)A∗

2 + ΓLX
T
22P

2Γ∗

LX
T∗

22 P
−2A2

(6.13)

0 = (Γ∗

LX
S∗
22 −1)ΓLX

S
21A1−ΓLX

T
22P

2Γ∗

LX
S∗
21 A

∗

1+(|ΓLX
S
22−1|2−|ΓLX

T
22|

2)A2 (6.14)

Taking into account P definition, the fundamental incident wave A1 and its

conjugate can be related by 6.15.

A1 = P 2A∗

1 (6.15)

By replacing 6.15 in 6.14:

0 = ((Γ∗

LX
S∗
22 − 1)ΓLX

S
21 − ΓLX

T
22Γ

∗

LX
S∗
21 )A1 + (|ΓLX

S
22 − 1|2 − |ΓLX

T
22|

2)A2 (6.16)

and thus, A2 traveling wave can be expressed as a function of the input wave A1 as

follows:
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A2 =

((

1− Γ∗

LX
S∗
22

)

ΓLX
S
21 + ΓLX

T
22Γ

∗

LX
S∗
21

)

A1
∣

∣ΓLXS
22 − 1

∣

∣

2
−
∣

∣ΓLXT
22

∣

∣

2 (6.17)

Finally, by replacing 6.17 in 6.9, the input reflection coefficient at the fundamen-

tal frequency can be obtained in terms of the load-independent X-parameters.

ΓIN = XS
11 +

XS
12ΓL

((

1− ΓLX
S
22

)

∗

XS
21 +XT

22

(

ΓLX
S
21

)

∗
)

∣

∣ΓLXS
22 − 1

∣

∣

2
−
∣

∣ΓLXT
22

∣

∣

2 +

+
XT

12Γ
∗

L

((

1− ΓLX
S
22

)

XS∗
21 +XT∗

22 (ΓLX
S
21

)

∣

∣ΓLX
S
22 − 1

∣

∣

2
−
∣

∣ΓLX
T
22

∣

∣

2 (6.18)

The output reflection coefficient can also be expressed by means of X-parameters

following a similar development as the previous one. The final expression is given by

6.29.

ΓOUT =
B2

A2
=

XS
21A1 +XS

22A2 +XT
22P

2A∗

2

A2
(6.19)

where XS
21 = XF

21/|A11|

The fundamental input response wave, B1 can be expressed in function of the

X-parameters as:

B1 =
A1

ΓS
= XS

11A1 +XS
12A2 +XT

12P
2A∗

2 (6.20)

Using 6.20 in the following system equation, the A1 traveling wave can be ex-

pressed as a function of the input wave A2. The final expression is described in

6.25.







B1 = A1/Γs = XS
11A1 +XS

12A2 +XT
12P

2A∗

2

B∗

1 = A∗

1/Γ
∗

s = XS∗
11 A

∗

1 +XS∗
12 A

∗

2 +XT∗

12 P
−2A2

(6.21)







A1 = ΓSX
S
11A1 + ΓSX

S
12A2 + ΓSX

T
12P

2A∗

2

A∗

1 = Γ∗

SX
S∗
11 A

∗

1 + Γ∗

SX
S∗
12 A

∗

2 + Γ∗

SX
T∗

12 P
−2A2

(6.22)
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Γ∗

SX
S∗
12 (1− ΓSX

S
11)A1 = Γ∗

SX
S∗
12 ΓSX

S
12A2 + Γ∗

SX
S∗
12 ΓSX

T
12P

2A∗

2

ΓSX
T
12P

2(1− Γ∗

SX
S∗
11 )A

∗

1 = ΓSX
T
12P

2Γ∗

SX
S∗
12 A

∗

2 + ΓSX
T
12P

2Γ∗

SX
T∗

12 P
−2A2

(6.23)

By replacing 6.15 in 6.23 and solving the equation system:

(Γ∗

SX
S∗
12 (1−ΓSX

S
11)−ΓSX

T
12(1−Γ∗

SX
S∗
11 ))A1 = (Γ∗

SX
S∗
12 ΓSX

S
12−ΓSX

T
12P

2Γ∗

SX
T∗

12 P
−2)A2

(6.24)

and thus, A2 traveling wave can be related with the input wave A1 by means of 6.25.

A1

A2
=

|ΓS |
2(|XS

12|
2 − |XT

12|
2)

(Γ∗

SX
S∗
12 (1− ΓSXS

11)− ΓSXT
12(1− Γ∗

SX
S∗
11 ))

= ∆ (6.25)

Finally, by replacing 6.25 in 6.19, the output reflection coefficient at the funda-

mental frequency can be obtained in terms of the load-independent X-parameters

(6.29).

ΓOUT =
B2

A2
=

XS
21∆A2 +XS

22A2 +XT
22P

2A∗

1/∆
∗

A2
(6.26)

ΓOUT =
B2

A2
=

XS
21∆A2 +XS

22A2 +XT
22A1/∆

∗

A2
(6.27)

ΓOUT =
B2

A2
=

XS
21∆A2 +XS

22A2 +XT
22∆A2/∆

∗

A2
(6.28)

ΓOUT = XS
22 +XS

21∆+
XT

22∆

∆∗
(6.29)

The developed expressions 6.18 and 6.29 allow to accurately compute the in-

put/output reflection coefficients of a non-linear network under large-signal opera-

tion. The success of the developed formulation predictions to properly characterize a

non-linear system under such regime derives from the input drive dependency of the

close-form expressions. Nevertheless, the accuracy of the proposed analytical tool is

constraint to the load-independent X-parameters predictions robustness. Note that
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6.18 and 6.29 are equivalent to classical input/output reflection coefficient expres-

sions (based on s-parameters) when the input drive is small enough to neglect XT
12

and XT
22 terms.

From the previous development, the boundary loci between the negative (energy

delivered) and positive (energy absorbing) real input impedance regions of the non-

linear network can be obtained by solving 6.18 and 6.29 for |ΓIN | = 1 and |ΓOUT | =

1, respectively. The solution |ΓIN | = 1, loci, located on the load ΓL plane, lies, in

this case not on a simple circle (solution obtained with the classical s-parameters

approach) but on a quartic plane curve that can be expressed by the implicit form

in 6.30. The solution |ΓOUT | = 1, loci, located on the source ΓS plane also lies on a

quartic plane curve and its expression is similar to 6.30 with slightly different terms.

x4 + y4 + 2x2y2 +

(

2ℜ(d)

e

)

x3 −

(

2ℑ(d)

e

)

y3 +

(

2ℜ(d)

e

)

y2x−

−

(

2ℑ(d)

e

)

x2y +

(

2ℜ(b) + c

e

)

x2 +

(

−2ℜ(b) + c

e

)

y2 −

(

4ℑ(b)

e

)

xy +

+

(

2ℜ(a)

e

)

x−

(

2ℑ(a)

e

)

y +

(

1−
∣

∣XS
11

∣

∣

2

e

)

= 0 (6.30)

where ΓL = x+ jy.

a = −2XS
22

(

1−
∣

∣XS
11

∣

∣

2
)

−XS
21

(

XS
11X

T∗

12 +XS
12X

S∗
11

)

(6.31)

b =
(

XS
22

)2
(

1−
∣

∣XS
11

∣

∣

2
)

+XS
22X

S
21

(

XS
11X

T∗

12 +XS
12X

S∗
11

)

−XS
12X

T∗

12

(

XS
21

)2
(6.32)

c = 2
(

1−
∣

∣XS
11

∣

∣

2
)(

2
∣

∣XS
22

∣

∣

2
−
∣

∣XT
22

∣

∣

2
)

−
∣

∣XS
21

∣

∣

2
(

∣

∣XS
12

∣

∣

2
−
∣

∣XT
12

∣

∣

2
)

+

+ 2ℜ
((

XS
11X

T∗

12 +XS
12X

S∗
11

) (

2XS
21X

S∗
22 −XS∗

21 X
T
22

))

(6.33)
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d = −2XS
22

(

1−
∣

∣XS
11

∣

∣

2
)(

∣

∣XS
22

∣

∣

2
−
∣

∣XT
22

∣

∣

2
)

+ 2XS
12X

T∗

12 X
S
21

(
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21X
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22 −XS∗

21 X
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22

)
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−
(
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(
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22

(
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21X
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22 −XS∗
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T
22

)
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∣
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22
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−
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22
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12
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−
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(6.34)
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22
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−
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∣

2
)2

−
∣

∣

(

XS∗
21 X

S
22 −XS

21X
T∗

22

)∣

∣

2
(

∣

∣XS
12

∣

∣

2
+
∣

∣XT
12

∣

∣

2
)

−
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XS∗
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21 X

S
22 −XS

21X
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+

+ 2ℜ
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(

XS
11X

T∗

12 +XS
12X
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11

) (

XS
21X

S∗
22 −XS∗

21 X
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∣

∣XS
22

∣

∣

2
−
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∣XT
22

∣

∣

2
))

(6.35)

Note, that as XT tends to zero, the small-signal condition, this expression will

simplify to a simple circle, identical to that predicted by the s-parameters and com-

monly referred to the output stability circle.

6.3.1. Validation of gamma equal to unity curves

In this section the robustness of the developed analytical approach and thus,

of the corresponding X-parameters formulation, is going to be evaluated. For this

purpose, the same packaged SiGe HBT (NESG2030M04) used along the present

Thesis has been used.

Firstly, the input/output reflection coefficient expressions are going to be expe-

rimentally validated using the Maury-NMDG LSNA measurement system, available

at Vigo University.

In second place, the gamma equal to unity curves accuracy is going to be evalua-

ted by comparison with the traditional large-signal HB simulation approach, where

a measurement-based TD model has been used to predict the non-linear device

behavior.

Finally, the load-independent X-parameters formulation robustness is going to be

analyzed in order to better quantify the accuracy of |ΓIN | = 1 boundary expressions,

following the same method used in chapter 4, where the PHD model robustness has

been evaluated for use in analytical circuit design as well. But now, the model error is
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going to be evaluated at the input port, for the predicted response wave B1, instead

of computing the output power model error.

6.3.1.1. Input reflection coefficient close-form expression experimental

validation

In order to evaluate the closed-form expressions proposed for determining the

boundary, loci on the load ΓL plane, between the negative and positive real input

impedance regions, first, the validity and accuracy of the input reflection coefficient

expression 6.18 in terms of load-independent X-parameters is investigated.

For this purpose, a SiGe HBT (NESG2030M04, biased at Ib = 87mA, Vce =

1.95V) has been characterized with a Maury-NMDG LSNA based measurement sys-

tem with active load-pull capability up to the third harmonic, as the one depicted

in Fig. 5.10. Measurements of the device traveling waves were performed at a fixed

fundamental frequency, 5 GHz, sweeping input power from -30 dBm to 8 dBm and

using two different fundamental load impedances: 34+j9.6 Ω and 50 Ω. The corres-

ponding impedances at the harmonic frequencies (10 GHz and 15 GHz) in this case

were fixed at 50 Ω. The LSNA measurements using a complex impedance have been

accomplished by setting a manual tuner after the system couplers, thus the LSNA

calibration performed at 50 ohms is not invalidated.

Furthermore, from a sequence of measurements at 34+j9.6 Ω, the corresponding

transistor’s X-parameters were extracted using a Least-Squares algorithm. This re-

ference impedance has been selected since it is a region of stable operation located at

or near the maximum power point, as it has been determined in previous chapters.

Once previous set of measurements has been performed, measured HBT ΓIN for

both load impedances has been compared to the values predicted from the closed-

form expression 6.18 by using the X-parameters extracted at 34+j9.6 Ω. Obtained

results are shown in Fig. 6.2.

Note that the extrapolation capabilities of the PHD model are evaluated here in

the 50 Ω case, where the extracted load-independent X-parameter model at 34+j9.6

Ω is then extrapolating to 50 Ω. Key observation here is the significantly improved
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Figure 6.2: HBT input reflection coefficient versus input power for two different load impe-

dances.

ability of the X-parameters determined at 34+j9.6 Ω to predict both the small and

large-signal input reflection coefficient at a different load impedance (this case 50

Ω) which that used in the X-parameters extraction, in comparison with the limited

s-parameters predictions.

These results prove the validity of the proposed expression in terms of measurement-

based load-independent X-parameters for predicting the input reflection coefficient

behavior in a non-linear system. For the output reflection coefficient, similar results

have been obtained as well.

6.3.1.2. Validation of gamma equal to unity curves with a measurement-

based TD model

With the aim of evaluating the accuracy of the boundary, loci on the load ΓL

plane, between the negative and positive real input impedance regions generated

from expression 6.30, the corresponding output large-signal loci will be computed

for the same HBT (and same frequency and bias point) but after adding a passive

series feedback (series capacitor) element in order to deliberately introduce device

instability. At the selected bias state and design frequency, without feedback, the
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HBT is unconditional stable.

Note the goal of this work is exclusively the design of the microwave part of

the circuit, hence bias network design and circuit stabilization in order to avoid low

frequency oscillations is not considered here.

Once the loci corresponding to |ΓIN | = 1 are computed on the load ΓL plane,

they will be compared to those obtained using a measurement-based time-domain

(TD) non-linear model [Rod07] (which was experimentally validated for the same

HBT device in [Rod10]) with Harmonic Balance in a commercial CAD simulator

(ADS), since load pull measurements of the series connection were not available.

In this investigation in order to avoid adding unnecessary errors due to differences

in comparing results from two different sources (measurements of the HBT and

simulations of the HBT using a TD model), a simulation sequence was initially

performed using the HBT TD model, to emulate the X-parameter measurement

process and extract the corresponding load-independent X-parameters values of the

HBT by means of the X-parameter generator tool provided by ADS software. In

this extraction procedure, the target load impedance at the SiGe HBT output has

again been set to 34+j9.6 Ω and the used reference impedance Zref is also set to

34+j9.6 Ω. These X-parameters are now modified analytically [Pel11a] to account

for the inclusion of a series feedback element. This avoids the need to layout and test

transistor structures incorporating a feedback element an approach that, apart from

being expensive and time consuming, could provide a major measurement challenge.

If the aim, for example, is oscillator design, the objective of the feedback element is

to make the transistor potential unstable, hence an energy source, in the target load

impedance area of interest.

Once the series connection X-parameters are calculated they can be used, th-

rough 6.30, to compute in real time (using a worksheet design environment, i. e.

Matlab or Excel) the boundary, loci in load ΓL plane, between the negative and

positive real input impedance regions, |ΓIN | = 1.

In Fig. 6.3, predictions at different power levels of the loci obtained from the

closed-form expressions are compared with those determined by HB simulation using

the TD model, where a simulated load pulling of the series connection was used to
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cover the entire Smith Chart and thus, find the corresponding loads fulfilling |ΓIN |

= 1 condition.

Figure 6.3: Large-signal |ΓIN | = 1 loci plotted on the load ΓL plane for the HBT with a

series connection. The area to the left of the loci corresponds to the negative real impedance

region. Transformed Zref for the HBT with the series connection is also shown on the plot.

It is clearly seen in Fig. 6.3 that when the input power begins to increase, the

negative impedance region increases and the resulting loci departs from the circle

shape to acquire a quartic plane curve form. This is very useful insight, for example

in oscillator design, where the negative impedance region determination as a function

of the input drive and feedback impedance is crucial.

Furthermore, obviously, the X-parameter model of the series connection is emplo-

ying extrapolation when determining the boundary regions. The area of the Smith

Chart over which this extrapolation is valid will reduce with increased drive level,

hence selection of the reference impedance is important. In this case accurate pre-

diction is achieved at low drive levels, small-signal operation, over the whole Smith

Chart, but only over a limited region at high drive levels. However, because of the

appropriated selection of the reference impedance location (45+j5 Ω), using the blind
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iterative process described in chapter 4, the computed boundary loci at 1 dBm is

in the locality of this relocated reference, transformation due to introduction of the

series connection. Hence, accurate predictions at the desired large-signal drive level

(1 dBm, the 3 dB compression point) are also achieved.

Nevertheless, this is not the case at the intermediate drive levels, -10dBm and

-5dBm. Here the non-linear behavior is sufficient to modify the boundary loci, but

it’s location is still far removed from the transformed reference impedance that

establishes the centre of the load impedance space where the load-independent PHD

model is valid.

6.3.1.3. Robustness validation of the PHD model

In order to understand the robustness of the load-independent PHD formulation

and thus, quantify the accuracy of the closed-form expression 6.30 to predict the

boundary between the negative and positive input impedance regions, B1 model

error contours have been calculated and the difference between the simulated refe-

rence TD model and the extracted PHD model B1 wave is depicted in per cent. The

equation used to calculate the error is defined below in 6.36:

Error(%) =

∣

∣

∣

∣

BPHD
1 −BTD

1

BTD
1

∣

∣

∣

∣

100% (6.36)

TheB1 model error contours along with the predicted and determined boundaries

are shown in Figs. 6.4 and 6.5 for the two extreme input drive levels, -30 dBm (small-

signal) and 1 dBm (large-signal: 3 dB compression point).

For the small-signal case, Fig. 6.4, there is a perfect agreement, accurate PHD

model extrapolation extending in fact over the whole of the load ΓL plane Smith

Chart since at these drive levels X-parameters are equivalent to the s-parameters.

118



6.3 Locus gamma equal to unity determination from X-parameters

Figure 6.4: PHD model (solid) and simulated reference TD model (plus marks) |ΓIN | = 1

loci plotted on the load ΓL plane. Corresponding model error contours levels are indicated

in the colour bar. Represented error contours are 0.1% and 0.15%. Simulated load-pull grid

is plotted with grey marks. Input drive = -30 dBm (small-signal point).

Figure 6.5: PHD model (solid) and simulated reference TD model (plus marks) |ΓIN | = 1

loci plotted on the load ΓL plane. Corresponding model error contours levels are indicated

in the colour bar. Represented error contours are 1% and 5%. Simulated load-pull grid is

plotted with grey marks. Input drive = 1 dBm (3 dB compression point).
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Figure 6.6: PHD model (solid) and simulated reference TD model (plus marks) |ΓIN | = 1

loci plotted on the load ΓL plane. Corresponding model error contours levels are indicated

in the colour bar. Represented error contours are ranging from 1% to 9% in steps of 2%.

Simulated load-pull grid is plotted with grey marks. Input drive = -5 dBm.

Nevertheless, for the 3 dB compression point, the comparison shows good agree-

ment only for load impedances close to the transformed Zref which is now at location

(45+j5 Ω). Note this differs from the original Zref (34+j9.6 Ω) value because of the

introduction of the feedback network. Results indicated that provided the error in

B1 is less that 5%, accurate prediction of the |ΓIN | = 1 loci on the load ΓL plane is

achieved. Nevertheless, as the error is not uniform in all the impedance space, there

are directions where the error increases very quickly and other directions where the

error increases more gradually; hence the region of validity is not easily defined.

This and the fact that the area of accurate prediction is drive dependent explains

the differences seen at the intermediate power levels. Therefore, for some contours

we can see a mixture of good agreement in some parts of the load ΓL plane Smith

Chart and divergence in others.

Key point to note is that the X-parameter model is able to analytically predict

the boundary between the negative and positive real input impedance regions at

the design point of interest, 3 dB compression point, when it was located near the
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targeted impedance design space (i. e. target impedance for HBT close to maximum

power) transformed according to the selected feedback network. This is not however,

a coincidence since the design objective was to find a suitable feedback network to

make the transistor unstable in an area close to the maximum power point. If this

had proved not possible then the initial target impedance would have had to be

reviewed and the design loop repeated according to the blind process developed by

the author.

The main focus of this section has been to point out the consistency of the equa-

tions in both non-linear and linear regime. For the large-signal case, the formulation

evaluation has been targeted around the 3 dB compression condition. However, this

validation process may be repeated for different drive levels as it occurs in chapter

4, where the robustness of the load-independent X parameters has been evaluated

for the same HBT and for the 1 dB and 3 dB compression points. Moreover, if

necessary, the developed blind process could be applied in order to improve the

load-independent PHD model robustness in other load impedance areas, according

to each particular design objective, as for example, the impedance region correspon-

ding to -5 dBm and -10dBm boundaries. Thus, the accuracy of the boundary shown

in 6.6 may be improved as required.

Finally, these comparisons show that it is possible to use the basic, load-independent,

X-parameters coefficients and thus, analytical computed |ΓIN | = 1 loci on the load

ΓL plane, over an extended impedance region about the reference impedance, to gui-

de the microwave circuit design process. A key aspect to note is that by employing

these closed-form expressions it can be avoided the necessity to perform complex and

time consuming HB simulations in order to locate boundaries between the negative

and positive real input impedance regions during initial circuit design investigations.

In fact such simulations, if even necessary, can thus be confined to the final design

stages. In this example, the time performed in TD simulation for 3 dB compression

point, using a load-pull grid of 11*11 impedance points was equal to 12 minutes

while solving the implicit stability equation 6.30 is immediate.

It is important to note that the consistency of the proposed closed-form ex-

pressions has been also demonstrated because, since X-parameters relates to s-
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parameters at small-signal levels, in small-signal operation the proposed expressions

for the |ΓIN | = 1 loci on the load ΓL plane converge to the classic stability circles,

as demonstrated in previous figures. However, it has not been proved yet that this

locus is related to potential instability in large-signal regime, thus it is essential to

demonstrate this statement in a rigorous way.

6.4. Out-of-band non-linear device stability prediction

using X-parameters

Previous analytical tool usefulness to provide guidance with respect to the de-

termination of the large-signal locus, gamma equal to the unity, at the fundamental

frequency, has been already demonstrated. Nevertheless, a crucial issue that has not

been dealt so far is the demonstration of its ability to provide similar general stability

guidance, as the classic s-parameters stability circles under small-signal operation,

to assess circuit stability in large-signal regime.

Hence, in order to fulfill this purpose and in a similar way than in [Di 02], the

developed analytical expression based on load-independent X-parameters (6.30), will

also be used in this work to predict spurious out-of-band oscillations. This, however,

requires measured X-parameters at the desired perturbation frequency, when the

DUT is driven by a large-signal tone at the design frequency.

6.4.1. Large-signal stability analysis principles

Undesired instability phenomena is usually observed in the experimental charac-

terization of non-linear circuits, as power amplifiers. Thus, the stability analysis of

the non-linear device becomes crucial in order to avoid this kind of phenomena.

The stability or instability is a property of the particular solution about which the

circuit is linearized and it indicates how this solution reacts to small perturbations.

Hence, a steady-state solution is stable if under any small perturbation, like noise

or dc-bias fluctuations, the system returns to it exponentially in time. However, if

the solution is unstable, any small instantaneous perturbation will make the system
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evolve to a different steady-state solution, which unlike the previous one, is stable

versus small perturbations.

Classical large-signal stability analysis is based on the linearization of the system

about its large-signal steady-state regime at the input-drive frequency fc by means of

the conversion-matrix approach [Jeo06]. This method allows the generalization of the

small-signal parameters to non-linear circuits operating in large-signal regime, in the

case when a small perturbation is superimposed on to a non-linear circuit operating

in large-signal regime. Thus, the conversion matrix will relate all the small-signal

upper and lower sidebands generated by the mixing between the large-signal stimulus

and the small perturbation tone as follows:
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(6.37)

where fc is the large-signal tone frequency, fx the perturbation tone frequency, K is

an arbitrary positive integer, [X] is the matrix that relates the small-signal power

waves at the sidebands Kfc± fx and finally, an and bn are the small-signal stimulus

and response waves, respectively.

For a perturbation frequency much lower that the large-signal pump frequency,

the interaction between the tones at a frequency fx is much stronger than the in-

teraction between all the other tones appearing near the fundamental frequency fc

and its harmonics and thus, these mixing products (Kfc ± fx) can be neglected. In

[Gas04], interactions between the tones (input and output) at a frequency fx were

ignored. For this particular case, as in classical linear circuit theory, the following
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[X] matrix relates the small-signal a-waves and b-waves at a frequency fx:
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 (6.38)

If these interactions are included, the extended X-parameter formulation is re-

quired:
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P 2a∗2(fx) (6.39)

where P = ejϕ(A11).

6.4.2. Device modeling with small-signal X-parameters

X-parameters have the potential to provide the characterization, modeling and

design of non-linear components in just the same tool. Nevertheless, although X-

parameters have the potential to revolutionize the non-linear modeling framework,

its performance has just been proved for in-band predictions and thus, out-of-band

knowledge would provide a step forward in the analysis of small-signal/large-signal

non-linear interactions. With this aim in mind, previous researchers tried to accom-

plish the study of non-linear parametric interactions by using the hot S-parameters.

In [Gas04], a characterization setup that enables in-band and out-of-band measure-

ments of Hot small-signal S-parameters of a non-linear device driven by a large-signal

stimulus tone was presented. These four parameters are measured with a perturba-

tion signal tone at a frequency much lower that the large-signal tone pump frequency,

and its predictions are very useful in out-of-band circuit design. In fact, this study

was focused on parametric oscillations predictions.

In a similar way, in this section, a novel measurement setup is proposed to pro-

vide small-signal X-parameters measurements rather than s-parameters in order to

predict device out-of-band performance. This characterization system includes a

non-linear vector network analyzer PNA-X and a passive tuner, in order to enable
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load-pull characterization at the pump frequency. The main advantage of the propo-

sed architecture is its simplicity, due to the use of a unique NVNA in combination

with a conventional SOLT calibration, while in [Gas04] two VNAs and a specific

calibration technique are required. On the other hand, the role of XT
12 and XT

22 pa-

rameters in out-of-band stability predictions is going to be evaluated for the first

time in this Thesis.

Furthermore, the same SiGe HBT characterized along the present Thesis has also

been out-of-band characterized by extracting the small-signal X-parameters at a low

perturbation frequency, swept from 200 MHz to 1 GHz in steps of 200 MHz, when

the device is driven into a non-linear regime with a pump signal which frequency is

swept over a bandwidth around 5 GHz (from 4.5 GHz to 5.5 GHz).

6.4.2.1. Measurement system

The setup used for the study of non-linear parametric interactions is mainly ba-

sed on the use of the nonlinear vectorial network analyzer PNA-X coupled with a

Focus Microwaves tuner to perform fundamental load-pull measurements. This mea-

surement system is available at the High Frequency Engineering Centre in Cardiff

University and it can be seen in detail in Figs. 6.7 and 6.8. The measurement con-

figuration used in this experimental characterization is presented in Fig. 6.9, where

two external couplers have been introduced between the device and the tuner, thus

avoiding the complex and time-consuming task of de-embedding the tuner. Low loss

couplers have been used to provide the widest range of possible load terminations.

Moreover, a directional coupler is also inserted at the device input in order to

combine both signals, the pump signal and the perturbation frequency. Note that

the perturbation signal fx is going to be generated by the internal source available

by the PNA-X; while the large-signal tone is going to be provided by an external

source. The selected directional coupler must cover a wide bandwidth in order to

provide the same coupling level for both excitations. To fulfill this purpose, a coupler

with an operating frequency between 0.2 and 18 GHz and a coupling level of 10 dB

has been chosen.
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Figure 6.7: PNA-Xmeasurement system that enables in-band and out-of-band measurements

of small-signal X-parameters of a non-linear device driven by a large-signal stimulus for a

load impedance of 50 Ω.

Figure 6.8: Detail view of PNA-X measurement system.
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Figure 6.9: PNA-X configuration that enables in-band and out-of-band measurements of

small-signal X-parameters of a non-linear device driven by a large-signal stimulus.

A simple non-linear calibration procedure has been performed with the PNA-

X in a frequency grid where the starting frequency has been set to 200 MHz, the

number of frequency points has been fixed to 30, and the frequency step was set to

200 MHz, in order to correctly calibrate both frequencies: the large-signal tone at

5 GHz and the perturbation signal, that is swept from 200 MHz to 1 GHz in steps

of 200 MHz. Note that since the calibration is performed by the PNA-X, the pump

signal will not be correctly calibrated at the device input since the path of this signal

is different than the path of the signal generated by the PNA-X. Nevertheless, both

measured signals at the device outputs are going to be correctly calibrated, as the

output path is the same for both excitations. Thus, the device output power can be

accurately measured for the pump signal frequency as well.

The non-linear calibration performed by the PNA-X is developed in three steps:

initially, a conventional vector SOLT calibration is performed, and then an ampli-

tude calibration using a power sensor and a phase calibration by means of a Comb

generator are required.

The aim of the characterization setup is to accurately measure the small-signal

X-parameters at the perturbation frequency, fx, when the device is driven into a

non-linear regime with a pump signal at fc.
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It is worthy to point out that the main difference respect to the configuration pro-

posed in [Gas04] to measure the Hot small-signal S-parameters is that for obtaining

the six fundamental X-parameters, load-pull measurements are required while clas-

sical Hot S-parameters are determined using just conventional forward and reverse

measurements. Nevertheless, sometimes as explained in [Maz78], inaccurate results

may be obtained for describing the non-linear Hot S22 and Hot S12 when these para-

meters have been determined using conventional forward and reverse measurements.

Hence, to correctly measure the X-parameters it is necessary to measure the trave-

ling waves at the device ports when a signal at fx is simultaneously applied at both

ports by sweeping the phase offset between both signals. Then, the small-signal pa-

rameters can be correctly extracted by applying a Least-Squares algorithm. In Fig.

6.10, this process is graphically described. The PNA-X uses this technique to provide

the X-parameters and in fact, the number of phase points used in the extraction can

be fixed by the user. In this work 5 was used; the number recommended by Agilent

to provide robust X-parameter extraction.

Therefore, the role ofXT
12 andXT

22 parameters in out-of-band stability predictions

has also been analyzed in the present work.

Figure 6.10: Description of X-parameters measurements at fx.

6.4.2.2. HBT small-signal X-parameters measurements

In this section, the out-of-band behavior of the SiGe HBT transistor driven with

a large-signal tone at 5 GHz is going to be evaluated. Initially, the influence of the

RF power level of the large-signal tone over the small-signal X-parameters measured

at the perturbation frequency, fx, was studied. The input drive was swept from -
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12 dBm to 3 dBm at the input device port, for X-parameters extraction, and the

perturbation signal power has been set to -20 dBm. Note that for an input power

of 1 dBm, the HBT is driven at its 1 dB compression point. Fig. 6.11 shows the

non-linear behavior of the device with the input drive obtained by measuring the

device behavior in the proposed set-up for 50 Ω when the PNA-X is injecting a 5

GHz signal for a sweep of the input drive from -22 dBm up to 5 dBm.

Figure 6.11: PNA-X SiGe HBT measured output power at the fundamental frequency of 5

GHz.

The small-signal X-parameters have been measured for a 50 Ω load, an input

drive sweep from -12 dBm to 3 dBm and for a perturbation frequency, fx, swept

from 200 MHz to 1 GHz in steps of 200 MHz.

In Fig. 6.12 and Table 6.1 the influence of the input power drive on the small-

signal X-parameters measured at 200 MHz is visible. It can be seen, as the RF

power increases, that XS
11 gets closer of the Smith Chart limit and thus, a parametric

oscillation may occur for a certain input drive if the measured magnitude of XS
11 and

XS
22 is bigger than the unity. Nevertheless, this is not a sufficient condition since the

fulfillment of the oscillation startup condition (ΓOUT · ΓL = 1 or ΓIN · ΓS = 1) at a

particular resonance frequency is also required.

In Fig. 6.13 the influence of the power drive over the small-signal X-parameters
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Table 6.1: Small-signal X-parameters measured with the PNA-X in mode NVNA

NVNA: X (dB)

PIN (dBm) XS
21 XS

12 XS
11 XS

22 XT
12 XT

22

-12 27.5 -34 -2 -0.8 -60 -26

3 16.1 -33 -0.5 -1.1 -70 -42

measured at a perturbation frequency, fx, swept from 200 MHz to 1 GHz in steps of

200 MHz is shown. In this case, a similar behavior has been obtained for the different

perturbation frequencies and it can be observed that XS
11 always gets closer to the

Smith Chart limit when the RF power increases.

In Fig. 6.14 the impact of the pump signal frequency over the small-signal X-

parameters measured at 200 MHz is presented. The drive signal frequency has been

swept over a bandwidth around 5 GHz (from 4.5 GHz to 5.5 GHz). The obtained

results show that impact of the drive frequency over the small-signal parameters is

bigger at higher input drive levels.

The results in this work show that, XT terms are present and cannot be neglec-

ted, as it was the case in [Gas04]. When the perturbation frequency gets smaller, XT

coefficients acquire a more significant role since the interaction between the tones

at a lower fx is much stronger than the interaction between all of the other mixing

products. Furthermore, the XT coefficients are higher as the pump power decreases

since for these input drive levels, the HBT behavior at low frequencies fx, even for

an injection tone power of -20 dBm, is not completely linear.

Note that the presented results correspond to a pump frequency load impedance

of 50 Ω. However, the proposed measurement setup enables the same characterization

performed in this section for different load impedances set by the passive tuner in

Fig. 6.9.

130



6.4 Out-of-band non-linear device stability prediction using X-parameters

Figure 6.12: SiGe HBT small-signal X-parameters for a perturbation frequency fx = 200MHz

versus RF power level at 5 GHz for a load impedance of 50 Ω.
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Figure 6.13: SiGe HBT small-signal X-parameters for a perturbation frequency swept from

fx = 200MHz to 1 GHz versus two extreme RF power levels (-12 dBm and 3 dBm) at 5

GHz for a load impedance of 50 Ω.
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Figure 6.14: SiGe HBT small-signal X-parameters for a pump signal frequency swept from

fc = 4.5 GHz to 5.5 GHz versus two extreme RF power levels (-12 dBm and 3 dBm) and

for a perturbation frequency fx = 200 MHz and a load impedance of 50 Ω.
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6.4.3. Out-of-band stability predictions

Once small-signal X-parameters have been measured, the SiGe HBT large-signal

stability analysis due to the source and load impedances may be addressed in a

rigorous way by computing the extended large-signal locus 6.30, gamma equal to

the unity, at the perturbation frequency, fx, under the pump influence at fc (large-

signal equivalent to the conventional s-parameters based stability circles). Hence,

the device stability at a perturbation frequency, fx, swept from 200 MHz to 1 GHz

in steps of 200 MHz, under the pump influence at 5 GHz, has been evaluated by

computing the analytical locus, gamma equal to the unity, based on measured load-

independent X-parameters.

In Figs. 6.15-6.19, the analytical locus |ΓIN | = 1, plotted on the ΓL plane, has

been computed at different perturbation frequencies using the conventional stability

circles, based on the s-parameters, and with the extended large-signal locus, based

on the X-parameters. Note that the classical approach just requires to measure four

parameters, while in the proposed analytical approach, six parameters are required.

Thus, the function of XT
12 and XT

22 parameters is going to be analyzed.

Figure 6.15: SiGe HBT |ΓIN | = 1 loci plotted on the load ΓL plane for a perturbation

frequency fx = 200MHz versus two extreme RF power levels: no injection (red trace) and 3

dBm (black trace) at 5 GHz for a load impedance of 50 Ω. The area to the right of the loci

corresponds to the unstable region.
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Figure 6.16: SiGe HBT |ΓIN | = 1 loci plotted on the load ΓL plane for a perturbation

frequency fx = 400MHz versus two extreme RF power levels: no injection (red trace) and 3

dBm (black trace) at 5 GHz for a load impedance of 50 Ω. The area to the right of the loci

corresponds to the unstable region.

Figure 6.17: SiGe HBT |ΓIN | = 1 loci plotted on the load ΓL plane for a perturbation

frequency fx = 600MHz versus two extreme RF power levels: no injection (red trace) and 3

dBm (black trace) at 5 GHz for a load impedance of 50 Ω. The area to the right of the loci

corresponds to the unstable region.
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Figure 6.18: SiGe HBT |ΓIN | = 1 loci plotted on the load ΓL plane for a perturbation

frequency fx = 800MHz versus two extreme RF power levels: no injection (red trace) and 3

dBm (black trace) at 5 GHz for a load impedance of 50 Ω. The area to the right of the loci

corresponds to the unstable region.

Figure 6.19: SiGe HBT |ΓIN | = 1 loci plotted on the load ΓL plane for a perturbation

frequency fx = 1GHz versus two extreme RF power levels: no injection (red trace) and 3

dBm (black trace) at 5 GHz for a load impedance of 50 Ω. The area to the right of the loci

corresponds to the unstable region.
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The obtained |ΓIN | = 1 locus with both approaches show that, as the pertur-

bation frequency gets smaller, the difference between the predictions obtained with

both approaches are slightly greater and thus, XT terms acquire a more significant

role since the interaction between the tones at a lower fx is much stronger than the

interaction between all of the other mixing products. Furthermore, the discrepancies

are higher as the pump power decreases since for these conditions, the HBT beha-

vior is not completely linear. Therefore, although similar results have been obtained

using both techniques, the extended analytical approach taking into account XT

terms is able to obtain more accurate predictions of the |ΓIN | = 1 boundary when

soft non-linear effects appear at the low frequencies used in the stability analysis.

6.4.3.1. Out-of-band stability predictions validation

To experimentally validate the proposed analytical approach for predicting out-

of-band behavior, a HBT-based amplifier at 5 GHz with a parametric oscillation at

200 MHz has been designed and manufactured.

The circuit output matching network has been designed to provide at 200 MHz a

load impedance that belongs to the unstable region, while at the fundamental design

frequency, 5 GHz, the HBT should see 50 Ω, the same impedance used in the small-

signal X-parameters characterization. In Fig. 6.20, the selected load impedance at

200 MHz is depicted.

The input matching network should be designed to fulfill the oscillation startup

at the selected perturbation frequency, which can be described as:

|ΓIN | · |ΓS | = 1 (6.40)

and

argument(ΓIN · ΓS) = 0 (6.41)

Hence, it is necessary to compute the input reflection coefficient at 200 MHz

in order to design the input matching network according to 6.40 and 6.41 condi-
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Figure 6.20: Load impedance selection, ZL = 50 + 100jΩ, to become unstable the SiGe

HBT for a perturbation frequency fx = 200MHz and for both extreme RF power levels: no

injection (red trace) and 3 dBm (black trace) at the pump frequency, 5 GHz.

tions. The corresponding ΓIN may be computed in a Harmonic Balance simulator

or analytically (spreadsheet), in order to improve the design time efficiency, by using

the analytical close-form expression based on X-parameters formulation 6.18. In this

equation, the X-parameters coefficients are those measured at the perturbation fre-

quency, and the load reflection coefficient, ΓL, corresponds to the same value depicted

in Fig. 6.20.

The analytically computed ΓIN coefficient is equivalent to an input impedance

ZIN = -113-150j Ω and thus, the input matching network has to present to the HBT

an impedance of ZRES = 113+150j Ω at 200 MHz, and 50 Ω at 5 GHz.

A photograph of the designed and manufactured HBT-based amplifier at 5 GHz

with a parametric oscillation at 200 MHz can be shown in Fig. 6.21. In Fig 6.22 the

obtained results are depicted when no pump drive is present at the input and thus,

this port is terminated with a 50 Ω load. Moreover, the measured output spectrum,

when a pump signal at 5 GHz and 3 dBm (large-signal regime) is injected at the

input port, is shown in Figs. 6.23 and 6.24.
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Figure 6.21: Photograph of the manufactured HBT-based amplifier at 5 GHz with a para-

metric oscillation at 200 MHz.

Figure 6.22: Measured output spectrum of the manufactured HBT-based circuit when no

pump drive at 5 GHz is present.
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Figure 6.23: Measured low frequency output spectrum of the manufactured HBT-based

circuit when a 3 dBm pump drive at 5 GHz is injected at the input port.

Figure 6.24: Measured output spectrum around the design frequency (5 GHz) when a 3 dBm

pump drive at 5 GHz is injected at the input port.
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In the first case, when no injection at the pump frequency is provided, the HBT-

based circuit is auto oscillating at 204 MHz, thus just a frequency shift of 4 MHz

is obtained respect to the expected oscillation frequency. On the other hand, when

a large-signal input drive of 3 dBm is present at the input, the auto oscillation is

now centered at 224 MHz with an output power of 3.68 dBm, while the measured

output spectral tone at 5 GHz is just -14.5 dBm. Thus, the main contribution to

output power spectrum is the low frequency parametric oscillation.

As conclusion, the X-parameters out-of-band predictions are extremely accurate,

as it has been proved with the HBT-based circuit parametric oscillation characteri-

zation. Hence, it should be highlighted that in this work it has been demonstrated

that the extended locus, based on X-parameters formulation, may be related to

potential instability, an essential requirement that has not been validated so far.
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Chapter 7

Large-Signal Oscillator Design

Procedure based on Analytical

X-parameters Expressions

7.1. Introduction

Free running oscillators are crucial elements in communication systems due to

their critical role in the frequency conversion stages [Car86]. The fundamental fre-

quency obtained from free running oscillators is self-generated or autonomous and

only depends on the values of the circuit elements. Therefore, the circuit must be

accurately designed to obtain the desired oscillation frequency and acceptable per-

formance in terms of RF output power and DC to RF conversion efficiency.

Self-sustained oscillation is only possible in non-linear, non-conservative systems.

The oscillation starts up from any small perturbation and must grow from noise le-

vel to a steady-state oscillatory solution, with constant amplitude and time period.

Oscillator circuit behavior can be studied in the time and the frequency domains.

Time domain approaches describe the oscillator non-linear dynamics by means of

a system of non-linear differential equations, thus both transient and steady-state

operation are accurately determined. Using frequency domain analysis techniques,

both linear (fundamental only) and non-linear (fundamental frequency and its har-
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monics), only the final steady-state behavior can be investigated. In this case, an

additional rigorous stability analysis of the obtained steady-state solution should

also be carried out using numerical pole-zero identification or Nyquist criterion.

In oscillator circuit design, a very helpful frequency domain approach is the

impedance-admittance analysis. This analysis is usually limited to one harmonic

term in order to obtain meaningful analytical expressions for the oscillation fre-

quency and amplitude. Note that the accuracy of this type of sinusoidal approach

will be improved for larger quality factor resonant circuits since the harmonic com-

ponents will be drastically attenuated. However, the non-linear block of a practical

oscillator circuit will generally contain several reactive and resistive elements and

thus, the non-linear admittance or impedance function cannot be analytically com-

puted in a simple manner, requiring the use of a Harmonic Balance simulator in

order to determine the admittance/impedance function by means of an auxiliary

generator [Sua09].

The main drawbacks of using CAD simulators are the time-consuming optimiza-

tion steps, usually required in a fully numerical simulation-based circuit design. In

order to speed up this design procedure, the availability of closed-form expressions

would be convenient [Bay11]. These allowing for the direct computation of the non-

linear network performance, hence quickly providing an initial valid design solution.

An example in this concept is the popular negative-resistance method for RF osci-

llator design, based mainly on s-parameters. However, although this approach gives

acceptable insight, it cannot accurately predict oscillator behavior since it is only

based on linear parameters.

Therefore, in this chapter, new closed-form expressions based on large-signal

load-independent X-parameters are presented in order to formulate an oscillator

analytical design procedure that provides for improved oscillator behavior predic-

tions over classical analytical methods. Some of the concepts presented in previous

chapters as the PHD model robustness, feedback role analysis or the large-signal

|ΓIN | = 1 boundaries play a crucial role in the proposed large-signal oscillator pro-

cedure.

Finally, using this new design approach, microwave free running oscillators have
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been designed, manufactured and characterized. Obtained experimental results va-

lidate the accuracy and usefulness of the developed technique. Note that part of the

results included in this chapter have been published in [Pel12e].

7.2. Microwave oscillators state of the art

Microwave oscillators [Kha06] are key components of any communication, navi-

gation, surveillance or measurement system due to its ability to self-generate elec-

tromagnetic energy, to enable frequency up and down conversion or to provide a

reference signal for system synchronization, among other multiple functions.

The first microwave oscillators appeared at the early 1940s and were known as

vacuum tubes. In 1970s, reflex klystrons were a common way to generate low or

moderate powers at X or Ku band. Moreover, by the late 1970s, transistor dielec-

tric resonator oscillators meant a great advance since they provided a significant

improvement in the circuit performance. Nowadays, microwave oscillator are mainly

developed using MMIC, surface-mount or hybrid technologies which provide good

circuit performance as well as much less volume and cost, crucial requirements in

current communication systems.

The main function of microwave oscillators consists in convert the DC power

into a RF signal. In order to fulfill this purpose, this kind of circuit is made up of

an active device and a passive resonant element.

The active device can be a two-terminal device like a Gunn or IMPATT diode or

more commonly a three-terminal device as a bipolar or FET transistor. Note that an

active device with sufficient gain to compensate the feedback loop losses is required

to obtain a high frequency signal.

Respect to the resonator network that is going to fix the oscillation frequency,

different topologies can be selected as: a SAW (Surface Acoustic Wave) cavity, a

network made up of microstrip transmission lines, a dielectric resonator, a varactor

or a YIG-based (Yttrium Iron Garnet) resonator.

In literature [Swe90, Abr99, Rhe95, Got97, Ody02, Gre07] it can be found a great
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amount of information related to oscillator performance analysis as well as a detai-

led description of the different available design methods according to the microwave

transistor oscillator type required. Within the most popular approaches to design

oscillator circuits it should be highlighted the feedback and negative-resistance ap-

proaches. The latter one has been selected in the present Thesis to develop a new

large-signal oscillator design procedure based mainly on the X-parameters predic-

tions.

7.3. Negative-resistance oscillators

The negative-resistance method is extensively used in the design of RF and micro-

wave frequency oscillators [Gon07]. In a free running oscillator, a negative-resistance

element delivering energy to a resonator is necessary for oscillation buildup from the

noise level. The input negative-resistance of the resulting one-port non-linear block

can be expressed as a function of the frequency and input power amplitude, while

the passive resonator (input) network is usually assumed only frequency dependent.

In Fig. 7.1, a simple representation of a one-port oscillator circuit is shown.

Figure 7.1: One-port negative-resistance oscillator diagram.

The startup condition for oscillations buildup is given by equation 7.1. As long

as the loop resistance remains negative, the output signal amplitude will increase

until it achieves the steady-state condition, where the loop resistance would be zero

and expression 7.2 would be satisfied,
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RRES(ω) +RIN (A,ω) < 0 (7.1)

ZRES(ω0) + ZIN (A0, ω0) = 0 (7.2)

where A is the input power amplitude, ω the oscillation frequency, and A0 and ω0

are, respectively, the input power amplitude and the oscillation frequency reached

at steady-state.

To guarantee a stable oscillation, condition 7.2 is not sufficient and it is necessary

that Kurokawa condition [Kur69] holds.

∂RIN (A)

∂A

∣

∣

∣

∣

A=A0

·
∂XL(ω)

∂ω

∣

∣

∣

∣

ω=ω0

−
∂XIN (A)

∂A

∣

∣

∣

∣

A=A0

·
∂RL(ω)

∂ω

∣

∣

∣

∣

ω=ω0

> 0 (7.3)

7.3.1. Two-port negative-resistance oscillators based on s-parameters

The basic principles considered for one-port negative resistance oscillators can

also be applied to two-port (transistor) oscillators [Gon07]. In fact, a transistor

oscillator (two-port) can be seen as a potentially unstable transistor terminated with

a load impedance designed to produce the required negative input impedance. As

consequence, the circuit can again be represented as a one-port negative-resistance

device with input impedance ZIN .

The classic circuit schematic of a two-port negative-resistance oscillator is shown

in Fig. 7.2. The two-port oscillator consists of a transistor, usually modeled by its

measured small-signal s-parameters, a passive terminating (load) network (ZT ) and

a passive resonator (input) network (ZRES).

When oscillation occurs at the transistor input, it will also simultaneously occur

at the terminating output port. Therefore, for steady-state oscillation, conditions

|ΓIN | · |ΓRES | = 1 and |ΓOUT | · |ΓT | = 1 are satisfied. This expression is equivalent

to 7.2 provided we are assuming a real characteristic impedance.
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Figure 7.2: Two-port transistor oscillator diagram.

Taking into account previous concepts, the classical oscillator design criteria

(based mainly on the small-signal s-parameters) can be summarized in the following

steps:

1. Selection of a potentially unstable transistor. Usually the transistor requires

an additional parallel or series feedback network in order to increase the device

potential instability at the desired oscillation frequency.

2. Design of the terminating (output) network in order to obtain an input re-

flection coefficient higher that unity (|ΓIN | > 1 ) or in terms of impedance, a

negative real part of the input impedance (RIN < 0).

3. Finally, design of the resonator (input) network in order to reach the steady-

state oscillation regimen. The input negative-resistance RIN at the non-linear

block is classically assumed to vary linearly with amplitude according to ex-

pression 7.4. Under this assumption, the real part of the resonator RRES can

be designed for obtaining maximum oscillator power, which is equivalent to

maximize the power delivered to RRES by the transistor. Therefore, for a RIN

linear variation with the amplitude similar to 7.4, the RRES value that maxi-

mizes the oscillator power is shown in 7.5,

RIN (A) = −RIN (A = 0) ·

(

1−
A

AM

)

(7.4)

RRES =
|RIN (A = 0)|

3
(7.5)
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where A is the amplitude of the signal and AM is the maximum value of A.

Finally, the reactive part of the resonator (input) impedance is selected to

reach the oscillation steady-state, so XRES(ω0) = −XIN (ω0).

This linear design procedure is very popular due to its simplicity and, in practice;

it provides a reasonable approximation to the real oscillator performance. However,

since it is based on small-signal parameters, it cannot be used to accurately predict

non-linear performance in terms of the output power and oscillation frequency. In

fact, among the main approximations assumed in this method, the independence

of XIN with the signal amplitude (A) may be included, which will be responsible

of a possible shift in the oscillation frequency prediction. Moreover, the assumed

linear dependence of the negative input resistance with amplitude (implicit in eq.

7.5) will also produce inaccuracies in the oscillator power estimation. On the whole,

as this method is classically based on small-signal parameters, it cannot be used to

accurately predict non-linear performance, even the fundamental oscillator power or

the harmonic power levels.

7.3.2. Large-signal analysis of negative-resistance oscillators based

on harmonic balance simulation

In this classical design context, large-signal simulations (usually Harmonic Ba-

lance based) are thus mandatory as a further step to provide accurate non-linear

predictions of the oscillator performance [Sua09, Gon07]. For that purpose, a pre-

cise non-linear transistor model biased at an appropriate quiescent point should be

provided.

Harmonic Balance based numerical design methods rely usually on optimizing

the terminating network so that the transistor presents an appropriate negative

resistance at the input port. The resulting one-port negative-resistance circuit can

be designed by determining the input impedance as a function of the input drive

at the desired oscillation frequency. For that purpose, a large-signal analysis can be

performed using an auxiliary generator in the input port in a commercial Harmonic

Balance simulator, to compute the negative-resistance value and the power delivered
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to the input load by the non-linear active block.

Therefore, the large-signal characterization of the resulting one-port negative-

resistance circuit is achieved by implementing the circuit schematic shown in Fig.

7.3 in a commercial HB simulator, as for example ADS, and computing the input

impedance and the added power, defined as 7.6. Thus, the maximum oscillator po-

wer can be obtained by determining the input negative-impedance that maximizes

expression 7.6.

Figure 7.3: Large-Signal measuring circuit to compute the input negative-resistance of the

oscillator block.

PADD = PAV S

(

|ΓIN |2 − 1
)

(7.6)

where:

PAV S =
V 2
S

8RS
(7.7)

Finally, the resonator (input) impedance can be determined to force the os-

cillation condition 7.2 and through Harmonic Balance simulations, the oscillation

frequency and the corresponding output power can be easily predicted.

Nevertheless, the main drawbacks of this method are the lengthy and time-

consuming simulator-based oscillator design steps, and the fact that the first design

estimation is obtained from s-parameters and is thus not accurate enough. Therefore,

it would be helpful to further develop a fully analytical non-linear design approach
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to account for non-linear active device behavior, as in CAD based methods, but

also enabling real-time synthesis, hence quickly providing an initial valid design

solution that could be later, if required, validated or completed in the CAD tools,

thus considerable decreasing simulation time.

7.4. Two-port negative-resistance oscillators design ba-

sed on X-parameters

Within this framework, in this section, new closed-form expressions based on

a load-independent X-parameter transistor model have been developed in order to

provide an analytical real-time oscillator design procedure that accounts for non-

linear device behavior.

This design procedure can be briefly described through the following steps:

1. Selection of a potentially unstable biased transistor able to provide the desired

frequency, output power and phase noise specifications for the oscillator circuit.

2. Selection of the appropriate transistor terminating (output reference) impe-

dance, following the blind iterative process already developed by the author

which has been described and experimentally validated in chapter 4.

3. Extraction of the load-independent X-parameters transistor model at the cal-

culated, in step 2, reference output impedance in order to predict oscillator

design impedance space. Note: steps 2 and 3 are coupled through the blind

process.

4. From previous X-parameter model, selection of the terminating load to simul-

taneously achieve maximum transistor output power and negative resistance

at the transistor input. The determination of the negative impedance space

as a function of the input drive is crucial in accurate oscillator design. Thus,

to predict the |ΓIN | = 1 boundary at the desired oscillation frequency, analy-

tical expressions based on load-independent X-parameters and described in

chapter 6 have been used to provide design guidance. Simultaneously, for ma-
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ximizing transistor output power, new closed-form expressions also based on

X-parameters, detailed in next section, are proposed and used in this work

in order to determine non-linear transistor’s constant output power contours

rather than s-parameters computed linear gain contours.

5. Selection of the resonator (input) impedance. The non-linear input impedan-

ce (ZIN ) is computed analytically by means of X-parameters based closed-

form expressions, detailed in chapter 6 as well. These input power dependent

analytical expressions predict the large-signal input reflection coefficients from

which, the resonator impedance appropriate to obtain maximum steady-state

oscillator power is determined. This process is quite similar to that based on

HB simulations except from the added value of the device behavior direct

computation and thus, design time efficiency is significantly improved.

In Fig. 7.4, a flow chart summarizes the new large-signal oscillator design ap-

proach described above. A more detailed description of some of the proposed design

steps is provided in next paragraphs.

7.4.1. Terminating network design

The optimum terminating impedance has to be carefully selected. It has to pro-

vide a negative resistance at the transistor input and, at the same time, it should

enable maximum power delivery to the load at the transistor output.

In order to calculate this optimum terminating impedance, in small-signal ope-

ration, power gain contours based on s-parameters could be used, but the obtained

prediction degrades with power as device behavior becomes more non-linear. For

this reason, X-parameters have been used to obtain a similar functionality but un-

der non-linear operation.

These large-signal power contours, based on X-parameters, can be obtained by

following the development showed below, where the power delivered at the transistor

output is computed by means of normalized traveling waves, as shown in expression

7.8.
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Figure 7.4: Flow chart of the new oscillator design technique.

P =
1

2

(

|B2|
2 − |A2|

2
)

(7.8)

where P is the delivered power at the fundamental frequency and finally, B2 and

A2 are, respectively, the large-signal response and incident waves at the transistor

output port.

If PHD model formulation 2.19 is used for describing the output B2 wave in terms

of the input A2 wave through the extracted load-independent X-parameters, the

new output power closed-form expression 7.9 could be used to predict the oscillator

fundamental power. The simplified formulation used in 7.9 assumes that all the

harmonic terminations are 50 Ω, hence the Aqn waves can be neglected for n > 1

and, as this development is restricted to the fundamental frequency of the driving

signal, harmonic indexes in 7.9 are equal to m = n = 1. Thus, in order to simplify

model notation, fundamental B21 wave: B21 = XF
21P +XS

21,21A21+XT
21,21P

2A∗

21 has
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been replaced by the following notation: B2 = XF
21P +XS

22A2+XT
22P

2A∗

2 . This one

harmonic approximation is valid provided the oscillator resonator quality factor is

large, since the harmonic components will be drastically attenuated. Otherwise, the

accuracy in the prediction will decrease, but not as drastically as using s-parameters.

The above assumption will be considered for the rest of the work.

P =
1

2

(

∣

∣XF
21 +XS

22A2 +XT
22A

∗

2

∣

∣

2
− |A2|

2
)

(7.9)

If equation 7.9 is solved, contours of constant power on A2, which corresponds

to an ellipse, can be provided. This final expression (7.31) has been obtained from

the following power relationships development:

2P =
(

XF
21 +XS

22A2 +XT
22A

∗

2

) (

XF∗

21 +XS∗
22 A

∗

2 +XT∗

22 A2

)

− |A2|
2 (7.10)

operating:

2P =
∣

∣XF
21

∣

∣

2
+XF∗

21 XS
22A2 +

(

XF∗

21 XS
22A2

)∗

+XS
22X

T∗

22 A2A2 +
(

XS
22X

T∗

22 A2A2

)∗

+

+XF
21X

T∗

22 A2 +
(

XF
21X

T∗

22 A2

)∗

+
∣

∣XS
22

∣

∣

2
|A2|

2 +
∣

∣XT
22

∣

∣

2
|A2|

2 − |A2|
2 (7.11)

2P −
∣

∣XF
21

∣

∣

2
= 2ℜ

(

XF∗

21 XS
22A2

)

+ 2ℜ
(

XS
22X

T∗

22 A2A2

)

+

+ 2ℜ
(

XF
21X

T∗

22 A2

)

+
(

∣

∣XS
22

∣

∣

2
+
∣

∣XT
22

∣

∣

2
− 1
)

|A2|
2 (7.12)

2P −
∣

∣XF
21

∣

∣

2
= 2ℜ (k1A2) + 2ℜ (k2A2) + 2ℜ (k3A2A2) + k4 |A2|

2 (7.13)

taking into account that:

A2 = x+ jy (7.14)

kn = knR + jknI (7.15)

154



7.4 Two-port negative-resistance oscillators design based on X-parameters

and replacing 7.14 and 7.15 in 7.13:

0 = (k4+2k3R)x
2−4k3Ixy+(k4−2k3R)y

2+2(k1R+k2R)x−2(k1I+k2I)y+
∣

∣XF
21

∣

∣

2
−2P

(7.16)

Equation 7.16 corresponds to an ellipse which general form can be described as:

0 = Ax2 + 2Bxy +Cy2 −Dx− Ey + F (7.17)

By comparing 7.16 and 7.17 equations, it can be observed that the ellipse coef-

ficients depend on the X-parameters by the following relationships:

A =
(

∣

∣XS
22

∣

∣

2
+
∣

∣XT
22

∣

∣

2
− 1
)

+ 2ℜ(XS
22X

T∗

22 ) (7.18)

B = −2ℑ(XS
22X

T∗

22 ) (7.19)

C =
(

∣

∣XS
22

∣

∣

2
+
∣

∣XT
22

∣

∣

2
− 1
)

− 2ℜ(XS
22X

T∗

22 ) (7.20)

D = 2ℜ(XF∗

21 XS
22 +XF

21X
T∗

22 ) (7.21)

E = −2ℑ(XF∗

21 XS
22 +XF

21X
T∗

22 ) (7.22)

F =
∣

∣XF
21

∣

∣

2
− 2P (7.23)

The ellipse (7.17) center can be described in terms of previous coefficients as

follows:

CE = −α− jβ (7.24)

where:
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α =
D − 2Bβ

2A
(7.25)

β =
−(AE −DB)

2(B2 −AC)
(7.26)

Moreover, the angle of ellipsis 7.17 main axis can be described as:

tan(2θ) =
2B

A− C
(7.27)

and the major and minor axis of the canonical form of the ellipse are given by 7.28

and 7.29.

rA =

√

∣

∣

∣

∣

−K

A cos2(θ) + C sin2(θ) +B sin(2θ)

∣

∣

∣

∣

(7.28)

rB =

√

∣

∣

∣

∣

−K

C cos2(θ) +A sin2(θ)−B sin(2θ)

∣

∣

∣

∣

(7.29)

where

K = F −Aα2 −Cβ2 − 2Bαβ (7.30)

Hence, the ellipse canonical form can be now described in parametric polar form

as follows:

C(φ) = CE+(rA cos(φ) cos(θ)+rB sin(φ) sin(θ))+j(rA cos(φ) sin(θ)−rB sin(φ) cos(θ))

(7.31)

where φ is the phase on the A2 plane, which is in the range between 0 and 2π, θ is

the ellipse main axis angle, CE is the center and finally, rA and rB are the ellipse

radii.

From the expression of constant power on A2 contour (7.31), the equation for

the reflection coefficients at the transistor output terminals compatible with A2 can

be easily obtained through 7.32.
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ΓT (φ) =
A2

B2
=

C(φ)

XF
21 +XS

22C(φ) +XT
22C(φ)∗

(7.32)

The maximum output power is located at the ellipse center. Therefore, the ter-

minating impedance for maximum power oscillator design, as a function of input

power amplitude, is given by equation 7.33.

ΓT |Maxpower =
−α− jβ

XF
21 +XS

22(−α− jβ) +XT
22(−α+ jβ)

(7.33)

Moreover, the maximum transistor output power can also be computed as a

function of the load-independent X-parameters and thus, in terms of the input power

amplitude, from equation 7.34.

Pmax =

∣

∣XF
21

∣

∣

2
−Aα2 − Cβ2 − 2Bαβ

2
(7.34)

If the obtained maximum output power closed-form expression is plotted for

different input drives, it can be observed that this function presents a maximum,

which is the optimum operation point for maximum oscillator power. This optimum

point corresponds to a terminating impedance that can be calculated by eq. 7.33.

Once this impedance has been computed, it is necessary to check if the oscillation

condition at the input port (|ΓIN | > 1) holds. If that is the case, then the load

network can be accordingly designed; if not, another terminating value has to be tried

(the impedance that obtains the next higher output power) or the transistor can be

modified by adding a series or shunt feedback to assure energy is been delivered from

its input to the resonator. This is an iterative process aimed to reach simultaneously

both conditions: energy delivered to the resonator and the possible highest output

power. To assist this process, closed-form expressions based on X-parameters and

proposed in chapter 6 have been used in the present oscillator design methodology

to speed up the procedure.
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7.4.2. Resonator network design

In this section, the resonator (input) impedance selection criterion is presented.

The main goal to design this network (ZRES) is to deliver maximum oscillator power

to the resonator, so that the power delivered to RRES by the transistor is high enough

to compensate resonator losses at the large-signal solution as well as providing the

maximum power to the terminating (output) network.

For this purpose, the input reflection coefficient has been computed using the

simplified X-parameters formulation and the analytical approach developed in chap-

ter 6. Hence, by applying equation 6.18, the negative resistance can be determined

for any signal amplitude ranging from small-signal up to large-signal. Moreover, this

large-signal method also provides the ZIN imaginary part as a function of the signal

amplitude, so that the oscillation frequency can be thus accurately predicted for the

given power level. Issue that is not accomplished by the classical s-parameter based

approach, where the variation of the imaginary part of ZIN with the amplitude is

neglected, and hence, the oscillation frequency prediction will be less accurate.

The aim of the resonator network design consists in determining the input reflec-

tion coefficient of the oscillator block that maximices the maximum power delivered

to the resonator. Thus, from equation 6.18, the power delivered to RRES by the

transistor can be easily determined through the following expression:

PRES =
1

2

(

|B1|
2 − |A1|

2
)

=
1

2
|A1|

2 (|ΓIN |2 − 1) (7.35)

This input delivered power computed by means of X-parameters (7.35) depends

non-linearly on the amplitude of the pump signal A1. Besides, this function presents

a maximum for a specific value of |A1| and, thus, for a specific input impedan-

ce ZIN . Therefore, if the analytical expression of the oscillator resonator power is

represented, the maximum position can be easily determined. For this value, the

correspondent input reflection coefficient may be computed from 6.18. Once the op-

timum input impedance is obtained (ZIN ), the optimum load impedance (ZRES)

should be calculated to fulfill the oscillation steady-state condition:
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ZRES(ω0) = −ZIN (A0, ω0) (7.36)

Finally, to highlight that the approach presented in this chapter aimed to obtain

the optimum input and load impedances for maximum oscillator power is a method

that accounts for the large-signal behavior of the active device, as that characterized

by its load-independent X-parameters. Hence, it does not include any approxima-

tion outside those implicit in the X-parameter transistor description addressed in

the chapter dedicated to evaluate the PHD model robustness for analytical circuit

design. In this procedure, the higher the Q of the resonator, the higher precision can

be achieved, since the role of harmonics is less important. Besides, spurious oscilla-

tions are also less probable, provided care has also been taken designing the bias and

stabilization networks to avoid low frequency oscillations. If further analysis were

required, e. g. due to a low Q, the oscillator designed through this method could be

later implemented in a CAD simulator and analyzed for stability using some of the

more established methods [San05] or alternatively, by applying the stability analysis

proposed in previous chapter and based on the X-parameters computation at the

desired perturbation frequency. Nevertheless, the aim of this chapter is exclusively

to provide a design method for the fundamental frequency, although stability con-

siderations can be studied in a later stage, when the matching networks design is

accomplished.

7.5. Validation of the new oscillator design method ba-

sed on X-parameters in a harmonic balance simu-

lator

In this section, the proposed analytical approach for oscillator design has been

validated with Harmonic Balance in a commercial CAD simulator (ADS).

For this purpose, HBT-based oscillators at 5 GHz have been designed and ma-

nufactured following previous concepts. Note that the transistor used in all the

oscillator circuits is the same packaged SiGe HBT characterized along the present

159



Large-Signal Oscillator Design Procedure based on Analytical

X-parameters Expressions

Thesis.

Firstly, a load-independent X-parameter model has been generated from large-

signal measurements performed using an active load-pull LSNA-based measurement

system as the one depicted in Fig. 5.10. Initially, the extraction procedure used has

been based on a nominal 50 Ω system with a low power A2 active injection level. In

the oscillator simulation the model will have to predict device behavior at an output

impedance not close to 50 Ω. For this reason, the blind iterative process developed

by the author and described in detail in chapter 4 has been used in order to obtain a

load-independent X-parameter model with high accuracy in the optimum load area

for the oscillator design. The measurement conditions for the PHD model generation

were the following: fundamental frequency range from 4.5 to 5.5 GHz (7 frequency

values), and A1 power levels range from -30 dBm to 6 dBm (14 power levels).

Once the appropriated X-parameters were extracted, the new analytical design

steps presented in previous sections were applied (using a worksheet design environ-

ment, i. e. Matlab or Excel) and then validated with Harmonic Balance simulations.

Note again that the aim of this work is exclusively to provide a design method

just for the microwave part of the oscillator circuit. Thus, bias network design and

circuit stabilization in order to avoid low frequency oscillations are not considered

here.

7.5.1. Terminating network design

As considered before, the main goal when designing this network consists in

maximizing the oscillator output power. Hence, according to expression 7.34, the

transistor maximum output power can be calculated as a function of the HBT mea-

sured X-parameters and thus, in terms of the input power amplitude, A1. In Fig.

7.5, the corresponding computed curve of the maximum output power vs. |A1| for

the considered SiGe HBT is shown.

This curve presents a maximum for an input power amplitude equal to |A1| =

0.48, that corresponds with a terminating impedance ZT = 27 + 30j Ω, which has

been obtained when the previous A1 value has been used in equation 7.33.
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Figure 7.5: SiGe HBT maximum output power at the fundamental frequency. The |A1|

corresponds to the input drive at the HBT input.

Once the ZT impedance has been determined for maximum output power, it is

necessary to check if the selected terminating impedance fulfils the energy delivered

condition at the input (|ΓIN | > 1). If that is the case, then the load network can be

designed but, if it is not, another ZT impedance value has to be tried (the impedance

that obtains the next higher output power).

For the SiGe HBT evaluated along this work, it has been necessary to add a

reactive series feedback, by means of a capacitor, to increase the potential instability

at the desired oscillation frequency (5 GHz) without losing much power. The maxi-

mum output power of the HBT in series with the selected feedback network, see Fig.

7.6, has been again analytically calculated using the X-parameters of the combined

network determined through expression 7.34. These series-connection X-parameters

were analytically obtained from expressions proposed in chapter 5, dependent on the

HBT measured X-parameters and the z-parameters of the passive feedback network.

The impedance area of the new combined X-parameters remains valid (for mo-

deling purposes) since when the feedback is added to the active device, a translation
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of this space is produced, as the output impedance is the sum of each individual

load impedances.

Figure 7.6: Maximum output power of the transistor series connection at the fundamental

frequency. The |A1| corresponds to the input drive at series connection input, not just at

the HBT input.

The analytical expression for the output maximum power of the network series

connection does not show a clear maximum point and thus, the target power has

been selected as a compromise between maximum output power and the distortion

allowed in the present design. For this reason, an input power amplitude equal to

|A1| = 0.4 has been selected, this corresponds to the point where the device would

be driven 2 dB into compression point. The computed terminating impedance is ZT

= 52 + 24j Ω. For this input drive, the output power contours have been plotted in

Fig. 7.7, in combination with the large-signal boundary between the negative and

positive real input impedance regions, for different injection levels. Our goal is to

obtain a terminating impedance that provides both a ZIN at this |A1| level in the

negative region, and provides high output power.

In Fig 7.7, the optimum terminating load calculated with this method is consis-
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Figure 7.7: Negative-positive input real impedance boundary and constant power contours

of the network series connection at the fundamental frequency. Load plane. Constant power

contours plotted for an |A1|=0.4 (1 dBm).

tent with the load impedance for maximum power (ZT = 52 + 24j Ω), since this

impedance provides ZIN in the negative region for an input drive of |A1| = 0.4 (1

dBm). Hence, it is not necessary to continue seeking for a terminating impedance

that provides simultaneously maximum power at the transistor output and negative

resistance at the oscillator block input.

7.5.2. Resonator network design

Once the terminating impedance is fixed, the resonator network design can be

accomplished. The goal is again to maximize oscillator power. If the power delivered

by the oscillator block to the resonator is described by means of expressions 7.35 and
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6.18, a maximum can be observed for a specific input injection, as can be seen in Fig.

7.8. In Fig. 7.9, the corresponding ZIN for each value of |A1| has been determined

by 6.18.

Figure 7.8: Input power at the network series connection.

Figure 7.9: Input negative-resistance at the network series connection.

The X-parameters used in this case to calculate the input reflection coefficient
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are also those corresponding to the equivalent network series connection of the HBT

and the passive reactive feedback.

The input negative-resistance variation obtained for the network series connec-

tion is clearly non-linear with the input injection, so the RIN linear behavior as-

sumption (7.4) is no longer valid and thus, the classical negative-resistance method

based on s-parameters cannot be used to accurately design RF oscillators with the

selected transistor.

If the input maximum power point is analyzed, the corresponding input impedan-

ce is found to violate the Kurokawa condition 7.3. To guarantee a stable oscillation

it is necessary to have a positive slope in the negative-resistance variation. Taking

into account this condition, the input negative-resistance has been selected to pro-

vide both a high value of power delivered to RRES from the transistor, for a specific

input injection (A1), and a positive slope. This input impedance can be easily sol-

ved through equation 6.18. In particular, for this HBT-based oscillator, an input

impedance of ZIN = -12.6 - 42j Ω has been selected.

Once the negative resistance is known, the ZRES impedance has been calculated

to obtain a resonance at this point, and its value has to fulfill 7.36.

7.5.3. Harmonic balance simulations

Once the resonator and terminating networks have been analytically determined,

both can be synthesized by means of different matching network configurations. In

particular, it has been selected a network composed by a transmission line and

an open-circuit stub and it has been designed by means of the commercial CAD

Advanced Design System. The schematic of the designed free running oscillator is

shown in Fig. 7.10, where it can be observed in detail the selected matching network

configuration.

For the terminating network synthesis, in practice, it is difficult in a first try

(and without using optimization) to design a matching network that provides a

terminating impedance equal to 52 + 24j Ω to the series connection without taking

into account bias network effects (usually composed of transmission lines). These
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Figure 7.10: Schematic of the HBT-based oscillator circuit.

effects slightly modify the load presented by the terminating network. In this case,

taking into account the influence of the bias network, the impedance seen at the

network series connection (HBT + feedback) output differs from the optimum value

and is equal to 20+13j Ω, thus it belongs to the constant power contour of Pmax-1

(10.6 dBm) while still providing a negative ZIN . Therefore, the analytical solution

remains valid.

For the resonator network synthesis, the bias network also degrades slightly the

behavior of the resonator. For this reason all the RF microwave transmission lines

at the circuit input must be considered in order to obtain the desired analytical

resonator impedance at the connection series input.

Moreover, the resonator network role is crucial in order to guarantee that the

potential steady-state solution is located at 5 GHz. For this reason, it is very useful

to analyze the total impedance imaginary part variation with the fundamental fre-

quency and with the signal power. The crossing of the plane ℑ(ZIN + ZRES) = 0

with the surface ℑ(ZTOT ) = ℑ(ZIN + ZRES), establishes the possible steady-state

solutions. In Fig. 7.11 these surfaces have been plotted and they prove that the po-

tential steady-state solution occurs at 5 GHz because the solution at 4.9 GHz does

not fulfill Kurokawa condition. These surfaces have been obtained by analytically

computing the ZIN imaginary part by means of 6.18.

Finally, once the resonator and terminating networks have been synthesized in
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Figure 7.11: Total impedance imaginary part variation with the fundamental frequency and

with the input drive. Steady-state solutions: A (f = 4.9 GHz, A1 = 0.23) and B (f = 5 GHz,

A1 = 0.35).

ADS, the resulting oscillator has been analyzed with Harmonic Balance to validate

the new analytic oscillator design approach presented in this chapter. A compari-

son between simulation results and the proposed analytical predictions (that where

obtained using a worksheet design environment, i. e. Matlab or Excel) is shown in

Table 7.1. The fundamental power predicted at the network series connection output

by the analytical X-parameters method has been calculated by replacing equation

6.17 into 7.9, where the analytical X-parameters are the corresponding to the equi-

valent network series connection of the HBT and the passive feedback, for the input

injection at the oscillation condition (|A1| = 0.35). Note that the predicted power

at the fundamental frequency is at the network series connection output and not at

the output matching network, where the power would be affected by the matching

network transmission losses.

Table 7.1: HBT-Based Oscillator: Analytical Method vs. HB Simulation

Freq. (GHz) Power, fund. freq. (dBm)

Analytical X-parameters method 5 10.61

HB simulation 5.01 10.64

As can be seen in Harmonic Balance (oscillator mode) simulation, the new
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analytical method accurately predicts fundamental output power. It also accura-

tely predicts oscillation frequency and hence, avoiding the need to perform circuit

optimizations to correct possible oscillation frequency shifting, as often occur with

conventional linear techniques. In order to demonstrate this statement, an oscilla-

tor circuit has been designed with the same specifications but using the classical

negative-resistance method based on s-parameters.

7.5.3.1. Two-port negative-resistance oscillators based on s-parameters

in comparison with two-port negative-resistance oscillators ba-

sed on X-parameters

In literature [Sua09, Gon07] it can be found that specific design methods to de-

termine optimum output impedance in free running oscillators are not described. In

fact, the criterion for designing the terminating network in classical methods consists

exclusively in selecting a terminating impedance that provides negative resistance

at the transistor input. Maximum output power is not explicitly considered as a

design goal. Nevertheless, in this work, that target has been considered, and for that

purpose we have tried Cripps design method [Cri83] in order to determine transistor

optimum terminating impedance for maximum oscillator power. Cripps analytical

method is mainly used for predicting the maximum output power impedance of mi-

crowave amplifiers, based on load-line analysis, when load-pull measurements are

not available. So, in principle, it makes sense to use this method instead of load-pull

measurements, since when using linear classical methods for oscillator design we are

assuming that large-signal information is not used or available. However, load-pull

measurements are more accurate, especially in the case of HBTs, to determine the

optimum impedance.

Using the Cripps approach, the real part of the optimum SiGe HBT output

terminating impedance was determined to be 70 Ω. The corresponding real part

of the optimum output impedance for the series connection network, taking into

account the same feedback network, is 39 Ω.

To design the corresponding resonator network, the input negative resistance

has been calculated through small signal s-parameters and the obtained value was
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ZIN = -14 - 13.7j Ω for the design frequency (5 GHz). Then, the resonator network

has been designed to present at its input an impedance of ZRES = 4.7 + 13.7j Ω

according to expressions 7.5 and 7.2. The designed oscillator has been simulated

in ADS and the obtained results have been compared with those of the oscillator

designed with the new method proposed in this work. This comparison is shown in

Table 7.2.

Table 7.2: HBT-Based Oscillator Simulations

Freq. (GHz) Power, fund. freq. (dBm)

s-parameters method 5.33 8.9

X-parameters method 5.01 10.64

In the case of the negative-resistance method based on s-parameters, the fre-

quency deviation is significant in simulation (330 MHz) with respect to the target 5

GHz oscillation frequency, so it would necessitate further optimization steps by using

a transistor non-linear model to correct this deviation. In the case of the proposed

real-time X-parameters approach, the shift is small, due to the high accuracy of the

developed technique.

Moreover, in Table 7.2, it has also been proved that with the new design tech-

nique, oscillator circuits that provide higher output power than the conventional

ones can be obtained, due to the ability of X-parameters to model transistor large-

signal operation. Therefore, this method implies a clear improvement with respect

to classical procedures based on small-signal formulations and, besides, it does not

necessary require the use of a Harmonic Balance simulator.
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7.6. Experimental validation of the new two-port nega-

tive resistance design method based on X-parameters

The new design technique presented along this chapter has also been validated

experimentally by manufacturing and characterizing the designed RF free running

HBT-based oscillator at 5 GHz. The manufactured circuit performance has been

compared to the analytical design approach predictions and successful results have

been obtained.

The manufactured oscillator performance has been measured with the aid of

the 20 Hz to 40 GHz Rhode Schwarz FSV40 Signal and Spectrum Analyzer and in

table 7.3 a comparison between measured and simulated behavior of the HBT-based

oscillator depicted in Fig. 7.12 is shown. Note that the output power is measured

at the matching network output; therefore, matching network transmission losses

are included. The measured output spectrum around the fundamental frequency

component is shown in Fig. 7.13.

Figure 7.12: Photograph of the common-emitter HBT-based oscillator circuit designed ac-

cording to the new analytical approach based on X-parameters.
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Table 7.3: HBT-Based Oscillator: Measurements vs. Simulations

Freq. Power Power Power

(GHz) fund. freq. (dBm) 2nd harm. (dBm) 3rd harm. (dBm)

Simulations 5.01 9.54 -14 -41

Measurements 4.7 10.8 -37 -27

Figure 7.13: Measured output spectrum around the fundamental frequency component of

the manufactured HBT-based oscillator circuit.

The measured results are slightly different to the simulation ones, but are consis-

tent with the tolerances provided by the manufacturers of the circuit substrate and

components, and with the differences that have been observed when fabricating the

same circuit by mechanical drilling or chemical etching. As it can be seen, for the

fundamental signal, the predictions of the behavioral model, and therefore, of the

new design technique are good, proving the usefulness and accuracy of the developed

approach. With respect to the linear approach, with the proposed method, the simu-

lated oscillator frequency has improved by 300 MHz. Only the use of a conventional

non-linear model coupled to time consuming optimizations in a Harmonic Balance
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simulator could give results similar to those obtained with the developed method,

provided the designer follows a design methodology similar to the one proposed in

this work. Nevertheless, it is worthy to point out that following the X-parameter

based approach, a microwave oscillator that provides a fundamental power of 10.8

dBm has been successfully designed and characterized, while using in chapter 2

conventional negative-resistance approach in combination with HB simulations and

taking into account maximum output power goal as well, just fundamental powers

of 6.1 and 8.7 dBm have been obtained, from the manufactured oscillators shown in

Figs. 2.12 and 2.18, respectively.

With respect to harmonics predictions, the discrepancies between simulations

and measurements are higher than for the fundamental frequency, since the PHD

model used here does not correctly predict harmonics, due to the fact that harmonic

impedances in the oscillator circuit are far from 50 Ω (impedance used to extract

the X-parameter model). Hence, these X-parameter formulations are not able to

accurately predict the incident and scattered waves at the oscillator harmonic im-

pedances. Improvements can be obtained if the oscillator harmonic impedances are

designed for values similar to 50 Ω. But this issue is out of the scope of this work

that just aims to demonstrate the validity and usefulness of the analytical large-

signal method developed for providing accurate fundamental predictions, assuming

a high quality factor of the resonant circuit. In future work, harmonic predictions

will also be accounted for. Furthermore, phase noise has not been an issue in the

present design since the developed design approach just aims to correctly predict

fundamental frequency and power in free running oscillators. Thus, the scope of this

work has been exclusively, the extension of the negative-resistance method based on

s-parameters to provide improved results in large-signal regime.

7.7. Conclusion

As conclusion, it should be highlighted that within the framework of the present

Thesis, new close-form expressions based on load-independent X-parameters have

been developed with the purpose of providing a large-signal analytical design proce-
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dure for free running microwave oscillators that incorporates non-linear performance

predictions. This new approach improves predictions of fundamental output power

and oscillation frequency in comparison with conventional small-signal methods ba-

sed on s-parameters. Furthermore, this real-time approach accounts for non-linear

active device behavior as in CAD based methods with non-linear models, with the

added value of a direct computation of the non-linear network performance and,

hence speeding-up the design process. Note that further stability analysis of the

obtained steady-state solution could be required in order to validate each design.

Finally, using this new design procedure, RF free running oscillator circuits have

been designed and manufactured with the aim of experimentally prove the analy-

tical approach accuracy and robustness. Obtained results, with Harmonic Balance

simulations and experimentally, validate the accuracy and usefulness of the proposed

technique in the framework of microwave oscillator design. Therefore, provided suc-

cessful results mean a step forward in the improvement of non-linear design efficiency

as well as in the circuit performance enhancement.
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Chapter 8

Conclusions

The present Thesis has led to the development of a novel research line with

the aim to propose novel analytical design techniques for non-linear microwave cir-

cuits, based on load-independent X-parameters. This analytical design framework

would enable to significantly simplify current large-signal design processes as well

as dramatically decrease the required design time and thus, obtain more efficient

approaches.

Hence, the aim of this Thesis has been the development of similar analytical

design tools to those available in linear circuit design, based on s-parameters, with

the purpose of extending s-parameters paradigm to non-linear applications, thus

avoiding the need of complex non-linear models that are necessary in conventional

numerical large-signal circuit design as well as a complete source/load-pull characte-

rization of the device. Hence, this capability to analytically predict the device non-

linear behavior would move current non-linear design from predominantly empirical

techniques (source/load-pull characterization) to simpler analytical approaches.

Within this framework, a novel design methodology for free running oscillators

as well as a novel approach for evaluating in-band and out-of-band non-linear de-

vice stability, both based on X-parameters, have been proposed. In order to fulfill

this purpose, new experimental based tools for characterizing non-linear devices by

means of X-parameters and based on the use of non-linear network analyzers have

been developed. It is worthy to point out that all the characterization and design
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tools developed along the present Thesis have been experimentally validated with

microwave transistors and free running oscillator prototypes.

Within the different large-signal design issues that have been analytically dealt

with during the current work, it should be cited the following ones:

Large-signal stability assessment by means of the extended analytical stability

quartic curves based on X-parameters. These contours enable to predict the

fundamental frequency gamma equal to unity locus under both small and large-

signal operation, as conventional s-parameters based stability circles for small-

signal regimen, as well as to assess large-signal stability by the computation of

the corresponding X-parameters at the desired perturbation frequency when

the DUT is driven by a large-signal drive at the design frequency.

Development of a predictive tool with a similar functionality than s-parameters

gain contours to accurately predict load-pull power contours under large-signal

operation and thus, predictions degradation with drive in oscillator design has

been overcome.

Proposal of an analytical non-linear design approach for series feedback circuits

computation, in a similar manner to that used in the small-signal case which

is based on conventional z-parameters computations. This approach usefulness

has been proved in oscillator design, where the ability to predict the non-linear

response change of the transistor when additional network series feedback is

introduced is essential.

All these analytical tools have been evaluated and validated in oscillator design

framework, even though an amplifier design context may be selected as well. Hence,

such predictive tools have been successfully utilized to provide a novel non-linear

analytical oscillator design procedure, using X-parameters formulation, that impro-

ves oscillator behavior predictions over classical analytical methods, as such based

on s-parameters predictions. Besides, this analytical approach significantly simplifies

current large-signal design processes (numerically simulation-based circuit design)

as well as provides more efficient approaches. Finally, the accuracy and usefulness of
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the developed technique have been evaluated by manufacturing and characterizing

a microwave free running oscillator, designed using this novel analytical approach,

and successful results have been obtained.

As conclusion, in this Thesis the author has attempted to establish the required

analytical design framework to extend conventional s-parameters based oscillator

design procedures to non-linear applications.

8.1. Future work

The results obtained along the present Thesis have allowed to develop novel

analytical design techniques for non-linear microwave circuits, based on load-independent

X-parameters, and which have led to the beginning of a novel research line that the

author expects that could be useful in microwave non-linear circuit design environ-

ment.

This analytical design framework, has just been applied to oscillator circuit de-

sign. Even though, a similar procedure may be developed for power amplifiers or

any non-linear circuit. Hence, this work could be developed further by accomplis-

hing the application of previous predictive tools to power amplifier design. This issue

would mean a significant step forward in traditional power amplifier design that is

currently based on complex empirical source/load-pull characterization.

Another possible research line may be the development of an analogue analytical

design framework, based on X-parameters, not just for autonomous oscillators but

for injection-locked oscillators as well.

The development of novel experimental based tools and large-signal measurement

architectures, based on the use of non-linear network analyzers, for characterizing in

a more efficient and reliable way non-linear devices by means of X-parameters may

also constitute an interesting research work.

On the other hand, the analytical design tools proposed in this Thesis and based

on X-parameters formulation just takes into account fundamental load-pull predic-

tions. Hence, accurate results are obtained if harmonic contributions are small and
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thus, the role of harmonic impedance variations on modifying the fundamental load-

pull behavior can be considered negligible. Nevertheless, this phenomenon could be

simply included, if necessary, by modifying the X-parameters expressions at the

fundamental to account for harmonic impedance variations.
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Appendix A

Large-Signal Measurement

Systems Background

The aim of this appendix is to describe the main features of the large-signal

measurement systems used in the present Thesis to properly characterize a package

SiGe HBT under non-linear regimen with a polyharmonic distortion model. Two

different measurement systems have been used to perform this task. The first one

is based on a LSNA while the other architecture is made up of a NVNA. The main

features of both systems are going to be reviewed and a comparison of the SiGe

HBT measured behavior using both architectures has been performed.

A.1. Introduction

Nowadays, non-linear device characterization is becoming essential due to the

increasing demand of power efficient high performance systems that require large-

signal operation regimes. For this reason, non-linear measurement instruments were

developed since the early 1990s [Lot89, Bar98, Bar].

Hence, the first publications related to measurement systems able to properly

characterize the non-linear behavior of an active device appeared in the period 1988-

1990 when U. Lott developed a frequency domain based non-linear network analyzer

[Lot89].
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Nevertheless, the first prototype of current LSNAs was developed in 1993 by

Hewlett-Packard (HP), Network Measurement and Description Group (NMDG) and

the Department of Fundamental Electricity and Instrumentation (ELEC) of Vrije

Universiteit Brussel (VUB).

But these kind of non-linear measurement instruments were not successfully

received by the market until few years later when many companies developed their

own large-signal measurement equipments. For example, NMDG [Net] and VTD

(Verspecht-Teyssier-Degroote [Ver]) launched an measurement approach focused on

the sampler-based method, while Rohde & Schwarz/NMDG [Rho], Agilent [Agib] or

Anritsu [Anr] followed the mixed-based approach.

Therefore, two different approaches that allow to correctly measure the device

non-linear time domains waveforms should be distinguish: the sampler-based tech-

niques and the mixed-based techniques [Van10, Pai11]. The sampler-based approach

uses samplers in order to perform the down conversion of the high frequency signals

to the IF spectrum. Nevertheless, the mixer-based technique uses the heterodyne

principle to downconvert the RF signals to the IF band.

Finally, to highlight a third approach that was recently developed and which

does not belong neither a mixed-based technique nor a sampler-based method. This

novel approach has been developed by Mesuro [Mes] and is based on a Tektronix

digital serial analyzer sampling oscilloscope.

Although all these types of non-linear measurement systems are nowadays com-

mercially available and allow to accurately characterize active devices under non-

linear regimen, this chapter has been exclusively focused on one sampler-based ins-

trument, the LSNA [Van06, Bro94, Mau], and one mixer-based equipment, the NV-

NA [Blo05, Agi09], since both instruments have been used along the present Thesis

to characterize and evaluate the accuracy and robustness of the large-signal PHD

model in non-linear analytical circuit design.

Therefore, this chapter tries to review the operating principles of both systems,

besides to distinguish their main advantages and drawbacks in order to determine

which system is the most appropriate according to the designer requirements.
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A.2. LSNA operating principles

LSNA system aims to measure the absolute magnitude and phase of all the

spectral components present in the device measured spectra. Hence, the LSNA main

purpose consists in the development of an absolute wave meter that enables to

capture the whole spectrum in a single take [Ver05a].

The LSNA measures the incident and reflected waves at the device ports trough

a set of microwave directional couplers that allow to split the different wave sig-

nals. These couplers usually have a high operating bandwidth which can reach the

50 GHz. The measured RF spectrum is then downconverted to an IF spectrum by

using harmonic sampling [Kah03]. The setup element that allows to fulfill this pur-

pose is the downconverter of the LSNA, based on a microwave transition analyzer,

and which can be considered as the key component of the system. Furthermore, it

is important to highlight that before downconvert the signal, attenuators may be

necessary in order to adequate the signal level at the downconverter input and thus,

provide a level below -10 dBm with the aim of maintaining the downconverter in

its linear operation region. Finally, the measured downconverted data is digitized

by four synchronized analog to digital convertor cards (ADCs). These ADC cards,

the downconvertor and the RF generator are clocked by a common 10 MHz referen-

ce signal that allows to provide a fully synchronized phase coherent measurement

equipment.

In Fig. A.1 a simplified schematic of a two-port LSNA is depicted.

A.3. NVNA operating principles

NVNA system purpose is the same that the LSNA with the difference that now,

measurements are not acquired in one single take. Thus, the NVNA is based on the

heterodyne principle which uses mixers for the downconversion process instead of

using samplers to downconvert the signal to an IF spectrum. As only one frequency

is measured at a time, the phase relationship between the measured spectral compo-

nents is lost and hence, properly reconstruction of the time waveform at the device
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Figure A.1: LSNA block schematic.

ports is essential.

The core of a mixer-based acquisition system (NVNA) is a vector network analy-

zer (VNA). As in the LSNA, the four waves are measured by means of broadband

directional couplers, but now the downconversion is performed by mixers which are

all driven by the same local oscillator (LO) signal. The LO phase does not remain

constant with the frequency and thus, phase relationships between the different har-

monic components cannot be directly measured. Therefore, relative measurements

are required in order to compare the measured waves with a reference signal that is

generated by an harmonic phase reference. The phase relationship between the phase

reference signal harmonic components must remain constant over time in order to

accurately reconstruct the phase relationships between the measured components.
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Note that this reference signal is measured with the addition of a fifth receiver in

the NVNA system.

After downconversion, measured waves are digitized as in the LSNA case, howe-

ver not all receivers are digitized simultaneously.

In Fig. A.2 a simplified schematic of a non-linear network analyzer is shown.

Figure A.2: NVNA block schematic.

A.4. Comparison of LSNA and NVNA approaches

In order to obtain a good large-signal characterization of the DUT it is important

to better know the weakness and strengths of the different available large-signal

measurement systems. For this reason, in this section the pros and cons of sampler-

based and mixer-based non-linear network analyzers have been reviewed.

Within the main advantages of the LSNA system should be cited the following
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ones:

Phase relationship between the measured harmonic components is well known.

Thus, measurements are phase coherent by nature.

Whole spectrum of the stimulus and response waves is adquirid in just a single

take. Hence, the required measurement time is very short.

System optimized for large-signal measurements, especially the receivers linea-

rity and the power handling capability (medium to high power).

Minimal tone spacing between calibrated modulation tones is 1 kHz if an IF

calibration is used.

On the other hand, the main disadvantages of the LSNA system are described

below:

Low dynamic range due to the noise and spurious signals presence in the

downconversion. Besides, the signal to noise ratio (SNR) is around 60 dB, a

value much smaller than the classical VNA SNR which is approximately of 100

dB.

Phase calibration restricted to a grid spacing of minimum 600 MHz.

LSNA architecture has been designed primarily for large-signal characteriza-

tion and thus, its configuration is not optimal for small-signal measurements.

Respect to the NVNA system, its main advantages can be summarized as follows:

High dynamic range. In fact, the noise floor of the NVNA is comparable to

the classical VNA one which is around -120 dBm.

Phase relationship between the measured harmonic components is well known

due to the introduction of a fifth receiver.

Phase calibration can be performed on a grid spacing of 625 kHz, while in the

LSNA the minimum value is 600 MHz.
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A.5 University of Vigo LSNA-based large-signal measurement system

Minimal tone spacing between calibrated modulation tones is 625 kHz.

NVNA architecture allows large-signal and small-signal characterization.

Finally, within the disadvantages of the NVNA equipment should be highlighted

the following aspects:

An external phase reference is required to properly reconstruct the phase cohe-

rence.

Slower measurement time since just a spectral component is measured at a

time.

System optimized for small-signal measurements, especially the receivers li-

nearity and the power handling capability (low power).

Spurious signals outside the measurement grid are not detected.

A.5. University of Vigo LSNA-based large-signal mea-

surement system

The LSNA-based system used along the present Thesis to characterize and eva-

luate the accuracy and robustness of the large-signal PHD model in non-linear analy-

tical circuit design is available at University of Vigo. The main element of the current

architecture is the own LSNA that belongs to the Maury Microwave Corporation

MT4463 series, which has two different models: the MTT4463A, valid up to 20 GHz,

and the MT4463B, valid up to 50 GHz. The extended model, MT4463B, is the one

available at University of Vigo and it allows to perform non-linear measurements in

a standard operating bandwidth from 0.6 GHz to 50 GHz. Note that the MT4463

large-signal network analyzer [MT4] was introduced in 2003 as the first commer-

cially available product that characterizes up to 50 GHz, the non-linear behavior

of microwave components in a network analyzer sense under continuos wave and

modulated excitation conditions.
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Furthermore, the University of Vigo current system has been recently modified

to provide active load-pull capability up to the third harmonic as well as envelo-

pe measurements from 10 KHz to 24 MHz. Note that measurements of chapter 2

were previous to measurement system update and thus, just fundamental load-pull

capability was possible.

In Fig. A.3, a photograph of Maury-NMDG LSNA measurement system with

active load-pull capability up to the third harmonic is depicted. In this system, a

passive tuner is used to set the fundamental output impedance in combination with

a RF signal generator, by means of a directional coupler, in order to compensate

the system losses at the fundamental frequency and thus, provide the widest range

of possible load terminations. Nevertheless, as the tuner just set the fundamental

output impedance, tuner impedances control for the 2nd and 3rd harmonics is not

possible. Hence, in order to solve this problem, the system has been modified by

inserting a triplexer and two additional source signal generators to provide active

load-pull for the 2nd and 3rd harmonics as well.

Figure A.3: Maury-NMDG LSNA measurement system with active load-pull capability up

to the third harmonic.
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A.6. Cardiff University NVNA-based large-signal mea-

surement system

The NVNA-based system used in this work is available at the High Frequency

Engineering Centre in Cardiff University and it can be seen in detail in Fig. A.4. This

measurement system is based on the Agilent nonlinear vectorial network analyzer

PNA-X [Agi09] which is coupled with a Focus Microwaves tuner to enable funda-

mental load-pull measurements.

Figure A.4: PNA-X measurement system with passive load-pull

Agilent PNA-X provides an optional nonlinear vector network analyzer appli-

cation for fast, accurate characterization and design of active devices and compo-

nents. Using this option (available at Cardiff University measurement system), X-

parameters may be measured and then used to create X-parameter models that can

be easily imported into commercial CAD software, as the Agilent Advanced Design

System, to simulate actual linear and non-linear component behavior. Note that X-

parameters represent a new category of non-linear network parameters, which can

be used to characterize both the device linear and non-linear behavior.
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A key characteristic of the PNA-X is its flexibility and versatility since it allows

the introduction of external hardware that may be required, for example, to measu-

re the X-parameters of a high-power unmatched transistor. Hence, internal signal-

routing switches in the PNA-X provide increased flexibility for adding signal condi-

tioning hardware or additional test equipment for single connection measurements.

Furthermore, the PNA-X also enables alternate measurement paths, re-routing of

signal paths and the addition of amplifiers, filters, and attenuators to optimize sys-

tem setup [Agia]. In Fig. A.5 the PNA-X test set block diagram is depicted.

Figure A.5: PNA-X test set block diagram

PNA-X system also provides load-pull capability as well as the measurement of

load-dependent X-parameters. The solution proposed by Agilent requires the use

of the Maury ATS software as well as its own tuners [Sim08]. Nevertheless, the

PNA-X measurement configuration used in this work to provide load-pull capability

differs from that proposed for Agilent. The purpose of this system is to enable the

PNA-X itself to measure X-parameters as a function of the load without the need

of a special option and thus, obtaining a simple architecture as the one depicted

in Fig. A.4, where two external couplers have been introduced between the device
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large-signal measurement systems

and the tuner with the purpose of avoiding the complex and time-consuming task

of de-embedding the tuner. Low loss couplers have been used to provide the widest

range of possible load terminations.

Therefore, this setup consists exclusively in the PNA-X with the NVNA firmware

Option 510 and Option 514 for X-parameters measurements, since Option 520 (load-

dependent X-parameter extension) is not so far required due to the solution adopted

in the present Thesis.

Furthermore, in Fig. A.4 is shown as well the Agilent U9391C phase reference

which is essential to correctly measure the X-parameter coefficients.

A.7. HBT non-linear characterization with LSNA-based

and NVNA-based large-signal measurement sys-

tems

The aim of this section consists in evaluating the skills of the two large-signal

measurement systems used in this work to properly characterize a SiGe HBT under

non-linear operation.

For this reason, a packaged SiGe HBT (NESG2030M04), biased at Q: Ib =

87mA, Vce = 1.95V has been characterized from waveform data obtained from the

Maury-NMDG LSNA measurement system and from the Agilent PNA-X system.

The stimulus and response waves have been measured for the following conditions: a

fundamental frequency sweep from 4.5 to 5.5 GHz (7 frequency values) and a range

of the input drive level A11 from -22 dBm to 5 dBm (14 power levels). The load

impedance in both systems has been fixed to 50 Ω.

Figs. A.6 to A.8 show device level comparison between the large-signal responses

measured for a fundamental frequency of 5 GHz using the LSNA-based system and

the PNA-X equipment.
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Figure A.6: Measured output power vs. input power at the fundamental frequency of 5 GHz.

Figure A.7: Measured second harmonic output power vs. input power at the fundamental

frequency of 5 GHz.
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large-signal measurement systems

Figure A.8: Measured third harmonic output power vs. input power at the fundamental

frequency of 5 GHz.

Obtained waveforms for the different harmonic components using both large-

signal measurement approaches are very similar. The main differences can be obser-

ved in the second and third harmonic responses, where clearly, the limited dynamic

range of the LSNA is affecting the measurement, while the PNA-X is able to accu-

rately measure power levels up to -90 dBm. Therefore, successful results have been

obtained using both approaches and this fact confirms that any of these measu-

rement architectures may be successful used in the non-linear characterization of

previous SiGe HBT.
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