Metadata, citation and similar papers at core.ac.uk

Provided by ScholarBank@NUS

NOVEL MODELLING METHODS FOR MICROWAVE GaAs
MESFET DEVICE

ZHONG ZHENG

(M.Eng, University of Science and Technology of China, PR.C)

A THESIS SUBMITTED
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY
DEPARTMENT OF ELECTRICAL AND COMPUTER
ENGINEERING
NATIONAL UNIVERSITY OF SINGAPORE
2010


https://core.ac.uk/display/48636442?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Acknowledgements

First of all, I would like to deeply thank my supervisors, Professor Leong Mook Seng
and A/Prof. Ooi Ban Leong, who have led me into this interesting world of device
modelling, and given me full support for my study. I am here to express my sincere
gratitude to them for their patient guidance, invaluable advices and discussions. I
believe what I have learnt from them will always lead me ahead. I also want to thank
other faculty staffs in NUS Microwave & RF group: Prof Yeo Swee Ping, Prof Li
Le-Wei, Dr. Chen Xu Dong, Dr. Guo Yong Xin, Dr. Koen Mouthaan, and Dr. Hui

Hon Tat, etc. for their significant guidance and support.

I am also very grateful to these supporting staffs in NUS Microwave & RF group:
Madam Guo Lin, Mr. Sing Cheng-Hiong and Madam Lee Siew-Choo for their kind
assistances in PCB/MMIC fabrication and measurement. My gratitude also goes to all
the friends in microwave division, for their kind help and for the wonderful time we

shared together.

Last but not least, I would like to thank my family, for their endless support and

encouragement, which always be the greatest treasure of my life.



1

Table of Contents

ACKNOWIEAGEMENTS ...t e e e et e e e e e e e i
Table Of CONTENTS .....v e e e e e e I

SUMIMATNY ot et et e e e e rer et e eteee e e e ne e aneaneeneeennennennenendV

I TS o) T U viii
LiSt Of TabIes ... Xiii
LiSt Of SYMDOIS ... .o XV
Chapter 1 INEFrOAUCTION ... 1
1.1  Overview of GaAs MESFET ......cccooiiiiiiiiieeeeeeeee e 1

1.1.1 History of GAaAs MESFET .......c.coooiiiiiiieeeeee e 1

1.1.2  Overview of Device Model..........cccoeviriiniiiiinieniiiiieeeieeeeeee 5

1.2 ODJECTIVES .eeeeuviieeiiieeeiiieeeieeeeiteesiteeeiteeeateeetaeestaeesnsaeesssaeessseeessseeensseessseeanns 6

1.3 Scope 0f the WOTK .....oooiiiiiiiiieie e 7

1.4 Original ContribUtIONS ........cccueeeeuiieiiiieeriieeiiieereeeeeeeeeeeereeesreeesreeesaneeens 12

1.5 PUbiCAtIONS ...cotiiiiiiieiiiiesitete ettt 14

1.5.1  Journal Papers .......cccccecvieeiuiieiiiieeieeete e 14

1.5.2  Conference Papers .........ccccceeeiieiieiiieiiesieeieeeie e 14

Chapter 2 Basic Operation and Device Models..........ccccovvveveiiienieniniienceeee 16
2.1 DevViCe DESCTIPLION. ....eccuiieiieiieeiieeiie et eriee et siee et iee e e eebeesaesneeeseeenne 17

2.2 Physical Meaning of Small-Signal Equivalent Circuit Elements ................ 20

2.2.1 Parasitic Inductances Lg, Lgand Lg......cccoocooieiiiiiiiininininiineneee 22

2.2.2 Parasitic Resistances Ry, Rgand Rg........coooooiii 22

2.2.3 Parasitic Capacitances Cpg and Cpg ...coveeveerereeeieieiencneneneneneeneee 22

2.2.4 Intrinsic Capacitances Cgs, Coq and Cys..vonvveveeiiiiiiiiiiiiiiiiiiiee 23

2.2.5 TranSconduCtaNCe i «.eeeveereveerveenieeiiieniieeieeniieeieeniee e eseeeeveeeeeennes 24



111

2.2.6  Output CondUCTANCE s .eeeevveeerereeerreeeiireeeireeeieeeereeesreeeeseeeesseeennns 24
2.2.7 Charging Resistance Rj.........ccccooviieiiiniiiiiiiieeiieeceeee e 25
2.2.8 Transconductance Delay T.......ccccooveeeiiiieiiiieiieeeeeeee e, 25
2.3 Nonlinear Properties in Large Signal Models...........ccccecvveiiiniiniieniinnenne, 25
2.4 Second Order Effects ........c.ooiiiiiiiiiiiiieieieeeee e 27
2.4.1 Frequency DiSPErsion ..........ccceeeeueerueerieeniienieeiiesieenieeseeeieesneenens 27
2.4.2  Self-heating Effect .......ccccvoiieiiiiieiee e 28
2.4.3  Sub-threshold Effect .........ccccoveiiiiiiiiniiiiceeee 30
2.5 Existing Small Signal Modelling Approaches...........cccccveeeciieeniieenveeennenn. 31
2.6 Existing Nonlinear MESFET Models.........cccoocieniiiiiinieiiieieeiceeeeee 33

Chapter 3 Parameter Extraction Technologies for GaAs MESFET Small

SIGNAl MOAEL ..o 36
3.1 INtrOAUCTION ...ttt et e 36

3.2 De-embedding TeChNIQUE........cceevuiiiiiiiiiieiieeie et 37

3.2.1 De-embedding of Series Parasitics (Z-Matrix) ........ccceeevveeerereeennen. 39

3.2.2 De-embedding of Parallel Parasitics (Y-matrix).......c.cccceeeveenurennnen. 40

3.2.3 A Typical De-embedding Procedure for GaAs MESFET Device

PAraSItiCS ...eveeuieiiiiiieieet e 41
3.3 Traditional Method for Parameter Extraction............cccceeviiiiiiniiiiceniennne. 43
3.3.1 Cold-FET TeChNiqUES.......c.cevieriieriieeiieiieeieeiee et 43
3.3.2 Hot-FET Techniques and Optimization Method ............cc.ccc.ue..... 52

3.4 A novel analytical extraction method for extrinsic and intrinsic GaAs

MESFET Parameters.........ccceeeuiieeeiiiieeeeiiieeeeeiiieeeesireeeesiveeeeesaeeeessssaeeeesnssneeeens 55
341 INtrOAUCHION . ..couviiiiiiieieeieritecete e 55
3.4.2 Novel analytical method ...........cccvveeiiieniiiiiicee e, 56
3.4.3 Numerical results and diSCUSSION.......cceevervierienieerienieneeieeieieenen 70
3.5 CONCIUSION ..ottt ettt e 83

Chapter 4 A New Distributed Small-Signal Model for GaAs
Y] = I | = SRR 84



v

4.1 INErOAUCTION ...ttt 85
4.2  The New Distributed Modelling Method.............cccceeeviiiieniieiienieciee 89
4.2.1 The basic structure of the novel distributed small-signal model ..... 89

4.2.2 FElectromagnetic Analysis of Extrinsic Part of GaAs Transistor
STTUCTUTE ...t et 94
4.2.3 Extraction Methodology for Intrinsic Active Part of GaAs
MESFET ..ottt 97
4.2.4 Extraction Methodology for Intrinsic Active Part of GaAs HBT.. 101

4.3 Model Realization in ADS.......cociiiiiiiiie e 104

4.4 Model Verification and DiSCUSSION .......cc.eeviiriiienireiiienieeiienieeiee e e 106

4.4.1 Model Verification...........coceeiiieiiiiiiiiieniceee e 106

442 DISCUSSION c.evtiiieiieiieiiesitet ettt ettt ettt ettt s 114

4.5 CONCIUSION ..ttt ettt ettt e as 115
Chapter 5 A New Large-Signal Model for GaAs MESFETS ..........cccccuvnee. 117
5.1 INtrOAUCHION .....eiiiiiiiiiiete et 117

5.2 A New Drain Current Model for GaAs MESFET .........ccccooviviiiniennnnnne. 119

5.2.1 An Examination of the Existing Empirical Drain Current Models 119

5.2.2  An Improved Drain Current Model ..........ccccoooveviininiininnenienens 120
5.2.3 Comparison of Varies Drain Current Models............ccceevveeernennne 121
5.3 A New Gate Charge Model for GaAs MESFET .........ccccoooieiiiniiiiiennnn. 128
5.3.1  INtrodUCtion.......ccuiiiiiiiiieiie e 128
5.3.2 Some Existing Empirical Gate Capacitance Models ..................... 131
5.3.3 The New Gate Charge Model .........cccceeeviiieiiiinciieeieeeee e, 135
5.4 Numerical Results and DiSCUSSIONS .........cocuerierienierienieieeieneeieeeeeene 138
5.4.1 Model Parameter EXtraction ............cecceeviiiiieniiiiiiniieienieeene 138
5.4.2 Modelling Results and DiSCUSSIONS ..........ccccveeiienieeieeniieeieeieene 141
5.5 CONCIUSION ..ttt ettt ettt et e 150

Chapter 6 A Ku-band GaAs MESFET MMIC Power Amplifier for Model
RV T 1 o= 4 To] o PSSR 152



6.1 INtrOAUCTION ... .ciiiiiiieieee e e 152

6.2 A GaAs MESFET MMIC Power Amplifier.........ccccoevieviienieniieiieene, 153

6.2.1 Circuit Topology and Specification...........ccccceeeveuveeriieencieeeereeenne, 153

6.2.2 Device Modelling Result .............coceriiiiiiniiieiiiiieeeeeee 155

6.3 Comparison of Simulation and Measurement Results..............cc.cceuveeneee. 161

6.4 CONCIUSION ..ottt 167
Chapter 7 CONCIUSION ..o 168
REFERENCE ... oottt 172
APPENDIX A Large Signal Empirical MESFET Models...........ccccooniiiinnnnn 188
APPENDIX B TEE Network and Pl Network Conversion...........c.cccccoeenennne. 193

APPENDIX C Small Signal Parameter Extraction Formulation...................... 194



vi

Summary

As one of the most widely used microwave devices, the gallium arsenide metal
semiconductor field effect transistor (GaAs MESFET) dominates in modern
MIC/MMIC applications such as switches, power amplifiers, low noise amplifiers,
oscillator, etc. Reliable modelling methodology and accurate device models of GaAs
MESFET are currently extremely important and in great demand.

In this thesis, both small signal and nonlinear large signal models of GaAs
MESFETs have been investigated. This study first involves investigation and
comparison of different small-signal parameter extraction techniques. A reliable
analytical small signal model extraction approach is subsequently presented. For the
first time, a novel analytical approach for extracting all the 15 equivalent circuit
elements of GaAs MESFET devices has been proposed with no subsidiary circuit
such as Cold-FET or Hot-FET techniques. On the other hand, for the relatively high
operating frequencies, a new GaAs MESFET distributed model based on accurate EM
simulation and quasi-optimization method has also been proposed in this thesis. This
distributed model can be adopted to describe complex parasitic effects in device
layouts and to predict the electrical characteristics of unconventional device structures
for better MMIC performance.

For the large-signal modelling of GaAs MESFET, a new empirical model is
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developed. To further refine the drain current description, a set of power series
function is introduced in the improved drain current expression for the correlations
between modulation parameters o, A and biasing condition Vy, & V. Moreover, a new
gate terminal charge model for Cgs and Cgd description is also proposed under gate
charge conservation law. The model expressions and their derivatives are continuous
over the entire device bias range. This new large signal model can be easily
implemented in CAD software and is very useful in the nonlinear microwave circuit
simulation. For complete model evaluation, a Ku-band power amplifier has been
designed and fabricated using 0.18 um TOSHIBA® GaAs MESFET technology.
Simulated and measured amplifier performances have been investigated and good

agreement has been demonstrated.
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Chapter 1

Introduction

Today, the gallium arsenide metal semiconductor field effect transistor (GaAs
MESFET) has served as the driving force behind the impressive technological
advancements of microwave and millimeter-wave integrated circuits. Due to its
relatively simple geometry with great versatility and outstanding performance, the
GaAs MESFET has become one of the most important semiconductor devices in
MMIC technology and digital GaAs ICs. In this chapter, the general overview of
GaAs MESFET and the device model is presented, followed by the objectives and the

structure of this dissertation.

1.1 Overview of GaAs MESFET
1.1.1 History of GaAs MESFET

The first development of a prototype gallium arsenide field effect transistor
using a Schottky gate was undertaken by Mead in 1966 [1]. In 1967, a GaAs
MESFET was first fabricated by Hopper and Lehrer [2]. A significant step was made
by Turner et al in 1971 [3], when 1 um gate length GaAs MESFET was fabricated,

giving fmax equal to SO0GHz and useful gain up to 18 GHz. With the development of the



quality of GaAs materials and basic FET prototype technology, rapid progress was
achieved for GaAs MESFET devices in the direction of both low noise and high
power applications. The first low noise GaAs MESFET was reported by Leichti et al.
[4] in 1972. And later in 1973, the first high power GaAs MESFET was announced by
Fukuta et al. in Fujitsu [5]. With the early progress of GaAs MESFET technology, this
had been followed by rapid improvement of the device performance. Intensive studies
have been done in increasing its output power, operating frequency and power added
efficiency as well as improving the distortion qualities and noise figure.

In addition to the discrete FET area, there also has been rapid development in
both monolithic microwave integrated circuits (MMICs) and digital GaAs integrated
circuits. MMIC technology has become popular since middle 1970s, and the first
GaAs digital IC was reported in 1974 [6].

In the late 70s and the 80s, the GaAs MESFET was developed mainly for low
volume, high performance military and space based systems. The manufacturing
technology was not mature enough to support the cost and volume requirement for the
consumer mass market. By the early 1990s, however, GaAs MESFET manufacturing
technology was maturing rapidly, cost was reduced. As a result, GaAs technology
became more competitive with other process technologies. Since then, the GaAs
MESFET device and GaAs integrated circuits have found a wide range of applications,
such as in wireless systems. Now, the GaAs MESFET is widely used in different
microwave and millimeter wave systems, and has become the most important active

device in both hybrid and monolithic microwave integrated circuits (HMIC and



MMIC) design. Typical applications include both low noise and power amplifiers, as
well as transfer switches, attenuators, oscillators, and mixers. The demand for mobile
and personal communication systems has increased the use of GaAs MESFET for
high-speed digital and analog integrated circuits.

Other transistor technologies have been developed to cover a variety of
applications in high frequency application from 1GHz to more than 100GHz. GaAs
based heterojunction devices including high electron mobility transistor (HEMT) and
heterojunction bipolar transistor (HBT) provide several performance advantages. In
the case of HEMT technology, it has the advantage of higher frequency performance
(fr, fmax), and lower noise figure than that achievable by MESFET of similar gate
length. GaAs HBT technology has high transconductance, high power density, and
excellent matching of a bipolar transistor. Also, the HBT transistor can operate from a
single power supply. GaAs HBTs are commonly used for high power amplification
applications. InP transistors (HBTs, HEMTs) would dominate at extremely high
frequency. Wide band-gap FETs will be used in high power amplifiers. However, their
market share is small because SiC substrate is expensive, and SiC and GaN
technology is still in an embryonic stage compared to GaAs. Despite the superior
performance of these technologies mentioned above, GaAs MESFET technology
remains competitive for various applications. Its performance is adequate for many
areas, and has a lower cost.

In recent years, GaAs MESFET technology is also facing serious competition

from silicon and silicon-germanium technologies in RF and microwave applications.



CMOS continues to advance to smaller geometries. SiGe BiCMOS gives good
performance for RF and high speed. Compared to silicon, GaAs has a higher electron
mobility and peak drift velocity. The electron velocity at low field is sufficiently high
so that high switching speed and therefore high cut-off frequency can be achieved.
The primary advantages for using GaAs over silicon are large transconductance, low
ON resistance, and fast switching speed. Unlike Silicon, a semi-insulting GaAs
substrate can be formed. This contributes to the simple structure of the GaAs
MESFET, and the high resistivity of the GaAs substrate results in very small parasitic
capacitance. GaAs technology also has the strength of integrating RF functions in
stripline and coplanar design into MMICs. The drawback of MESFET technology is a
limitation related to the voltage swing limited by the gate-leakage current; this
reduces the noise margin of the circuit. On the other hand, silicon technologies have
been more matured, and provide a higher level of integration. Silicon technologies
also have the advantage of integrating analog design with digital design. This makes it
possible to design single chip ICs for mixed signal systems. For SiGe devices, the low
breakdown voltage limits their usage in power applications. Compared to SiGe
devices, the GaAs FET gives more efficient power amplification. In summary, Si and
SiGe REF, high speed ICs are assuming an increasing portion of RF front-end for many
wireless applications below 5GHz. Their applications also cover highly integrated
digital data transceivers and optical communications. GaAs devices normally
dominate when higher frequency and increased power requirement are addressed.

GaAs MESFET is the workhorse of GaAs Technology. Its gate length on the



market ranges from 0.18um to 0.5um. To sum up, GaAs MESFET has wide
applications even though it is facing strong competition from other device

technologies.

1.1.2  Overview of Device Model

In the early days, microwave circuit design was based upon a low volume
cut-and-try approach in which a preliminary design was built, tested and optimized
until the desired performance is obtained. The circuit was then redesigned and
fabricated. This approach was engineering labor intensive and not compatible with
low production costs. The computer-aided design (CAD) then emerged to permit the
circuit design to be completed, simulated and fully tested in the computer before its
fabrication. Nowadays, with the development of GaAs FET and MMIC techniques,
MMICs are widely available for commercial and military application. MMICs require
a long process cycle to complete and the development cost is high. In addition, as a
result of hardware prototype limitations, it is usually impossible to access internal
circuit points to make alterations when circuit performance is unsatisfactory.
Therefore, it is very important to accurately simulate the circuit during the design
stage, so as to closely correlate the design result with its practical performance.
Commercially available CAD software such as Agilent®-ADS and Cadence®
SpectreRF are widely employed in microwave system design. The accuracy of
simulation results of these CAD tools is largely based on an accurate prediction of the

device involved in the circuit. As a result, accurate models for both active and passive



devices and elements are greatly needed. Specifically, since GaAs MESFETs are the
main building blocks of a large number of microwave applications, it is absolutely
necessary to develop accurate GaAs FET models to improve the circuit performance
prediction.

Currently a good number of GaAs MESFET models exist, and each of them can
be classified into specific categories. For example, these FET models can be grouped
into physically based model, empirical model and experimental model based on their
derivation. Among these three, the empirical model can be easily implemented into
circuit simulators. Thus, they are most widely used by circuit designers and in device
libraries. Moreover, according to different types of their prediction performance, these
FET models can also be grouped into small-signal model and large-signal model.
Small-signal model mainly focuses on the scattering-parameter of the device whilst
the large-signal model is important for nonlinear MESFET modelling. Although much
work has been done in the modelling of GaAs MESFET, accurate linear and nonlinear

models of this active device are still in great demand.

1.2 Objectives

The purpose of this work was to develop new approaches to accurately model
GaAs MESFETs devices. First the small signal modelling methodology is studied as it
is the basis of large signal modelling. The goal of the investigation is to find a reliable
analytical extraction method by which all the values of extrinsic and intrinsic

elements in the equivalent circuit of GaAs MESFET small signal model can be



accurately extracted. Improvement is also made over some existing models for the
S-parameter matching performance. Secondly, when GaAs MESFETs operate at
higher working frequency beyond 30 GHz, some parasitic elements should be added
into the equivalent circuit to take into account their effect which could be ignored in
the low frequency region. Therefore, a new distributed small-signal model based on
electromagnetic field theory and circuit analysis should be subsequently investigated
to meet the requirement. Although the main focus of this work lies in GaAs MESFET,
distributed small signal modelling methodology for GaAs HBT would also be studied
in this part as the issues are similar.

For the large signal modelling, the aim of this work is to develop a new empirical
large signal model for accurate description of the most important GaAs MESFET
nonlinear behavior, including drain current I-V and gate capacitance characteristics.
Furthermore, these models discussed above should give an accurate representation of
device operation under different bias conditions. They should be easily implemented
into a circuit simulator, and the model parameters should be extracted with reasonable

effort.

1.3 Scope of the work

Chapter 2 provides a brief discussion of the operation of GaAs MESFET and a
review of the existing models. First, a basic description of the MESFET device is
presented. Topics addressed are the MESFET physical structure and different

MESFET operation regions. After examining the basic device operations, the small



signal equivalent circuit and the physical original of the equivalent circuit elements
are introduced. This is followed by nonlinear properties in MESFET and some second
order effects. Finally, existing MESFET modelling approaches are discussed,
including small signal models and nonlinear models. An overview of the small-signal
parameter extraction method, physical model, empirical model, and experimental
model are presented.

Small signal modelling methodology for GaAs MESFET and discussion of model
parameters extraction techniques form the subjects of Chapter 3. The main aim of this
chapter is to provide an analytical and more accurate small signal equivalent circuit
parameter extraction method. First, some important concepts for parameter extraction
are addressed, including de-embedding technique and the selection of an objective
function. This is followed by a discussion of small signal model parameter
determination methodologies. Both cold-FET and hot-FET techniques are covered.
For most of these traditional small signal modelling methods, the results of some
extrinsic parameters vary more or less with different biasing conditions, which would
decrease the accuracy of its s-parameter performance. This violates the assumption
that parasitic elements should be independent of biasing voltage. Moreover, the
traditional cold-FET technique will bring irreversible damage to the GaAs MESFET
device itself. This analytical method effectively eliminates the conventional cold-FET
and hot-FET modelling constraints and allows an ease in inline process tracking. In
addition, the resulting parasitic capacitances are independent of bias, which is in

agreement with theory. Based on the discussions in the earlier sections, the following



sections in Chapter 3 focus on the investigation and comparison of different small
signal parameter extraction methods. Numerical results are compiled and compared.
As a result of the investigation, a reliable analytical small signal parameter extraction
method is proposed.

In Chapter 4, a novel distributed small-signal model for GaAs MESFET/HBT at
millimeter-wave frequencies is proposed. This new approach integrates the
electromagnetic simulation of the outer extrinsic passive part of a GaAs FET, the
coupled transmission lines for the fingers and the Gupta multi-port connection into an
efficient global distributed modelling approach. For the first time, the values of the
entire GaAs MESFET intrinsic model elements used in the active elementary cells can
be subsequently extracted through the explicit analytical expressions derived through
the quasi-optimization method. Good agreement between the measured and the
simulated results has been demonstrated. This model also allows the designer to have
better control over the whole transistor design. Furthermore, it serves as one of the
valuable steps towards global modelling of millimeter-wave devices and circuits.

The drain current I-V characteristic and gate charges are the most important
MESFET nonlinear properties. Their accuracies are critical for the overall
performance of the device model. Chapter 5 first focuses on GaAs MESFET drain
current [-V models. First, a discussion on the most commonly used drain current
models is presented. Then an improved drain current model and its formulation are
described in the following section. Model parameters are extracted for various

MESFET devices. The performance of the new model is compared with the measured
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device response as well as with the modelling results using other available models.
The improved current model gives a better accuracy in predicting device compared
with several traditional models. After introducing the new drain current model, the
remaining section of Chapter 5 focuses on the GaAs MESFET charge model. This
part starts with a discussion of the most commonly used gate capacitance models. The
model formulation, its advantage and deficiency are explored. The model accuracy is
examined with the help of measurement data. Following the discussion of existing
models, a new gate charge model is proposed. The new model is very accurate in
describing device junction capacitances under various device operating conditions.
The performance prediction in the linear region, saturation knee region, sub-threshold
region and at Vds=0 is greatly improved over the conventional models. The new
expressions and their derivatives are continuous. Moreover, the new model obeys the
terminal charge conservation law, which helps to solve the non-convergence problem
in simulation. Finally, device measurement data is employed to verify the accuracy of
the new gate charge model. The performance of the new model is also compared with
other models.

Chapter 6 focuses on the verification of the proposed new models. In this chapter,
the simulation and measurement result of a Ku-band MMIC amplifier designed with
the new model are presented. In this MMIC design, the new analytical extraction
method is employed to obtain the small signal equivalent circuit elements at
multi-bias points. The improved nonlinear drain current I-V model and new gate

capacitance model are implemented into the circuit simulator. The model evaluation
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includes S-parameter analysis, gain compression and harmonic output response.
Measurement and simulation results are presented and compared. As a result of the
investigation, these new models are found to be very accurate, and can be easily
implemented into commercially available circuit simulators.

Chapter 7 is a summary of the work of this thesis. Appendix A provides a detailed
description of some existing empirical models. The small signal parameter extraction
formulations are presented in Appendix C.

To summarize, new approaches for GaAs MESFETs small-signal modelling are
proposed. Also, a new GaAs MESFET empirical model with improved drain I-V
characteristic equation and new capacitance-voltage expression is demonstrated. It is
hoped that the study will lead to more accurate modelling methodologies for the GaAs

MESFET and its MMIC design in the future.
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1.4 Original Contributions

The original contributions of this dissertation are summarized as follow:

® For the first time, a novel analytical approach for extracting all the 15
equivalent circuit elements of GaAs MESFET devices has been proposed. This
reliable analytical method can eliminate the conventional cold-FET and
hot-FET modelling constraints and allow an ease in inline process tracking.
The resulting extrinsic small signal parameters are independent of biasing
voltage. In contrast to the conventional approaches, no subsidiary circuit such

as Cold-FET or Hot-FET has been adopted.

® The conventional lumped models may not be sufficiently accurate at relatively
high operating frequencies due to their frequency-independent equivalent
circuits. In this dissertation, a creative distributed modelling approach for
GaAs MESFET/HBT has been proposed for modern MMIC design. With
electromagnetic simulation, this distributed model can precisely describe
complex coupling effects in device layouts and predict the -electrical
characteristics of unconventional device structures for better MMIC

performance.

® An empirical approach is employed in our nonlinear modelling due to its
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accuracy and simple implementation in circuit simulators. A new empirical
large-signal model of GaAs MESFET, based on an improved drain current
characteristic and a new gate charge (gate capacitance) model, is proposed in

this dissertation.

An improved empirical model for GaAs MESFET drain current 1-V
characteristics is formulated. A set of power series functions are introduced
in the improved drain current expression for the correlations between
modulation parameters a, A and biasing condition Vg & V. The resulting
improved current expression gives better performance where compared with

existing drain-current models.

A new gate charge model has been proposed in this study. Terminal charge
conservation has been accounted for in the new gate charge model and the
model equations and their derivatives are continuous over the entire device
operation regions, which helps to solve conventional non-convergence
problems in CAD simulation. Compared with other traditional models, its
performance prediction in the linear region, saturation knee region and at

V4=0 is greatly improved.
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Chapter 2

Basic Operation and Device Models

The overall electrical characteristics of the GaAs MESFET are mainly
determined by the electrical property of the semiconductor material and the nature of
the physical contact to the material. Knowledge of the device physical structure and
properties is helpful for both device modelling and microwave circuit design. In the
first part of this chapter, a brief description of MESFET operation is presented. It
covers the basic construction of the device, the major operating regions, the small
signal equivalent circuit, important nonlinear properties, and some second order
effects. The second part of this chapter gives an overview of GaAs MESFET models,
including the nonlinear and the small signal models. A variety of models have been
proposed for the GaAs MESFET. For small signal models, the difference of various
models lies in the equivalent circuit topology selection and the way the equivalent
circuit parameters are extracted. For nonlinear models, according to how these models
are derived, they can be classified into physical model, empirical model, experimental
model and the more recently developed black-box model. Various MESFET models
have been used by both device and circuit designers. Different applications and

designs place different requirements on the model. Therefore, an understanding of the
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features of various modelling approaches is helpful for choosing the right model, and

constructing new models for different applications.

2.1 Device Description

A cross-section view of a GaAs MESFET is shown in Figure 2.1 [7], which
illustrates its basic structure. Three metal electrode contacts are shown to be formed
onto a thin semiconductor active channel layer. Source and drain are ohmic contacts,
while gate is a Schottky contact. The gate metal forms a Schottky barrier diode, which
gives a depletion region between the source and the drain. The gate depletion region
and the semi-insulating substrate form the boundary of the conducting channel. A
potential applied to the drain causes electrons to flow from the source to the drain.
Any potential applied on the gate causes a change in the shape of depletion region,
and a subsequent change in current flow.

For microwave operations, the most critical dimension is the “length” of the gate
along the carrier path. The shorter the gate length, the higher becomes the signal
frequency. If the FET is to handle a large amount of signal current, the gate width

must be increased appropriately.
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Figure 2.2 Basic current-voltage characteristics of a MESFET

SOURCE GATE DRAIN
n+ contact ‘ ‘ n+ contact
region ' region
N, 2 n - type active channel N,
Semi-insulating GaAs
Figure 2.1 Cross-sectional view of a GaAs MESFET
Breakdown
region
Ip 4 | Saturation
Linear ' region
region ’
/ VGZO
I ;
Dsat [-========""n=-- !
;
: >
0 VDsat VD



19

The current-voltage relationships of a MESFET are illustrated in Figure 2.2.
The channel current is plotted as a function of applied drain-source potential for
different gate-source voltage levels. Three regions of operation can be identified from
the figure. They are the linear region, the saturation region and the breakdown region.
In the linear region, current flow is approximately linear with drain voltage. As drain
potential increases, the depletion region at the drain end of the gate becomes larger
than at the source end. Since the electrical field increases with the drain-source
potential, a related increase in electron velocity occurs; this simultaneously makes a
linear increasing current through the channel region. Increasing the drain voltage
results in the electrons reaching their maximum limiting velocity at the drain end of
the gate. At this point, the current no longer increases with increasing drain bias, the
device is said to be saturated, and its operation enters saturation region. Finally, when
gate and drain bias become very large, the device enters the breakdown region, where
the drain current increases sharply.

The Schottky barrier of the gate contact creates a layer beneath the gate that is
completely depleted of free charge carriers. No current can flow through this region
since there are no free carriers exist in it. Moreover, the existence of the depletion
layer reduces the available cross-section area for current flow between the source and
drain. The depletion layer penetrates deeper into the active channel when reverse bias
is applied to the gate. If the gate is made sufficiently negative, the depletion region
will extend across the entire active channel and the conduction channel is closed. This

essentially allows no current to flow. The gate potential to accomplish this
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phenomenon is known as the pinch-off voltage Vyinch-ofr. And at this point, the device

operates in pinch-off region.

2.2 Physical Meaning of Small-Signal Equivalent Circuit Elements

Figure 2.3 shows a commonly used MESFET small-signal equivalent circuit
topology. This equivalent circuit has served as an accurate small-signal model for
virtually all GaAs MESFETs [11]. It has been shown to provide an accurate match to
measured S-parameters at least through 25GHz [17], and could be used at higher
frequency by adding some parasitic elements in the equivalent circuit. This huge
amount of S-parameter data of a single GaAs MESFET can be reduced to a set of 15
frequency-independent variables as shown in this equivalent circuit. Basically, all
these 15 unknowns can be divided into two parts:

(1) The intrinsic elements gm, gas, Cgs, Cod (Which includes, in fact, the drain-gate
parasitic), Cgs, Ri and t inside of the dashed line box, whose values are
function of the bias conditions.

(i1) The extrinsic elements L, C,s, Ry, Ls, Rg, Ry, Coq and Ly, which are
independent of the biasing conditions.

The same equivalent circuit is shown in Figure 2.4, superimposed on a GaAs
MESFET device cross section, indicating the physical origin of each equivalent
circuit element. From this figure, it is easy to recognize that each lumped element in
the equivalent circuit of a GaAs MESFET is related with a corresponding physical

part of the transistor.
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2.2.1 Parasitic Inductances Lg, Ly and L

These parasitic elements are introduced to account for the inductances arising
from metal contact pads deposited on the device surface and bonding wires on the
package. Parasitic inductances have an important impact on device performance
especially at high frequency. They must be accurately characterized. Among L, Lg
and L, gate inductance L, is usually the largest. The typical values of L, and L4 are on
the order of 10 to 100pH, source inductance L is often small, around 10pH for on
wafer and chip devices. Bond wire and package will add additional parasitic
inductances that in many cases dominate the device parasitics, and they must be

accounted for in the circuit model.

2.2.2  Parasitic Resistances R, R; and R,

Gate resistance R, physically arises from the metallization resistance of the gate
Schottky contact. Resistances Rs and Ry are introduced to represent the contact
resistances of drain and source ohm contacts as well as any bulk resistance leading to
the active channel. The values of these resistors are on the order of 1Q [7].
Investigation and measurements show a slight bias dependent behavior of these
resistances. However, they are normally considered to be constant in commonly used

large-signal models.

2.2.3 Parasitic Capacitances Cye and Cyy

Parasitic capacitances arise primarily from metal contact deposited on the device
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surface and bonding wires on the package. Like parasitic inductances, parasitic
capacitances are related to the device structure. For some devices on wafer, Cp, and
Cpq could be ignored in the low frequency region without introducing significant error

to the equivalent circuit due to their small values (on the order of 1pF).
2.2.4 Intrinsic Capacitances Cgs, Coq and Cy,

The behavior of the depletion region beneath the gate of a MESFET is
determined by the bias applied to the device terminals. The variation of the space
charge region is caused by both gate-to-source potential and gate-to-drain potential.
Gate charge Q, is considered to be the space charge beneath the gate that varies with
gate bias and drain bias. The gate-source capacitance Cg; is the derivative of the space
charge with respect to the gate-source bias Vg, when the gate-drain voltage is
constant:

¢, =%
© o,
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v
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The gate-drain capacitance Cgyq is the derivative of the space charge with respect

to the gate-drain bias V,q, when V4 is constant:

0
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“ o,

Vq=const (2 2)
The gate drain capacitance Cgq is smaller in magnitude than C,s under normal bias
conditions. However, it is critical in accurate S-parameter prediction.

The drain-source capacitance Cgys in the equivalent circuit is introduced to model
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the geometric capacitance effect between drain and source electrodes.
2.2.5 Transconductance g,

The incremental change in the output current Iy of a MESFET for a given change
in input voltage V is measured by the device transconductance gy,. Transconductance
gm provides the intrinsic gain mechanism of the device. Mathematically, it is defined
as the derivative of drain current with respect to gate-source biasing voltage:

ol

Ve | (2.3)

gm:

The value of transconductance shifts at low frequency, and the frequency at
which this shift occurs varies. Both the gate length and the gate width of MESFET
affect the transconductance values. The g, value changes directly with gate width and

inversely with gate length.
2.2.6 Output Conductance g4

The incremental change in output current Igs with the output voltage Vs is
measured by the device output conductance gds. Mathematically, the output
conductance is defined as the derivative of drain current with respect to the

drain-source biasing voltage:

ol

gds } ans

(2.4)
Output conductance tends to increase as device gate length decreases. Low

frequency dispersion of output conductance is more significant than with the
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transconductance. The RF value is of primary concern for small-signal modelling.

2.2.7 Charging Resistance R;

The charging resistance R; is of questionable physical meaning, and its value is
difficult to extract. It is included in the equivalent circuit mainly to improve the fitting

ofSU.

2.2.8 Transconductance Delay t

When gate biasing voltage changes, the drain current I4 needs some time to
respond to this change. The transconductance delay t represents the inherent delay to
this process. The physically meaning of the transconductance delay is the time it takes

for the charge to redistribute itself after a changing in gate voltage.

2.3 Nonlinear Properties in Large Signal Models

Large signal models are required for circuit simulation that is involved in
predicting either large signal or nonlinear performance. In Figure 2.5 a typical
equivalent circuit for a MESFET large-signal model is shown. The equivalent circuit
is divided into the extrinsic parasitic elements and the intrinsic device. The extrinsic
elements include C,g, Cpd, Lo, La, Ls, Rg, Ry, and Ry, which are independent of biasing
conditions. The intrinsic device is enclosed by the dashed-line box. All the nonlinear
elements lie within the dashed-line box. The main nonlinear elements include the

drain source current I, gate capacitances Cgs and Cgq, as well as diode Dgs and Dgg.
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The drain source current Iy is represented by a voltage controlled current source.
The control voltages are Vg and Vg. From g, transconductance and output
conductance are derived.

Gate-source capacitance Cgs and gate-drain capacitance Cgyq are included to model
the behavior of the depletion charge under the gate.

Diode D, represents the forward-bias gate current, which is important in
modelling device breakdown under inverted drain-source bias condition. Diode Dyq is
included to model drain-gate avalanche current.

Among these nonlinear properties, the most important are the drain source current
and the gate capacitances. They are included in most nonlinear GaAs MESFET

models.
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Figure 2.5 An equivalent circuit for MESFET large-signal model
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2.4 Second Order Effects

Some of the observed MESFET behavior deviates from the basic principles under
particular operating conditions. These are called second-order effects. Of particular
importance are the low-frequency dispersion of device transconductance and output
conductance, the behavior of the device near pinch-off, namely the sub-threshold

effects, and self-heating effects.

2.4.1 Frequency Dispersion

Low-frequency dispersion phenomena in III-V FETs usually arise from the long
time constants (from fractions to hundreds of microseconds) associated with deep
level traps and surface state densities. The effects of these phenomena have great
impact on device electrical characteristics. These effects can be macroscopically
observed as causing low-frequency dispersion of the measured drain current
characteristics. In terms of the derivatives of current, they cause a discrepancy
between the DC and RF characteristics of transconductance and output conductance.
Low frequency shifts in output conductance and transconductance values are observed
for microwave MESFETSs. The shifts in transconductance are typically smaller than
shifts in output resistance. As frequency is increased above DC, measured device
output resistance can drop by as much as an order of magnitude. The characteristic
frequencies at which these decreases occur vary from less than 100Hz to
approximately 100KHz. Drops in transconductance values are typically on the order

of 5% to 30% of the DC value, and also occur at widely varying frequencies.
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2.4.2 Self-heating Effect

Heat is generated in the channel region of the MESFET due to the drain current
flow and the resulting power dissipation. Most of the heat is generated under the gate
near the drain end since this region sustains most of the Vg, and as a result, most of
the power is dissipated here. This self-heating process can cause a temperature
difference as great as 100°C between the channel and the bottom of the chip. As Vg
increases, more power is dissipated in the channel, making it even hotter. This leads to
a decrease in the effective electron mobility, which in turn causes a decrease in drain
current and a negative output conductance. Thermal effects on output conductance are
related to the combined degradations of saturation velocity v, peak velocity v,, and
low-field carrier mobility p due to self-heating in the channel region. A significant
self-heating effect is often observed in the high power region of the drain current -V
characteristics.

Figure 2.6 shows the measured dc drain current I-V characteristics. The decrease
of drain current due to self-heating at high current region can be observed. In Figure
2.7, output conductance as a function of Vds for a 16 X125um GaAs MESFET is
presented. As observed, under high current operation, the self-heating effect leads to

negative output conductance.
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Figure 2.6 Measured DC drain current as a function of Vg for a 16 X 125um GaAs MESFET,

V,=-2.7V~0.5V.
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2.4.3 Sub-threshold Effect

When a MESFET is biased near pinch-off, the physical phenomena that dominate
device performance are different from those that govern device behavior under normal
operating conditions. The threshold voltage is defined as the applied gate voltage
under which the channel is completely depleted of free carriers. The classical
depletion model is derived based on the abrupt depletion approximation. The model
assumes that the expulsion of free carriers within the depletion region is total and that
the substrate is a perfect insulator. In reality, however, the transition from depleted to
neutral region takes place over a few Debye lengths due to the presence of mobile
carriers at the depletion boundary. Consequently, when the gate-channel and
channel-substrate depletion regions approach each other within this distance, the
channel mobile carrier density will decline less rapidly than predicted by the abrupt
depletion approximation. Using the abrupt depletion approximation leads to
significant underestimation of the channel mobile carrier density, particularly in the
sub- and near threshold regions. The noticeable effect of the sub-threshold region is
the exponential dependence of the drain current on the gate bias.

Figure 2.8 shows the measured drain current characteristics around pinch-off
region, for which Viinchofrequals to -1.21V. As can be seen from the figure, around

pinch-off region, instead of a sudden cutoff, the drain current gradually goes to zero.
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Device: 2*150 um GaAs MESFET
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Figure 2.8 Measured drain current characteristics around pinch-off region, Vpinchorr=-1.21V.

2.5 Existing Small Signal Modelling Approaches

Determination of the small signal equivalent circuit parameters is the focus of
most small signal modelling approaches. Various approaches have been proposed to
extract extrinsic and intrinsic elements, most of which are based on the so-called
cold-FET and hot-FET measurement techniques. The small signal parameter
extraction process can be classified into two categories, the optimization based
techniques and directly analytical techniques. Typically, they are combined to yield
accurate results. The primary goal of these techniques is to uniquely determine the
equivalent circuit elements.

The intrinsic FET topology is such that a Y-parameter analysis of the equivalent
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circuit results in relatively simple expressions that can be equated to the measured
Y-parameter data. Minasian [8] first described such a technique. FUKUI [9] proposed
an approach to estimate the basic device parameters of the GaAs MESFET in 1979,
which is still used for the determination of parasitic resistance. Diamant and Laviron
[10] suggested in their work, that the S-parameters measured at zero drain bias
voltage can be used for evaluating device parasitics because the equivalent circuit is
much simpler. Dambrine et al. [11] first combined cold FET and hot FET technique in
direct determination of both the extrinsic and intrinsic small-signal parameters. This
approach has been quoted by different researchers. In the work of
Reynoso-Hernandez et al [12], a technique was proposed to overcome the
inconsistencies between DC and RF methods. Later, a reliable RF analytical technique
for extracting parasitic elements of FETs was proposed [13]. Some other analytical
techniques have been presented in [14-16], [18-21]. Most of the analytical methods
mentioned above need additional measurements such as DC or/and RF
characterization under various conditions beside S-parameter measurement under
normal operating condition.

The most common solution to determine the elements of the small signal
equivalent circuit has been through minimizing the difference between measured and
computed S-parameters versus frequency. Curtice and Camisa [22] used zero drain
bias voltage condition to optimize the device parasitic parameters. Vaitkus [23] has
shown that unique values of the circuit elements are difficult to obtain because the

final optimized values depend on the starting values. To obtain a unique solution of
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the model parameters, additional measurements [22], a partition approach [24], or an
automatic decomposition technique [25] have been introduced. But uncertainties still
exist with respect to the initial value problem. A new MESFET small-signal model
parameter extraction approach based on optimization with multi-plane data fitting and
bi-directional search was presented in the work of Lin and Kompa [26], which
attempts to solve the local minimum problem and has proved to yield good result.Also,
different optimization approaches have been reported to obtain global minimum.
Simulated annealing [27] has been used with excellent results for device modelling
for global minimum, but it takes a long time for the optimization to complete.
Although much work has been done, the extraction of small signal parameters is
still a difficult task, especially the problem of how to uniquely determine equivalent
circuit elements, and how to solve the problem of local minimum. Thus, a reliable

extraction process needs to be worked out.

2.6 Existing Nonlinear MESFET Models

Extensive researches have been done in the field of GaAs MESFET large signal
modelling. Numerous models have been proposed to account for different aspects of
device performance. However, modelling of a MESFET device is very complicated,
and if the model is to be used in a circuit simulator, additional requirements have to be
imposed on the model formulation. As a result, no single model can meet all
application requirements. An accurate MESFET model is thus greatly in demand, and

the interest in this field will continue to grow.
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There are several requirements for a large-signal MESFET model.

(@)
(i)

(iii)

(iv)

It should be accurate for all operating conditions.

It should accurately describe I-V characteristics and S-parameters as a
function of bias and frequency.

It should observe energy and charge conservation. Also, it should take into
account such physical phenomena as trap effects and self-heating. The
model itself and model parameters should be mathematically and
physically consistent with each other.

Device static behavior, small-signal behavior, and large-signal behavior
predicted by the model should relate to each other with no contradictions.
The model formulations and their derivatives should provide a continuous
transition to different operation regions, so as to avoid non-convergence
problem in circuit simulation especially for designs with increasing

complexity.

GaAs MESFET large signal models are usually classified into three categories,

namely, physically based model [18, 63-70], empirical model [35-62] and table-based

model [28-34]. Some of the physically based models are very simple and cannot

describe the volt-ampere and voltage-capacitance characteristics with acceptable

accuracy. Other popular physically based models, as the BSIM3v3 model, are too

complicated and may not be as accurate for overall bias conditions. Moreover,

microwave parasitic effects in GaAs MESFET are not easy physically predictable.

Table-based models, such as the HP Root model [17], may only be accurate for the
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characterized structures and measurement conditions. An empirical analytical
modelling approach is a valid compromise between physical models and data-based
models, which has been proven successful in GaAs MMIC development.

Currently, the empirical model is the most preferable approach for microwave
circuits design and device nonlinear modelling. As shown in the above references, a
variety of analytical models have been developed. The main differences in all these
works lie in the empirical equations that describe the DC I-V characteristics and the
capacitance-voltage relationships of the device. All of these models are capable of
expressing the device [-V and C-V properties with some success. However, they are
usually not accurate in certain device operation region. There have been no
established models so far, thus, new effort to improve the modelling accuracy is still

of great interest.
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Chapter 3

Parameter Extraction Technologies for

GaAs MESFET Small Signal Model

3.1 Introduction

The small-signal model of GaAs MESFET is extremely important for microwave
circuit design. For some circuit designs, the simulation is based on the small-signal
model, and for others, small-signal simulation is the starting point. Small-signal
models provide a link between measured S-parameters and the electrical processes
occurring within the device. Each equivalent circuit element provides a lumped
element approximation to some aspect of the device physics. A physically meaningful
circuit topology provides an excellent match to the measured S-parameters over a
wide frequency range. When equivalent circuit elements are properly extracted, the
model is valid beyond the frequency range of measurements, thus providing the
possibility of extrapolating device performance to frequencies beyond measurement
capabilities of some equipment. Furthermore, accurate small signal modelling is also
the basis for accurate large signal and noise modelling.

In this chapter, major issues in small signal equivalent circuit parameter extraction
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are discussed and both cold-FET and hot-FET techniques are investigated with
conventional small signal parameter extraction methodologies. For most of these
traditional small signal modelling methods, the results of some extrinsic parameters
vary more or less with different biasing conditions, which would decrease the
accuracy of its s-parameter performance. For example, in the Dambrine’s model [11],
the calculated parasitic capacitor Cpq varies with the Vg values under which the
cold-FET measurement data is collected. Moreover, for all the traditional methods
using Cold-FET method, a very large forward gate current is adopted, which would
produce an irreversible damage to the transistor. To solve these problems, a novel
analytical extraction method for extrinsic and intrinsic FET parameters is proposed.
This analytical method could eliminate the conventional cold-FET and hot-FET
modelling constraints and allows an ease in inline process tracking. The resulting
extrinsic small signal parameters are independent of biasing voltage. In addition, a
better s-parameter agreement can be achieved compared with the conventional

methods.

3.2 De-embedding Technique

Figure 3.1 shows a typical GaAs MESFET small-signal equivalent circuit. The
equivalent circuit is divided into the extrinsic parasitic elements and the intrinsic
device. The extrinsic elements include Cp,, Cpa, Lg, Ly, Ls, Rg, Rg, and Ry, which are
independent of the biasing conditions. The intrinsic device is enclosed by a dashed

line box; the intrinsic elements include gm, gdas, Cgs, Cod, Cas, Ri and 1, which are
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considered to be bias dependent. The intrinsic device exhibits a PI topology.

Intrinsic Part

G L, R, L c. TR, Ly D
i g i
o— a H a M—o0
i T G
i Ves I GD gdé T G
T G i R; i :f Cpa

Figure 3.1 GaAs MESFET small-signal equivalent circuit including parasitic elements

As such, it is more convenient to use the admittance (Y) parameters to
characterize its electrical properties. Once the values of the parasitic components are
known, their effects on the measured device properties can be eliminated by matrix
operations. As a result, the intrinsic device Y-parameter (or S-parameter) can be
derived afterwards. This process is called de-embedding. After de-embedding,
measured device data can be transferred to the inner device. The de-embedding
technique is also critical for accurate device measurement. High frequency
measurements are always influenced by the parasitic components (chip influences,
packaging, testing fixture). This makes the determination of the model parameters for

the intrinsic device complicated. It is possible to measure and characterize the
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parasitic components of the chip, the package of the transistor, or the test fixture alone.
As the GaAs MESFET extrinsic elements are either in series or in parallel with the
intrinsic device, the de-embedding of series and parallel parasitic elements forms the

basis for this procedure.

3.2.1 De-embedding of Series Parasitics (Z-Matrix)

Figure 3.2 shows the adding of the Z-parameter of the device under test and the
parasitic Z-matrices. Both Zparal and Zpara2 are the Z-matrices of two parasitic
component networks in series connection with the device under test ZDUT. The

following relation exists,

Ztotal = Zparal + ZDUT + Zparaz . (3 1)
o o)
Z paraf
Z DUT
Z para2
o o

Figure 3.2 Adding of device Z-parameter and the series parasitic elements Z-matrices.

Once the parasitic components Zparal and Zpara2 are known, they can be

eliminated by subtracting the parasitic Z matrix from the measured data Ztotal. The
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de-embedding of series parasitics is expressed as in the following expression:

ZDUT = Ztatal - (Z + ZparaZ) = Ztotal - Zpara : (32)

paral

3.2.2 De-embedding of Parallel Parasitics (Y-matrix)

YDUT

Ypara

Figure 3.3 Adding of device Y-parameter and the parallel parasitic elements Y-matrices.

Figure 3.3 shows the adding of the Y-parameter of the device under test and the
parasitic Y-matrices. Ypara 1S the Y-matrix of the parasitic components network in

parallel connection with the device under test YDUT. The following relation exists,

Y

total —

Yor+7,, . (3.3)

para
Once the parasitic components are known, they can be eliminated by subtracting

the Y matrix Ypua from the measured data Yio. The de-embedding of parallel

parasitics is expressed as in the following expression:

Y, pur — Yzotal Y (3.4)

para
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3.2.3 A Typical De-embedding Procedure for GaAs MESFET Device Parasitics

Figure 3.4 summarizes the parasitic de-embedding method for extracting the

intrinsic device Y-parameters. It has the following procedures:

(1)

(if)

(ii1)

(iv)

(v)

Measure the device S-parameters at the extrinsic plane. The device
S-parameter is denoted as Sio).

Transfer device S-parameter Sy to Z-parameter Ziai, and then, subtract R,
and Rd, This will remove the series parasitic resistor effects, and the resulting
Z-parameter is now denoted as Z;.

Transfer device Z-parameter Z; to Y-parameter Y, and then, subtract C,, and
Cpa. This will remove the parallel parasitic capacitor effects, and the resulting
Y-parameter is now denoted as Y.

Transfer Y-parameter Y, to Z-parameter, and then, subtract the parasitic
resistors R and the parasitic inductors Ly, Ly, L. This will remove series
parasitic component effects, and lead to Z-parameter Z;, of the intrinsic device.
Transfer the intrinsic Z-parameter Zj, to Y-parameter Y;i, or S-parameter S;,

whichever is desirable for intrinsic device description.
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3.3 Traditional Method for Parameter Extraction

3.3.1 Cold-FET Techniques

G Lg R Ld D
o M i Intrinsic fa o
Transistor
T Gy - Cu
R

Figure 3.5 Circuit topology of GaAs MESFET with parasitic elements
Figure 3.5 shows the circuit topology of GaAs small signal model which is most
frequently used for GaAs MESFET parameter extraction. The extrinsic elements
include parasitic resistance Ry, Rq, Ry, parasitic capacitance Cpg, C,q, and parasitic
inductance L,, L4, L. Cold-FET techniques determine these parasitic elements from
S-parameter data measured at various Vg value, with floating drain condition, i.e.

VdS:O .

3.3.1..1 Extraction of Parasitic Resistances and Inductances

Parasitic resistances and inductances are computed from the measurement of
S-parameters with DC forward gate bias (Vg>V,>0, Vbi is build-in voltage) and
floating drain for different I currents. Under forward gate bias (Vg>Vy,i>0)

conditions, the equivalent circuit can be shown as in Figure 3.6. The most widely used
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model is proposed by Dambrine et al. [11], in which the influence of parasitic

capacitances Cpg and Cpq are neglected. Thus, a simple model is proposed as below.

G Ro-Ruy/6 R/4R./2 Ly D
o— 1" . B 7 MM o
dy

Rs +Rch/ 2

L

Figure 3.6 Small-signal equivalent circuit with floating drain at Vg>V,>0

R :
Z,=R +R, + 3"" +Z,+ jo(L,+L,), (3.5)
Rch .
Z,=7Z, =R, +7+Ja)Ls > (3.6)
Z,=R +R,+R, +jo(L +L)). (3.7)

where R, is the channel resistance under the gate and Z, is the equivalent

impedance of the Schottky barrier. Z, can be written as

R
& with R,

nKT
Zdy = - iy =
1+ joC,R,

ql,

(3.8)

where n is the ideality factor; k is the Boltzmann constant; T is the temperature; C,
is the gate capacitance; and /, is the DC gate current. As the gate current increases, Ry,
decrease and C, increases but the exponential behavior of Ry versus V,, is the
dominant factor; consequently the term R4,C, tends to zero for gate current densities
close to 5X10’-10° A/m”. Therefore, the real and imaginary parts of the Z-parameter

turn to these expressions shown below:
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R, +nskT

Re(Z,))=R,+R, +TE il , (3.9)
Re(Z,) =R, +%, and (3.10)
Re(Z,,)=R . +R,+R,. (3.11)
Im(Z,,) = jo(L,+L,) (3.12)
Im(Z,)=Im(Z,,) = joL, (3.13)
Im(Z,,)=jo(L,+L,) (3.14)

In the second approach, the effect of parasitic capacitances C,, and C,q is
considered. Therefore, it gives general Z-parameters expressions for GaAs MESFETs
under forward gate bias (Vg>V,>0) conditions. The corresponding Z parameters are
expressed as follows [12,13].

Z, (@) ={(R +R,)+®’C, (R +R)(L,~C,,R})} + ja){(LS +L,)-[C,R}+C, (R, +R3)2]}
(3.15)

Zy(@) = {R+ @’ L[ C,y(R,+ R)+C,y (R +R) ||+ jo{L, = R[C, (R, +R,)+C, (R +R) ]}
(3.16)

Zpy (@) ={(R, + R)+@"C,, (R, + R)(L, —C, R} + ja){(LS +L,)-[C R +C (R, +R3)2]}

(3.17)

R =R, ~Ba BAT (3.18)
6 gl

R, :Rd+R2“” (3.19)

s

R =R +% (3.20)
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Real parts of cold-FET Z-parameters are used to determine the parasitic
resistors. At low frequency (f<5GHz), the ®” terms in the above equations can be
ignored. Thus, Re(Z;) depends only on the access resistances. This eventually leads to

the following expressions which are the same with Dambrine’s method.

Re(Z,)= R +R, + T KT (3.21)
£ 3 ql,
R’h
Re(Z,) =R, +7‘ , and (3.22)
Re(Z,)=R +R, +R,. (3.23)

Re(Z12) and Re(Zyy) are directly related to Ry, Ry and R.,. For Re(Zi;), the
extraction of the access resistances is achieved by noting that the plot of Re(Z))
versus 1/Ig 1s a straight line. Re(Z;1)o denotes the intercept point of the plot with
y-axis, where the gate current is large enough to break the gate of transistor.

It equals to
R °/
Re(Z,)), =R, +R, +T” (3.24)

If Rep is ignored, the access resistances are given by

R =Re(Z,,) (3.25)
R, =Re(Z,,)-Re(Z,,), and (3.26)
R =Re(Z,)),-Re(Z),). (3.27)

Parasitic inductances are calculated using imaginary parts of the cold-FET

Z-parameters. They are determined by the following equations.
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4:53§2+4, (3.28)
w
Ld — Im(Z22)_Im(ZIZ) +Ad , (329)
w
Im(Z,,)-Im(Z,,)
L= I - 2044, (3.30)
A =R[C, (R, +R)+C, (R +R,)] (3.31)
4,=C R(R,+R)-C, RR, (3.32)
A4,=C R(R+R)-C RR, (3.33)

The influence of A; Ag and A, are neglected at low frequency (f<5GHz) as the
influence of parasitic capacitances Cpg and C,q 1s relatively very small under such low
frequency. Therefore, equations 3.28 to 3.30 will also draw the same conclusion
shown below with Dambrine’s method. The detailed experiment results will be

presented next to verify the reasonable approximation.

L, :M, (3.34)
)
Ld — Im(Z22)_Im(ZIZ) , (335)
0
L= Im(Z,,)-Im(Z,,) ‘ (3.36)
)

A 4X50um TOSHIBA GaAs MESFET device (gate length 0.18um) is biased at
Vs>V, floating drain condition, the S-parameters are measured and transformed into
Z-parameters. The real parts of the Z-parameters as a function of frequency are shown
in Figures 3.7. It is noticed from this figure that at frequencies below 5GHz, Re(Z1)) is
almost constant, its variation with frequency is small. This is as predicted by

equations 3.25 to 3.27. At low frequencies, the ” terms in equations 3.15 to 3.17 can
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be ignored. Thus, parasitic resistances are computed from Re(Zij) values in this
frequency range. Also noted from the figures, when the frequency increases, Re(Zij)
become frequency dependent. This is because the ©” term in equations 3.22 to 3.24
can no longer be neglected.

The imaginary parts of the Z parameters as a function of frequency are shown in
Figures 3.8. It can be seen that the imaginary parts of Z-parameters increase almost
linearly with frequency, as predicted by equations 3.34 to 3.36.The plot of Re(Z11)
versus 1/Ig is shown in Figure 3.9, and as expected by equation 3.25, a straight line is

observed.
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Figure 3.7 Real parts of Z parameters versus frequency, 4x50um MESFET
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3.3.1..2  Extraction of Parasitic Capacitances

The input and output C,, and C,q parasitic capacitance are measured by
suppressing the conductivity of the channel [11]. As a matter of fact, at zero drain bias
and for a gate voltage lower than the pinch-off voltage V,, the intrinsic gate
capacitance (i.e., under the gate) cancels, as does the channel conductance. Under

these biasing conditions, the FET equivalent circuit is shown in Figure 3.9.

G L R L, D
o aasa i I Ry 2880
Cy
f— C b
T G T G
R;
1 I i
S

Figure 3.10 Small-signal equivalent circuit of a FET at zero drain bias voltage and gate

voltage lower than the pinch-off voltage

In this figure, C, represents the fringing capacitance due to the depleted layer
extension at each side of the gate. For the frequencies up to few giga-hertz, the
resistances and inductances have no influence on the imaginary part of the Y

parameters, which can be written as
Im(Y}) = jo(C,, +2-C,) (3.37)

Im(Y,,) = Im(Y,,) = — jwC, (3.38)
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Im(Y,,) = jxC,, +C,) (3.39)

Thus, the values of these three unknowns Cy, C,; and C,q can be obtained using

equation 3.37 to 3.39.

Im(Y“)zja)(Cpg +2-C,) (3.40)
Im(Y},) =Im(Y,,) = —joC, (3.41)
Im(Y,) = j(C,y +C,) (3.42)

A 2x150 pm and a 2x100um GaAs MESFET device, are biased at V<V, V=0,
the S-parameters were measured and transformed into Y-parameters. The imaginary
parts of the Y-parameters as a function of frequency are shown in Figures 3.11 and

3.12 respectively.
30
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Figure 3.11 Imaginary parts of Y parameters against frequency. Measured at V=0,

V,=-5.0V<V,, 2x150um GaAs MESFET (---- Y1,

Y1z, 000 Yy, --0-- Yyo).
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Figure 3.12 Imaginary parts of Y parameters against frequency. Measured at V=0,

VgS:-5.0V<Vp, 2x100 pm GaAs MESFET(---- Y11, le, [oJe)e) Y21, --0-- Yzz).

As shown in these two figures above, for both devices, at low frequencies (below
10GHz), the imaginary parts of the Y parameters increase linearly versus frequency.
This is in good agreement with the assumption that at low frequencies (below 10GHz),
the influence of parasitic resistances and inductances on Im(Yj;) can be neglected, and

the imaginary parts of Y parameters only depend on the parasitic capacitances.

3.3.2 Hot-FET Techniques and Optimization Method

The intrinsic elements of MESFET equivalent circuit are usually determined
from Hot-FET (V4>0) S-parameter measurement data after the de-embedding of
extrinsic elements. Two intrinsic elements extraction approaches based on hot-FET

techniques are most commonly used. They are analytical and optimization methods.
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3.3.2..1 Analytical Method

5 I
|
o

— -jot
Li=gne”" Vs
Figure 3.13 The small-signal equivalent circuit for intrinsic device of GaAs MESFET

In the analytical method, the intrinsic elements are directly derived from the
intrinsic Y-parameters. Figure 3.13 shows the small signal equivalent circuit for the
intrinsic device of GaAs MESFET. From this equivalent circuit topology, the intrinsic

device Y-parameter matrix has the following expression:

sC o c c
+s —s
1+sC R~ * %
Y, = ,S, (3.43)
En€
1+SCgSR[ _SCdg gdv+S(Cdg+Cds)

Separating the Y-matrix into their real and imaginary parts, the elements of the

small-signal equivalent circuit can be determined analytically as follows:

- Im(Y,) (3.44)
(0]
__ImO)-eCu | (Re(®) (3.45)

gs

@ (Im(¥,)-oC,, )
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R = Re(Yl;) (3.46)
(Im(%,)—C,, ) +(Re(¥,))’
g, = \/((Re(YZI))Z +(Im(Y,) + C,, )2 )(1 +@’CLR’) (3.47)
= 1 arcsin [ ~0Cy ~Im(¥y) ~ @C, K, Re(ly, )J (3.48)
1) En
Im(Yzz) -oC d
c, - & (3.49)
(4]
g4 = Re(Y),) (3.50)

3.3.2..2 Optimization Method

The determination of MESFET equivalent circuit elements with optimization
based approach is traditionally carried out by minimizing the error function in a way
that all elements are changed simultaneously and independently by the optimization
engine until the min. of the error function is reached. As a physically based MESFET
equivalent circuit model usually consists of a large number of elements (normally>12),
the optimization may be easily trapped into a local minimum which is a fundamental
problem in optimization procedures. Lots of work has been done to solve this problem.
Some approaches focus on the mathematical separation of variables, dividing the
optimization into several steps. During each step, only some of the elements are
changed by the optimizer to match the measured data. Other approaches focus on
reducing the number of optimization variables, for example, using the cold-FET

method to determine the initial values of extrinsic parasitic elements.



55

3.4 A novel analytical extraction method for extrinsic and intrinsic

GaAs MESFET parameters

3.4.1 Introduction

The small signal FET equivalent circuit plays a pivotal role in the accurate
characterization and development of the FET large-signal model and can provide
great insight into the physical matching of the active device. Therefore, great
emphasis has in recent past been placed in the small-signal equivalent circuit
parameters extraction [9-26, 71-87]. Numerous techniques of small signal extraction
methods have been proposed in the literature. These methods include the direct
extraction method [11], [20], the optimization method or the combined technique of
both the direct and optimization method [62, 71-85].

Of these methods, the Dambrine model [11] or the improved model by Berroth
[20] has become the de-facto standard for the extraction of parasitic inductances,
resistances and capacitances, and it seems to have been widely used irrespective of the
type of equivalent circuits being adopted. These conventional methods can bring
permanent damage to the transistor as the result of a very large forward gate current.
In addition, for these traditional small signal modelling methods, the results of some
extrinsic parameters vary more or less with different biasing conditions, which would
decrease the accuracy of its s-parameter performance. In Dambrine model, the
parasitic capacitances have to be extracted from the linear combination of the

Y-parameters under Cold-FET modelling, i.e. V4=0V, Vy<Vpincn, Whereas the
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parasitic inductances and resistances have to be extracted from the Z-parameters
under Hot-FET modelling, i.e. V4=0V, Vg>Viinen. Shown in these extensive
procedures as in [72], it is well noted that unreliable C,z and C,; values could be
obtained after applying the Dambrine’s [11] and White’s model [71]. In this section, a
novel analytical extraction is presented with better s-parameter performance. The
exact equation can easily achieve inline process-tracking rather than approximate
solution, as used in the Dambrine model. The analytical method is a more reliable and
consistent model that fully removes the required constraints as imposed above and the

need of optimization in the eventual extraction procedures.

3.4.2 Novel analytical method

The intrinsic part of a FET is indicated by the dashed box as shown in Figure 3.1
and is usually characterized by the Y-parameters below, in which t is the

transconductance delay.

sC,, c c
—F 45 —s
, | 1+5CR % *
o R . (3.51)
8.,€
m—stg ng+S(Cdg+CdY)
L gt i

The extrinsic parameters are closely related to the intrinsic parameters through

pad

Zu = Lo+ (Y + (R 21) ) (352)

Where

(3.53)

ext

R, +R +sL R +sL,
R +sL,  R,+R +sL |’
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sL 0
L.=| S| , (3.54)
’ 0 s,
and
sC 0
Y .= e ) (3.55)
pa 0 std

To demonstrate our proposed approach, matrix manipulation coupled with total
and conventional least squares method will be adopted in the subsequent explanation.
In general, a brute force least squares arrangement of equation 3.52 will usually lead
to an ill-posed problem, resulting in wrong extraction values for all the extrinsic and
intrinsic parameters. However, if a simple re-arrangement of equation 3.52 is first
performed, the influence of the extrinsic inductances can be made more dominant and
eventually, leading to more accurate extrinsic inductances extraction values.

(RuY +1) ' )=1=0

p int ext” int

(Ztotal _Lext)(Yad +Y

_ -1 -1
= Ztotal - (Rext + Lext - Ztatal (Ypad Rext + 1)) Yint )/pad + (Lext YpadRext Yint + ]) vaad + Lext (356)
From the second column of equation 3.56, we have
total 2 3 2 a
o L0 (ass +a6S—a7)+a8S +ays” —a, s+ 11K+a12
Zy" = a 5 (3.57)
a,s’ +a,s+ %+a4+1
total 2 3 2 a
o _ —Zy (ass +a6s—a7)+al3s +a,s" —a;ss+ ‘%+a17 (3.58)
2 2 a, ’
as” +as+7 +a,+1
where
al = CdsLs 4 (359)



a,=g,L +Cngd +C, (R, +R),

s

a; = 5
3 C.
1
a, =—(Cdg +C, +degdS(Rd +R))),
Cla
o C,.CyuL,
5 s
C,q
a6 =2 (gdsLs - Cngg + CdsRs) 2
pd
1
a; :_(Cdg _CpggdsRs) >
C
C
a,=—"*C,L,L,
Cu
a, =L,a,,
a
a, =L,a, -,
C
Pg
a, =a;R,
s
ap =—">
C
g
a; =L,a,
a,=L,a,,

4as

as=a,l,+L,+ s

rg
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(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

(3.66)

(3.67)

(3.68)

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)
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A6 = CL+a3(Rd +R)), (3.74)
pd

a4, =—2 +q,L,. (3.75)
C

Re-arranging the real and imaginary terms of equation 3.57 into matrix form, we

achieve
[A)[K] [K][x]=] 4][x]=[8], (3.76)

o

where the normalized unknowns [X]=[K][x], Y, = yZo =0.02, o =2xf_,

Jna 18 the maximum frequency point,

T
[x] =[a12 Ay 4y 4y a; ag 4as a, 4; a, q a11]> (3.77)
: 2 3 2 Y 2 1
[K]=diag|Y, Yo, Yo’ Yo' 1 o o’ 1 = o o’ —| (3.78)
a)o 0)0

The ky-element of the real and imaginary matrix elements of [Z] and [B] are

respectively given as

|:Zk ] = [le,k le,k:| , (3.79)
Z[Dl:ljl
[B.]= { ZIZZ } : (3.80)

where subscript r and 1 denote respectively the real and imaginary term, N is the

maximum number of frequency points, the normalized frequency, jfk _Ji o for

max

[an] _ Zo 0 _Zofk 0 Zlnl)iaﬁc thim/ifk
s ~ ~3 ~
0 Zo fk 0 _Zo fk Ztotal _Ztotal

11i,k 1rkJ k

: (3.81)



60

total
~2 —7 7 ~ ~2
total total 012i,k total total
ler,kfk _ZIZV,k } lei,kfk Zer,kfk 0
- k
A}: 3.82
|: 12,k 5 Z Zl‘otal 5 1 ( )
total "7 total 0~ 12r,k total " total -
lei,k fk _Zl2i,k ~ _ler,k fk ZlZi,k fk -~
i 7 7

In general, the measured Z-parameters are often contaminated with measurement
noise. To alleviate the effect of this noise, a total least squares method [85] will be
adopted to solve equation (3.79). The total least squares method is simply performed
by first augmenting equation (3.79) into [Z; —B] and followed by a singular value
decomposition on the resultant matrix, i.e. in Matlab® notation,
[u,0,v] :svd([g;—B}). The unknown solution [X]is then subsequently assigned
with the values of the last column of v divided by the last element of v, i.e. in Matlab

notation,
[X] =v(l:end—1,end)/v(end,end). (3.83)

To improve the condition number of [2, —B] , arow pivot coupled with a scaling
is first performed before the singular value decomposition. The scaling involves
dividing each column of the augmented matrix with the square root of the sum of the

square of the column elements. Using equation (3.83), both L, and Rs can be

evaluated in terms of the elements of [X ] from

[ = 2K (3.84)

¢ a)oX7

R =2 (3.85)
ZOX9

Similarly, following the same approach as above, equation (3.58) can be recast
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into the same form as in equation (3.76) with the new unknown being

T
[x] =[a17 as Q4 43 a; dg 45 a4, a; 4, q a16]’ (3.86)

o o o0 o oo o o oo o

: Y Y}
[K]=diag|Y, oY’ oY’ 7Y, Y oY %% 1 = oY o’ = }
o, 1)

(3.87)

And the kg, element of the real and imaginary matrix elements of the new [Z] and

[B] are respectively given as

(4] =[Aue i), (3.88)
Ztotal
B th’ K (3.89)
[5]= { z;;fJ
where

Gl om0 2z 2z, .
0 ZMf, 0  -Z.f, Z,Z%% -Z,Z85%f,
zan 7z DI ggm 2w o
[ Ais | = Z; ‘o .| G
2z g,z 2L 7z, 7l 2
_ 7 7

By augmenting [Z] and [B], followed by the total least squares method, Ly can be

extracted from the unknown elements of [X ] namely,

L[, =224 (3.92)

Again, in here, the row pivot with scaling is performed before the singular value

decomposition so as to improve the condition number. To evaluate the parasitic
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capacitances and the remaining parasitic resistances, we first evaluate

[Y]=([Zua )~ [Len]) " =[ Ve ]+ ([ ( int]‘l)_l, (3.93)

and follow by a re-arrangement of equation (3.93) to make the parasitic capacitances

more dominant for extraction. The steps in doing so are detailed below:

()~ )[R ]+ [1]) = [ Yo ]
V1= [ J+ ([T~ )R] o] (3.94)

From the second column of equation (3.94), we obtain

C C
—Yll(pdassz+”da6s+Cda11 +C d(a5s3+a6sz—a7s)
C C p p
Pg Pg
¥, = , (3.95)
pd 2
——ass"+a,s+Ca

V%4

Pg

Y,= . (3.96)
pd 2
——ass" +a,s+Ca
Pg

C C
—Yzl(pdassz+”da6s+Cda11 +Cd(a1s3+azsz+a4s+a3)
C C p p
Pg

Re-arranging the real and imaginary terms of equation (3.95) into matrix form, we

achieve

[CIw] [wllx]=[ € ][x]=[D]. (3.97)

where the new normalized unknowns [X|=[W][x],

[W]:diag[a)o o Yo Y o o 1 Yua)o], (3.98)
T C C

[x] =|Ca, C,a; C,as C,a, C—’”’% C—"das Ca5-1 a, (3.99)
rg g

and the kg, element of the real and imaginary terms of the [E’] and [D] are
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respectively given in terms of the Y-parameter elements as

[Ce]=[Cix Cus], (3.100)
)712rk

D 1= *, (3.101)

oEke

where

~2
— 0o - 0
|:C11,k:|= R I -
=/« 0 —Zf (3.102)

2

2

— _ZoYllr,k Ym,kfk (an,k +Y]2r,k)fk _Y]2r,k ZoYIZi,kfk
[Cn,k] =

~ ~2 ~
__ZoYIIi,k _Yllr,kfk (Ylli,k +Y12i,k)fk _KZi,k _Zoler,kfk

(3.103)

Using the scaled row pivoting, and the total least squares method as outline above, the

unknown Cp can be extracted from

C — ZOX3
24 C()X
0“76 |

(3.104)

Similarly, by recasting equation (3.96) in the same form as equation (3.97), we have
[E][P] [Pllx)=[E][xX] =[], 3.105)
where the normalized unknowns|[ X |=[P][x],

[P]:diag[l o, o o Y o o 1 Yoa)o]

, (3.106)
[x]T—— Ca C.a C.,a C.,a C .a —dea 24 C a. -1 —2g
d ™3 d ™4 d 2 d 1 d ™11 6 5 d 16 2
P P P P b Cpg Cpg P Cpg
(3.107)

and the kg element of the real and imaginary terms of the [E] and [F ] are
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respectively given in terms of the Y-parameter elements as

|:Ek:|:|:Ell,k Elz,k:|, (3.108)
Y,

[F]= [Ym} : (3.109)
22ik

where
o0 -7 o

(Eue]=| A3], (3.110)
_O fk 0 _fk

A~ ~2 A~
— _ZoYZIr,k YZIr,kfk (Yer,k +YZZr,k)fk _Y22i,k ZoY22i,k fk
|:E12,k:| =

~ . - (3.111)
__ZoYm,k _Y21i,kfk (Yz]i,k+Yz]i,k)fk _Yzzr,k _ZoYzzr,kfk

Using the scaled row pivoting and the outlined total least squares method mentioned

above, the unknown C,q 1s thus obtained from

C= . (3.112)

Having extracted the parasitic capacitances, its contribution to the Y-parameter

can thus be removed through either
-1 _
[Z]:([Y]_[Ypad:l) :[Rext]+[Yint] l’

=[v.]([Z]-[R..])-[1]=0, (3.113)

] =[] =R DT
= ([1-[YJIR.])%]-[Y]=0, (3.114)

From equation (3.113), the 1st matrix element of the 1st column will result in
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Z, (52191 +s(b, +bs))+szb3 +sb, +1

“n= s(bys +b) ’ (3.115)
where

b =C,C.R, (3.116)
b,=C,, (3.117)
by=b,(L, +bR,R,), (3.118)
b,=b,(R,+R +R,), (3.119)
b=C, . (3.120)

Taking the sum of the squares of the real and imaginary terms of equation (3.115)

and imposing the derivative of each unknown to be zero, we arrive at the following

expression:

[4][x] =[B], (3.121)
where

[X]=[@b, ob ob ob o] (3.122)

f( Hrk 21r,k)

1 S0

fk( ik 211k)

B]= N ,
[ ] kalei,k
k=1

-
n

(3.123)
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Qll QlZ Ql3
[4]=| 0 D7zl 0s). (3.124)
o5 0, 0

N A~
Zf:‘znk ZZlk‘ 0
0,=|" ., , (3.125)
~2 2
0 ka ‘le,k _ZZI,k‘
L =1
_ Vo
ka (ler,kZZIi,k _lei,kZZIr,k)
0,=| = , (3.126)
~2
ka (lei,k (lei,k - ZZli,k ) + ler,k (ler,k - Zer,k ))
L k=1
fy N
Q13 = ka (an,k _221r,k) ka (Zzu,k _lei,k )} ’ (3.127)
L k=1 k=1

N ~3 N ~2
ka (lei,k _ZZIi,k) _Z fk (an,k _Zzlr,k)
k=1

0=, . , (3.128)
kazlli,k kazllr,k
L k=1 k=1
.
2 0 0
0, =| : (3.129)

N ~2
0 X/
k=1

By solving the unknowns from equation (3.121), the unknowns Cg, , Cgs , Ri, R,

and L can be obtained through the unknowns [X ] , namely,

X

c, =2, (3.130)
0)0

c =% (3.131)
0)0

R=Y_ (3.132)




67

X
R, =————(R +R), (3.133)
gsa)u
X,-R X
L =—%—, (3.134)
a)ocgs

Similarly, from the 1st element of the 2nd column of equation (3.114), we obtain

—  —Yu(s @ /b, +sby /b, +by)—sb; /b,

Y= , 3.135
’ s’a, /b, +sb, +1 ( )
where
by=1+g,(R,+R,), (3.136)
L+C, R +C, (R +R
b7 — gds s dg™td ds( d s) , (3137)
1+g, (R, +R)
by=guL, —Cyu R, +CuR,, (3.138)
A (3.139)

a 1+g, (R, +R)’
Use the same least squares approach outlined as above, we re-formulate equation
(3.135) into
[4][x] =[B]. (3.140)
Where

X|=|b, b, wb /b b /b @alb, ]|, (3.141)
9 07 08 6 05 6 o1 6
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O élz éls
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-
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3 7 (Foee Vs~ Frooc Vo) > 7
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0

N
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=

N A2 — N A3 j— —_ — —
ka Yiork ka (Yllr,k Yiir =Yk Y]2r,k)
k=1 =1
9
~2— N 3 ,— _ _ _
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(3.142)

(3.143)

(3.144)

(3.145)

(3.146)

(3.147)

(3.148)

By solving the unknowns from equation (3.140), the unknowns Cgs , g4s and Rq can
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be obtained through [X ], namely,

C. X
s =w”’§(£ , (3.149)
0“4 s
C. X
gdS_LL( dg“>3 +Cngg_Cdsst’ (3.150)
s 4
o C
R, :L(OT@_lj_RS (3.151)
8 s 4

The unknown g, is found through the total least squares solution of the following

expressions:

ULV =svd ([ 4;B])

~2
f 9 in in in in
1 0 _Tk 0 fk (YZI;,k - Ymt,k ) _(Yz;,k - le:,k )
=svd (3.152)

~3

0 _?k 0 % _}k (Yzlilrtk - Yllzn:k) _(Yzi?it,k - Y112nltk)

V(l,end)

_ _ 3.153
Enm V (end ,end) ( )

The unknown 1 can be obtained through the conventional least squares solution of

1
¢+ ¢ =[(rm —xm) 1+ joC,R )]+ (3.154)
_ U e[ &
e 1(5} | (3.155)
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3.4.3 Numerical results and discussion

The proposed algorithm can be easily implemented using the Matlab 7.0 software
on a personal computer (Pentium IV or above). First, to test the validity and accuracy
of this new analytical modelling method, three different types of TOSHIBA® GaAs
MESFETs, namely, 2x150um, 8x150um and 16x150um have been adopted in this
study. S-parameters from 1GHz up to 30GHz are measured under a wide biasing
range of Vg=-2.0~0.5V, V4=0.0~4.0V. The new analytical method and the
commonly adopted conventional Dambrine’s method [11] are used for their parasitic
and intrinsic elements determination. Parasitic elements’ values of three GaAs
MESFETs extracted from these two methods are displayed in Table 3.1, Table 3.2 and
3.3, respectively. In addition, the parasitic and intrinsic values extracted from

Dambrines’s method.

Table 3.1 Parasitic Elements Extracted from 2x150um GaAs MESFET

New Analytical Method

Cog(fF)  Cua(fF)  Lg(pH)  La(pH) Li(pH)  Re(©)  Ra(Q) R(Q)

177.72 86.62 85.43 23.20 15.01 1.68 0.78 0.33

Dambrine’s Method

Coe(fF)  Cpa(fF)  Lg(pH)  La(pH) Ls(pH)  Rg(Q) Ra(Q) Rs(Q)

208.84 56.15 88.86 19.87 15.26 1.43 0.91 0.35
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Table 3.2 Parasitic Elements Extracted from 8x150pum GaAs MESFET

New Analytical Method

Coe(fF)  Cua(fF)  Lg(pH) La(pH) Li(pH)  Re () Ra(Q) R(Q)

190.86 91.65 84.31 62.75 11.36 1.25 0.92 0.38

Dambrine’s Method

Coe(fF)  Cpa(fF)  Lg(pH) La(pH) Li(pH)  Re () R4(Q) R (Q)

233.15 75.68 83.94 60.17 12.13 2.08 0.77 0.53

Table 3.3 Parasitic Elements Extracted from 16x150um GaAs MESFET

New Analytical Method

Coe(fF)  Cpa(fF)  Lg(pH) La(pH) Li(pH)  Re () R4(Q) R (Q)

210.86 69.51 85.81 84.32 7.15 0.72 1.96 0.43

Dambrine’s Method

Coe(fF)  Cua(fF)  Lg(pH) La(pH)  Ls(pH) Rg () Ra(Q) R(Q)

149.39 23.89 86.95 82.17 8.06 0.64 1.62 0.85

Intrinsic elements calculated from these two methods are shown in Table 3.4 to
3.6, the calculation is under the biasing condition V,=0.0V, V4=5.0V.

As shown in Tables 3.4 — 3.6, for the intrinsic elements extraction of GaAs
MESFETs, negative values can be observed for Cy4s from the traditional method.
However, these negative values had no physical meaning, thus cannot be used in
circuit simulation. In contrast, the new approach leads to reasonable results for

parasitic element values. The results for parasitic element values from the two
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methods differ mainly in two capacitors Cpe and C,q. As mentioned earlier, extrinsic
small signal parameters are independent of biasing voltage. Therefore, the stabilities
of these two extrinsic capacitors will be investigated later for multiple biasing points
to show that the new approach gives a better extraction for both Cy, and C,4 than the

traditional method.

Table 3.4 Intrinsic Elements Extracted from 2x150um GaAs MESFET
(Vg=0.0V, V4=5.0V)

New Analytical Method

Ce(fF)  Cua(fF)  Co(fF)  Ri(Q)  gas(mS)  gn(mS)  t(pS)

329.91 22.74 42.75 2.53 6.55 92.93 0.054

Dambrine’s Method

Ces(fF)  Cu(fF)  Cu(fF)  Ri(Q)  ges(mS)  gn(mS)  t(pS)

329.18 22.73 -10.68 2.61 6.34 91.82 0.054

Table 3.5 Intrinsic Elements Extracted from 8x150pum GaAs MESFET
(Vgs=0.0V, V4=5.0V)

New Analytical Method

Ce(fF)  Cua(fF)  Co(fF)  Ri(Q)  gas(mS)  gu(mS)  t(pS)

1617.14 113.06 114.76 1.35 18.80 397.05 0.055

Dambrine’s Method

Ce(fF)  Cua(fF)  Co(fF)  Ri(Q)  gas(mS)  gn(mS)  t(pS)

1623.79 113.14 -77.37 1.86 18.24 398.95 0.055
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Table 3.6 Intrinsic Elements Extracted from 16x150pum GaAs MESFET

(V=0.0V, V4=5.0V)

New Analytical Method

Ces(fF)  Cu(fF)  Cu(fF)  Ri(Q)  ges(mS)  gn(mS)  t(pS)

2787.98 263.58 345.12 0.59 41.6 942.56 0.055

Dambrine’s Method

Ce(fF)  Cua(fF)  Co(fF)  Ri(Q)  gas(mS)  gn(mS)  t(pS)

2783.41 257.64 163.22 0.87 44.7 985.06 0.055

Figure 3.14 to 3.16 show the comparison between the modeled and the measured
S-parameter. Equivalent circuit element values use the results calculated from the
novel analytical modelling method. It can be seen that the modeled S-parameter is in

good accordance with the measured S-parameter.
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Figure 3.14 Measured (circle) and simulated (solid) S-parameters (2*150um GaAs MESFET)
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Figure 3.15 Measured (circle) and simulated (solid) S-parameters (8*150um GaAs MESFET)
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Figure 3.16 Measured (circle) and simulated (solid) S-parameters
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Tables 3.7 to 3.9 give the RMS error of the modeled S-parameter by the new
method and Dambrine’s method. The biasing range is Vgs=-2.0~0.5V, Vds=0.0~4.0V,
totally 285 biasing points are taken within this range, and the frequency range is from
1GHz to 30GHz. It can see from Table 3.7 to 3.9, the RMS error of S11, S12, S21 and
S22 are all very small for the new analytical method investigated over a wide
operating range. Compared with Dambrine’s model, it is clear that the new method

gives a better fitting performance in the S-parameter description of GaAs MESFETs.

Table 3.7 RMS Error of Modeled S-parameter for 2x150um GaAs MESFET, Equivalent

Circuit Elements Extracted from Dambrine’s and new analytical methods

V=-2.0-0.5V, V4=0.0-4.0V, £=1-30GHz

S Siz Soi Sao
Dambrine’s Method 0.012 0.033 0.046 0.305
New Method 0.006 0.011 0.008 0.017

Table 3.8 RMS Error of Modeled S-parameter for 8x150um GaAs MESFET, Equivalent

Circuit Elements Extracted from Dambrine’s and new analytical methods

Vg=-2.0-0.5V, V=0.0-4.0V, £=1-30GHz

Si Siz Sai Sao

Dambrine’s Method 0.019 0.024 0.021 0.232

New Method 0.007 0.012 0.008 0.016
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Table 3.9 RMS Error of Modeled S-parameter for 16x150um GaAs MESFET, Equivalent

Circuit Elements Extracted from Dambrine’s and new analytical methods

V=-2.0-0.5V, V4=0.0-4.0V, f=1-30GHz

S Sio N S2o
Dambrine’s Method 0.021 0.044 0.024 0.031
New Method 0.016 0.016 0.013 0.011

To test the reliability of the algorithm, the same TOSHIBA® 2x150umGaAs
MESFET device was used in the investigation. S-parameter measurement was taken
from 1 to 10 GHz under three different V, biasing voltage, -5.0V, -2.0V, 1.7V,
—0.8V, 0.4V, and —0.2V. Parasitic capacitances C,, and C,q are calculated based on
the traditional method and the new analytical method, the result is shown in Figures
3.17. It can be seen from this figure, calculated C,, and Cpq values using the
Dambrine’s method cannot keep constant with the variation of frequency and biasing
conditions. In contrast, reasonable and consistent parasitic capacitances achieved from
our new method are almost independent with frequency and Vg, which proves the

accuracy and stability of this novel approach.
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Figure 3.17 Calculated C,, and C,q (a) by Dambrine’s Method (Vds=0.0V, —— Vgs=-5.0V,

————— Vgs=-2.0V, --e-- Vgs=-1.7V). (b) by new analytical Method (Vds=0.0V, ——
Vgs=-0.8V, ----- Vgs=-0.4V, --e-- Vgs=-0.2V).
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Figure 3.18 Calculated results for gm vs. biasing condition

(a) New analytical method (b) Dambrine’s method.
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Figure 3.18 shows the extracted g, versus biasing voltage. The result for the new

analytical method is shown in Figure 3.18 (a) whilst Figure 3.18 (b) shows the result

for the traditional Dambrine’s method. It can be seen from Figure 3.18 (a), that the

calculated result of g, is reasonable, and no unusual result that is against real device

operation is observed. But from Fig 3.18 (b), there is overlapping of g, in the linear

and knee region, which cannot be observed in real device operation. Thus, from the g,

result, it can be concluded that the new analytical method is more appropriate for

large-signal modelling as compared with the conventional extraction method.

Table 3.10 Extracted and furnished elements’ values

EPAO18A EPAO25A
Variables Input New | Error (%) Input New Error
Data Method Data Method (%)

L, (nH) 0.18 0.18 7.9e-10 0.10 0.10 2E-10
R (©) 0.13 0.13 8.6e-4 0.83 0.83 5.4E-4
Ly (nH) 0.22 0.22 2.1e-9 0.18 0.18 9E-10
Cyg (PF) 0.06 0.06 1.3¢-8 0.17 0.17 5.6E-8
Cpa (pF) 0.06 0.06 7.0e-8 0.17 0.17 1.4E-7
Cyg (pF) 0.021 0.021 1.0e-7 0.014 0.014 2.4E-6
Cys (PF) 0.3 0.3 2.8e-7 0.33 0.33 2.5E-6
R; (QQ) 0.29 0.29 2.4e-5 1.9 1.9 6.1E-5
R, (Q) 0.5 0.5 1.9¢-4 1.8 1.8 3.0E-4
L (nH) 0.057 0.057 1.0e-8 0.071 0.071 4.0E-7
Cas (pF) 0.011 0.011 5.3e-8 0.044 0.044 | 6.7E-6
245 (Q) 1.5E-3 1.5E-3 3.9¢-5 3.6E-3 3.6E-3 9.8E-5
R;(Q) 1.0 1.0 l.1e-4 1.38 1.38 1.2E-3
gm (mS) 55 55 1.2e-4 84 84 2.2E-4
T (pS) 2.5 2.5 6.9¢-6 2.0 2.0 9.0E-6
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To test the convergence ability of this algorithm, two different Excelics®
semiconductor transistors, namely, EPAO18A and EPA025A, have been investigated.
The EPAOI8A is extracted under Vy=6V, I1435=0.514s whereas the EPA025A is
extracted under V4=8YV, [3=0.514ss. These two sets of resulting S-parameters are then
calculated from their equivalent circuit whose parameters are provided by the official
datasheet [88]. The extracted parameter values are given in Table 3.10. The provided
parameters values adopted from Excelics [88] are also reproduced in Table 3.10 for
comparison. As shown in Table 3.10, all the extracted parameters’ values for all the
transistors are very close to the furnished parameters values from Excelics [88]. The
worst case errors for all the parameters’ values are, in general, all less than 1%.

In the error testing phase, the new analytical extraction method is validated with
input data subject to the artificial measurement errors. In this experiment, Monte
Carlo methods (or Monte Carlo experiments) [116], which is a class of computational
algorithms that rely on repeated random sampling to compute their result, are adopted
to add the uniformly distributed random errors to the S-parameter measurement data.
Figure 3.19 shows the plot of its extraction output errors vs. artificially added
measurement errors. From this illustration, although the output errors increase rapidly
with the adding errors, the output parameter values still remain credible (less than 1%)
even the maximum measurement errors reach to 6%, which is far beyond the industry
measurement standard specification. Therefore, our new analytical extraction method

based on least squares method is very robust against measurement errors.
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3.5 Conclusion

In this Chapter, major issues of the small signal modelling of GaAs MESFETs are
discussed, which include de-embedding techniques, and the determination of small
signal model parameters. For the first time, a novel analytical approach for extracting
all the 15 equivalent circuit elements for FET devices has been proposed. In contrast
to the conventional approach, no subsidiary circuit such as Cold-FET or Hot-FET has
been adopted. Comparisons of S-parameter performance in a wide frequency range
have subsequently been presented together with the stabilities of parasitic capacitors
to verify the better prediction of this novel analytical extraction approach. Reasonable
and precise transconductance achieved from this novel method also prove its accuracy
and stability. Furthermore, in the error testing phase, this novel method is robust
against measurement errors.

On the other hand, the conventional lumped models, based on simple linear rules
or completely empirical expressions, may not be sufficiently appropriate at relatively
high operating frequencies due to its frequency-independent equivalent circuit.
Therefore, a novel distributed modelling approach for GaAs MESFET will be

proposed in the next chapter for modern MMIC design.
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Chapter 4
A New Distributed Small-Signal Model for

GaAs MESFET/HBT

In this chapter, a novel distributed small-signal model for GaAs MESFET at
millimetre-wave frequencies is proposed with the aim of providing an accurate and
efficient tool for microwave device/MMIC design. This new approach is based on
precise electromagnetic simulation and RF circuit analysis of the electron device with
distributed cells. As the similarity of issues, this novel method can also be adopted for
GaAs HBT small signal modelling. For the first time, the values of the entire GaAs
MESFET and HBT intrinsic model elements used in the active elementary cells can be
extracted through the quasi-optimization method and explicit analytical expressions.
Good agreement between the measured and the simulated results has been
demonstrated. This model also allows the designer to have better control over the whole
transistor design. Furthermore, it serves as one of the valuable steps towards global

modelling of millimeter-wave devices and circuits.
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4.1 Introduction

In recent years, the increasing demands for high performance communication
systems require MMICs to operate at higher frequencies. The continuous pressure
toward low cost microwave communication products has eventually led to a continuous
increase of integration density of MMICs. Meanwhile, with this increase of operation
frequencies for MMICs, a more complete and accurate millimeter-wave active device
modelling is thus needed. The increase of operating frequencies makes the geometry
of the millimeter-wave active devices more compatible with the wavelength. As such,
wave propagation and electromagnetic interaction must be included in the model in
order to account for their important influences on the device’s electrical performance
[90]. The increment of integration density of MMICs also adversely affects the
device’s normal electrical performance. The unwanted effects such as the
electromagnetic coupling and the unintended radiation must be accurately modeled at

higher frequencies.

(A) (B)

Figure 4.1 Various kinds of TOSHIBA GaAs MESFETs
(A) 2-finger; (B) 8-finger; (C) 16-finger
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As shown in Figure 4.1, take various kinds of TOSHIBA GaAs MESFETs for
instance, the coupling and lossy effects provided by their large via-holes connected to
souce and the multi-finger coupled transmission lines must be taken into account in
their small-signal models for accurate high-frequency performance predictions.

In practical MMIC design, the task to accurately predict actual behaviour of
these microwave active devices with large layout structure and operating at
millimetre-wave frequencies is very crucial and challenging. A distributed
characterization of the active device geometry is thus inevitable. In addition, a robust
scaling ability of the microwave active devices should be investigated in order to
provide an accurate behaviour of the microwave active device as the functions of their
layout sizes and finger numbers. The reduction of cost and time in MMIC
development is imperative and always requires that the MMIC performance can be
optimized efficiently to meet the circuit specifications in a possibly short time.
Therefore, a good active device modelling method for MMIC design should provide
the designers with the ability to optimize the metallic layouts or finger numbers of the
active devices without any geometric limitations. Conventional approach, which
adopts the lump elements modelling technique, is unable to accurately predict the
device characteristic for different large layout structure. The distributed effects of the
fingers and its surrounding are often neglected in the conventional lump element
approach and there is no efficient way to optimise the individual fingers using the

lump element approximation. The lump element model is also unable to allow the
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inclusion of actual GaAs transistor metallic topology, material stratification and the
losses in the dielectric and metallization for the simulation.

Different distributed microwave active device models were proposed in the
literature to take into account the inherent electromagnetic wave effects. Several
global microwave active device models have been proposed, which have robust
prediction and optimization capabilities. Some authors [91-93] have developed
distributed semiconductor device models which have combined complex
semiconductor transport models with full-wave solution of Maxwell’s equations. The
key aspect of such a modelling method is how to couple Maxwell’s equations with the
semiconductor hydrodynamic equations. Several techniques such as FDTD method
[94] have been adopted to solve this problem. Another approach for the distributed
model is to present the active device area studied as a cascade of elementary cells,
which are fed by lumped passive networks [95, 96]. This method is applicable to
MMIC CAD, and can include electromagnetic signal propagation along the device
passive structure. A hybrid method that consists of the integration of the equivalent
circuit model and the full-wave model has also been proposed in [90] and [97]-[101].
In such a method, a commercial electromagnetic simulator is adopted to analyse the
complex electromagnetic phenomena of the device extrinsic passive part, while the
equivalent circuit is used to describe the linear or nonlinear behaviour of the device
intrinsic active part. The most important aspect of this method is that the measured
data, the electromagnetic simulation results and the scattering parameters of the

intrinsic active part are linked through matrix manipulations.
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With the continuous improvements of MMICs, one of the new trends for the
simulation of complex microwave structure is the “global approach” [91, 92], which
couples an electromagnetic analysis and a microwave circuit simulation. Similarly, a
new concept, termed the “global modelling” [91, 92], which is related to the active
device modelling for MMIC design, has been highlighted and studied continuously. In
order to overcome the problems brought by various conventional device modelling
methods and apply the new concept of “global modelling”, a novel global and
complete approach to characterize the small-signal performance of GaAs MESFET is
proposed in this chapter. Regarding the trade-off between simulation accuracy and
model development efficiency, we use MoM method in commercial software such as
IE3D to rigorously characterize the GaAs MESFET extrinsic domain. A “multi-port
connection method” [89] is subsequently applied to link the scattering parameters of
the extrinsic and intrinsic domains. Next, an equivalent circuit element extraction
technique for determining the intrinsic small-signal model elements is developed. A
comparison of the S-parameters between the measured and simulated data has shown
good agreement by using our proposed technique. Moreover, the new method is able
to accurately predict the unknown electrical responses of other new FET transistors
which strongly differ in device geometry.

The main objectives of our proposed model are to enhance model synthesis
capability and to raise accuracy of model fitting performance. The accuracy of our
modelling method enables the inclusion of actual GaAs transistor metallic topology,

material stratification and the losses in the dielectric and metallization. Due to the
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scaling capability of our model, the actual performance of some new large-sized GaAs
MESFET transistors can be predicted. Furthermore, optimization ability of our
method should provide MMIC designers with more freedom to choose a GaAs
transistor with arbitrary device geometry, which can be separately adjusted and
simulated without any geometric limitations. Through the global modelling approach,
the process engineer can now have a greater freedom to experiment with new
materials and its effect can thus be included automatically in the EM simulation. In
addition, because of the similarity in the issues, this novel method can also be adopted
for GaAs HBT small signal modelling, which will also be presented later in this

chapter.

4.2 The New Distributed Modelling Method

4.2.1 The basic structure of the novel distributed small-signal model

This new distributed small-signal model is based on accurate electromagnetic
simulation and RF circuit analysis of the electron device with distributed cells. It can
be separated into two parts: extrinsic passive part and intrinsic active parts. Here uses
a typical MESFET layout for example to demonstrate the whole modelling procedures.
As shown in Figure 4.2, the distributed GaAs MESFET small-signal model consists of
two separated parts, i.e. extrinsic passive and intrinsic active parts. Extrinsic part
includes the whole metallic structure of the transistor device, whilst the intrinsic part

refers to several active elementary cells to model the semiconductor electrical
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behaviours of the device fingers. The intrinsic part, which located under the metallic
finger as a multi-layer semiconductor structure, is interconnected with the extrinsic

part by means of some internal ports named “local access points™ [98].

Local Access
|
Intrinsic Active Part i %% %
|
|
N /

Point
Figure 4.2 A typical MESFET transistor layout and an equivalent representation of the FET

Extrinsic Passive Part

extrinsic and intrinsic parts

The extrinsic part, which models the electromagnetic effects in the extrinsic
region, is shown in figure 4.2. Here use 2-finger GaAs MESFET device for example.
In the proposed method, first describe the extrinsic passive structures of the transistor
with IE3D through its geometric parameters of the device GDS files provided by the
foundry. Then divide the whole passive structure into several multi-ports models:
input part, FET stripe channels and output part, whose dimensions are identically the

same with the measured 2-finger GaAs FET layout. The extrinsic passive structure of
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a GaAs MESFET is characterized in terms of multi-port S-parameters, instead of the
conventional lumped element approach, by means of a global full-wave
electromagnetic simulation. Meanwhile, sufficient fine mesh cell is needed to prevent
unambiguous oscillatory waveform. The other multi-finger GaAs MESFETs/HBTs are

simulated with the same principle as 2-finger GaAs MESFET.

Sub

left i
4—a
S—a
6—m
T—a
8—m

Input Part

— .

. line B .

Iy S

1]

FET Fingers

Sub
— Right

IWI

Output Part

Figure 4.3 Extrinsic part of 2-finger GaAs MESFET

The extrinsic part enables the inclusion of actual GaAs transistor metallic

topology, material stratification and the losses in the dielectric and metallization. The



92

benefits of electromagnetic simulation are that it not only takes into account the
influence of elements located near the active device and notably the source via-holes,
but also permits the prediction of the behaviour of devices with various gate widths.
Due to the scaling capability of our model, the actual performance of some new
large-sized GaAs MESFET transistors can be predicted.

The intrinsic part of this model, as mentioned before, is the active semiconductor
channel region under the metallic structure of the transistor. As shown in Figure 4.4,
the intrinsic part of GaAs MESFET is modelled with the equivalent circuit under its
metallic structure within the dashed box. For GaAs HBT, a standard hybrid-n
equivalent circuit for bipolar transistor small-signal modelling is used to describe the
electrical response of the intrinsic active part of a HBT transistor. The equivalent
circuit of its intrinsic part is also shown under the fingers of GaAs HBT in Figure 4.5.
The s-parameters of these intrinsic active parts of GaAs MESFETs and HBTs can be
easily obtained through the multi-port connection method which will be introduced in
the next section. Two novel extraction methodologies for the components of intrinsic

active parts of GaAs MESFETs and HBTs will also be presented later in this chapter.
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Figure 4.4 Intrinsic part of a GaAs MESFET (indicated within the dashed box)
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Figure 4.5 Intrinsic part of a GaAs BJT (indicated within the dashed box)
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4.2.2 Electromagnetic Analysis of Extrinsic Part of GaAs Transistor Structure

In this method similar to [100, 101], the commercial electromagnetic simulator
software IE3D has been used to obtain the S-matrix for the extrinsic part of the
transistor structure, which can replace the lumped extrinsic elements. In this way, both
parasitic capacitances and inductances related to the internal access points and
connection lines have been naturally taken into account. As shown in Figure 4.6, each
active elementary cell (AEC) is formed by three “local access points” placed on gate,
drain and source electrodes for the same transistor finger group. Moreover, each of the
AEC is characterized by the same intrinsic lumped-element equivalent circuit model. In
order to connect the electromagnetic simulation results with the small-signal model of
the active elementary cell, “internal access points” in each device finger must be
included in the device layout for electromagnetic simulation in IE3D. Therefore, the
S-matrix calculated by electromagnetic simulation must include the general input
/output terminals and all the “internal access points”. In Figure 4.6, ports 1 and 2 are
general input and output terminals for the whole GaAs MESFET. Ports 3, 3°, 4, 4°, ...
and 2n+2, 2n+2’ are different “internal access points” for the following analysis

procedures, where n is the number of AEC.



95

Active Elementary Cell (AEC)
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Figure 4.6 GaAs MESFET with active elementary cells (AECs)

In this novel distributed model, the passive structure of the transistor is
characterized through its scattering matrix, Sgy, Which is computed by means of
electromagnetic simulation on the basis of device geometry and material parameters.
Thus, electromagnetic propagation and coupling effects are considered for the passive
structure. All the active elementary cells are described by the same scattering matrix, S,

which can be identified once the FET transistor total scattering matrix, Sy, has been

measured.
So, we have
bl al
bZ az
: b a b a .
1 1 (2n+1) (2n+1)
=S| ,L}Sﬂ{ } =S . (4.1)
. 2 a, b(z,1+z)‘ (2n+2)
2n+1 a2n+l
L 2n+2 _a2n+2 .
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where

S :|:SEMA SEMB:| S :|:SM11 SM12:| and S:|:S11 Sl2j| (42)
o SEMC SEMD " SMZl SM 22 S21 S22

The matrices, S;,, » Spp > Sge and S,,, , are obtained by the matrix
decomposition of S, . The dimension of S,,,, is 2 by 2, S,,,; 1s2 by 2n, S,
is2nby2and S,,, 1s2nby2n.

Through the “multi-port connection method” [89], we have:

b, S, S.][a, i
sl “

where
_ b3 _ _ . _
b b n+ a n+
bp:|: 1} ’bc: o > ap:|:al:| ’ ac = e > (4'4)
b, b3' a, dy
_b<2n+2)' | _a(2n+2)' |
S S 0
Sy = SemasSpe = [SEMB 0] Sep = el See = e ) (4.5)
0 0 S,

The dimension of S, is2by4n, S, is4nby 2, S, is4nby4dnand S, is2n

by 2n. And
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'S ] b, a,
S ban Ao 0 1
S, = A R I o IR U g . (4.6)
N b, a, I 0
L S_ _b(2n+2)’ | _a(2n+2)' |

In here, / is an identity matrix with dimension of 2n by 2n.

Finally, we can derive equations (4.7) and (4.8) below from equations (4.3) to

(4.6)

S,=8y :Spp+SpC(F—SCC)_‘SCp , (4.7)
and

Seva + Sevs(Seun)” SrSeup =D Seue = Su — Sevs (“Sean) ™ Seuc (4.8)

Based on equations (4.7) and (4.8), we can derive the scattering matrix.S, for the

intrinsic active part of GaAs MESFET at each frequency point.

4.2.3 Extraction Methodology for Intrinsic Active Part of GaAs MESFET

After s-parameter matrix of the intrinsic part has been derived, in this section,
with the existing s-parameter matrix, the determination for each intrinsic component
of the transistor will be discussed. As shown in figure 4.7, a standard small-signal
equivalent circuit for MESFET active elementary cells is used to describe the
electrical response of the intrinsic active part of a MESFET transistor.

In the equivalent circuit, drain resistance Ry and source resistance Ry have been

included as parasitic model elements, because other external inductances and
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capacitances in the conventional equivalent circuit can be fully taken into account by
full-wave electromagnetic simulation [38]. As mentioned before in Chapter 2.2.2,
although these two resistors are normally considered to be constant in commonly used
models, investigation and measurements show a slight bias dependent behaviour of

these resistances.

G Cag R, D
O | O

]d :gm e_JO‘)T Vgs
Ry

Figure 4.7 Equivalent Circuit of Active Elementary cells (AECs)

Normally there are two most common solutions to determine the elements of
the intrinsic part of transistors. One is the optimization method and other is analytical
method. The determination of MESFET equivalent circuit elements with optimization
based approach is traditionally carried out by minimizing the error function in a way
that all elements are changed simultaneously and independently by the optimization
engine until the minimum of the error function is reached. However, from Figure 4.7,

the adopted physically based microwave MESFET equivalent circuit model consists
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of 9 elements while only a set of S-parameter can be used for known conditions under
different frequencies. As a result, the optimization may be easily trapped into a local
minimum which is a fundamental problem in optimization procedures. On the other
hand, for analytical methods, the analytical solutions in chapter 3.3.2.1 are
unavailable as two more parasitic resistors added to the traditional intrinsic equivalent
circuit. Therefore, they require additional measurement steps to fix the values of all
components in this equivalent circuit. Therefore, neither optimization based on
data-fitting techniques nor the analytical methods could efficiently yield reliable
results.

For our novel distributed small-signal model, a novel quasi-optimization data
fitting approach is presented to solve the problem, which is an analytical optimizer
based data-fitting technique. It is well-known that the nearer the starting values of the
model parameters, the higher the probability of reaching the global minimum. Thus,
to reach the global minimum, suitable starting values are necessary. This
quasi-optimization is made in two steps: the first step is for analytical data extraction
and the second step is for data-fitting optimization. To reduce the number of variables
for analytical data extraction, the parasitic resistances Ry and Ry are ignored in the
first step. Therefore, the equivalent circuit of GaAs MESFET’s intrinsic active part
turns to the conventional case shown in figure 3.11, which has seven intrinsic
elements, and can be uniquely determined by the four intrinsic Y-parameters.

Following this, the second step is carried out. In this step, the standard

MESFET intrinsic equivalent circuit (Figure 4.7) is adopted. The values of intrinsic
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elements getting from the first step are used as the initial values for optimization.
Since these initial values from analytical methods are very close to the real values, the
optimization is very easy to arrive at a global minimum. The optimization program is
realized by the commercial RF circuit design software ADS, whose schematic in ADS
is shown as Figure 4.8. From this figure, it is clear that the optimization program
resolve the elements of the small signal equivalent circuit through minimizing the
difference between measured and computed S-parameters versus a wide frequency

range from 1 to 40 GHz.
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4.2.4 Extraction Methodology for Intrinsic Active Part of GaAs HBT

A standard hybrid-m equivalent circuit for bipolar transistor small-signal

modelling is used to describe the electrical response of the intrinsic active part of a

HBT transistor. Several explicit analytical expressions are derived, which can be used

to determine all the intrinsic model elements. For the first time, the values of the entire

GaAs HBT intrinsic model elements used in the active elementary cells can be

extracted through these explicit analytical expressions.

CeX
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Figure 4.9 A hybrid-rn equivalent circuit for HBT small-signal modelling.

Figure 4.9 shows the typical hybrid-n equivalent circuit for HBT small-signal

modelling. In the equivalent circuit, only emitter resistance Rg, external base

resistance Rp and collector resistance Rc have been included as extrinsic model
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elements, because other parasitic inductances and capacitances in the conventional

equivalent circuit can be fully taken into account by full-wave electromagnetic

simulation [99].

Based on the equivalent circuit we adopted, we can determine all Z-parameters as

follows [102]:

R,Z, n R,Z, Z;

= + +R; +R,, (4.9)
R +Z +7Z, (+G,Z,))R,+Z +Z,) 1+G, Z,

11

_ RbZZ + Z3
1+G,Z))(R, +Z, +Zz) 1+G,Z,

12 +

R,, (4.10)

_ RZ,-G,2,2Z, N Z,
A+G,Z)R, +Z,+2Z,) 1+G,Z,

+R, , 4.11)

21

3 RZ,+ZZ, N Z, N
A+G,Z) R, +Z,+Z,) 1+G,Z,

R.+R, , (4.12)

22

where
Z = (4.13)
JoC,,
1
Z, = ) 4.14
? ja)Cbc ( )
and
1-joC, R
Z.=R, | —f——bete | 4.15
3 be[l_"_a)ZCbZeR;eJ ( )
Let
A=7,-2,, (4.16)
B=Z,-2,, 4.17)



103

C=Z,+2y~2,~2y, (4.18)
and
D=7,+72,-2,-Z2,,. (4.19)

Putting equations (4.13) - (4.19) into equations (4.9)-(4.12), we can get

Re(C)-R, —R. =(R, —Re(D)-R.)+2w’R,C,,, (4.20)
Im(C) = 2R, C,, (Re(D) + R — R,) —Im(D), (4.21)
Re(4) - R, = -wIm(B)R,C,, (4.22)
Im(4) =[Re(B) - R. ][@R,C,. ] (4.23)
[Re(C) +Re(D) - 2R, [[Re(D) = R, + R ] = —o[Im(C) + Im(D)], (4.24)
and

Im(A4) - Im(B)

Re(B) k. (4.25)

R, =Re(A) +

From equations (4.24) to (4.25), we can obtain the values of R, and R.. In addition,

we have
RC, (C_+C
(C +Cli ;;(-i- ZﬂR 2bcc) 2c 2 + Ry =Re(4) (4.26)
ex be b ex be
-oR'C _C?
(C.+Cy+aR:CoCE M) @27
ex bc b ex bc
and
-R,C,C,, +R.=Re(B), (4.28)

a)szz(jexzcbc2 + (Cex + Cbc)2
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_(Cex + Cbc) _
a)3Rb2Cex2Cbcz + @ (Cex + Chc)2

Im(B) (4.29)

From equations (4.25) and (4.29), we can obtain the values of R, ,C, andC,, .

For the small-signal transistor operating condition, we have from [103]:

ql.
_ 2. 4.30
B
R, = 431
©=G (4.31)
Gm = GmO eXp(—ja)T) (432)
and
I /
T = _ltg—l [M]. (4.33)
w Re(G,, /G,,)

Therefore, we can obtain the values of C,,, G, and R, from equations (4.9) to

(4.12) and (4.30) to (4.33).

4.3 Model Realization in ADS

The final step of this distributed modelling is to combine the extrinsic passive and
intrinsic active parts together into one practicable device which can be implemented
in the RF circuit design software Agilent-ADS. The extrinsic part, exported from
IE3D as several data items, is connected with the equivalent active circuits obtained
by the quasi-optimization program. As shown in Figure 4.10 and 4.11 below, the final
model of this 2-finger GaAs FETs is a 2-port component which can be used in further

MMIC design.
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4.4 Model Verification and Discussion

4.4.1 Model Verification

In order to verify this novel distributed model, GaAs MESFETs with different
structures (4 X 100pum, 8 X 125um, and 16X 125um) were measured and simulated to
validate the proposed approach. The S-parameters of these MESFETs were measured
directly on-wafer with 50-Ohm input/output impedance up to frequency of 40 GHz
using a pulse modulated high frequency measurement system. The biasing condition
1s Vg=5V and Vg=-0.5V for 4X100um and V=7V and Vg=-0.5V for 8§ X125um
and 16X 125um. Through the geometric parameters of the device GDS files provided
by the foundry, the scattering matrices of the extrinsic passive structures were
computed by using IE3D electromagnetic simulator. Due to the small structure
involved, the time taken by the IE3D computation is only a few seconds (less than 10
seconds). In order to calculate the S-matrix of each active elementary cell, MATLAB
programs have been developed by using the calculation method described in Chapter
4.2.2. The ADS program based on the quasi-optimization method has been used to
derive the values for all the small-signal model elements. Finally, simulation in the
frequency domain was implemented by using Agilent-ADS simulator.

Figures 4.12 to 4.14 are the comparisons between the measured S-parameters and
the simulated results. From these figures, it is observed that relatively good agreement
between measured and simulated data can be achieved. As all the high frequency

coupling effects and add on parasitic elements of GaAs MESFET have been taken
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into account by the accurate EM simulation procedure, the matching performance of
this novel model could maintain satisfied results from the low frequency range to the

concerned high frequency region.
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Figure 4.13 Measured (circle) and simulated (solid) S-parameters for 8-finger GaAs
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To further verify the overall and the high frequency fitting performance of this
new distributed model, the maximum fitting error and the RMS error of S-parameter
obtained from the new model are listed in Table 4.1 together with the most commonly
used traditional model Dambrine’s and White’s models [11] [73] for comparison. The
calculation is made under six bias levels for Vg (V4=-0.5V, -0.4V, -0.3V, -0.2V -0.1V,
0.0V), while Vg4 changes from 0.0V to 10.0V (on-wafer 4 X 100um device), totally
606 biasing points are taken within this range. The first two columns in the table
represent the fitting error in the low frequency region from 1 GHz to 20 GHz. The
second two columns show the model error in the high frequency region from 21 GHz
to 40 GHz, and the last two columns give the error for the entire working frequency
region.

It can be seen from Tables 4.1 that the new distributed model gives remarkable
improvement in accuracy over the two traditional small signal models over the entire
device working frequency region, both maximum fitting error and RMS error are
greatly reduced. Based on Table 4.1, the novel distributed model gives smallest RMS
error at low frequency range as compared to other two commonly used small signal
models. Moreover, the matching performance of this new distributed model in high
frequency region is much better than the results given by the other two models in this
region. This is because complicated coupling effects and parasitic components are
employed in the novel model for its whole working frequency range. In addition,
quasi-optimization program is introduced to give better fit. Considering measurement

uncertainty, this novel distributed model is very accurate for its overall performance.
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Table 4.1 Max Error and RMS Error of Modeled S-parameter, Equivalent Circuit Elements
Extracted from novel distributed model and Dambrine’s model

V=-2.0-0.5V, V4=0.0-4.0V, =1~40GHz

Freq = 1~20 GHz Freq=21~40 GHz Freq = 1~40 GHz

Max Err RMS. Err Max Err  RMS. Err Max Err RMS. Err
(%) (%) (%) (%) (%) (%)

Dambrine’s Method

S1y 6.28 1.31 25.80 5.32 25.80 4.63
Sio 8.96 6.19 18.21 10.32 18.21 7.61
Sai 10.84 4.23 23.17 9.71 23.71 6.63
Sx 6.96 3.59 24.34 7.41 24.34 5.39

White’s Method

St 7.43 1.44 24.74 7.45 24.74 4.95
Si2 9.66 541 19.52 10.75 19.52 8.67
Sai 11.41 3.93 21.93 11.40 21.93 8.76
Sao 6.07 3.23 21.55 9.23 21.55 5.89

Novel Distributed Model

St 3.15 0.67 4.61 1.45 4.61 0.83
Si2 5.59 1.21 6.91 1.48 6.91 1.20
Sa1 6.78 0.82 7.60 0.88 7.60 0.86

Sao 1.92 1.54 2.26 241 2.26 1.72
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As the similarity of issues, this novel method can also be adopted for GaAs HBT
small signal modelling. Therefore, AlGaAs/GaAs HBTs with different structures were
measured and simulated to validate the proposed approach. The S-parameters of HBTs
were measured directly on-wafer up to frequency of 40GHz using a pulse modulated
high frequency measurement system. The biasing condition is Vgg=1.34V, V=3.0V.
The analytical equations in Chapter 4.2.4 have been used to derive the values for all
the small-signal model elements. Finally, simulation in the whole frequency domain is
also implemented by using Agilent-ADS simulator.

First in order to check the fitting performance of our distributed model, we
choose HBT transistors with two different structures, whose emitter sizes are
2x3um*20pum and 2x3umx40um. Figures 4.15 to 4.16 are the comparisons between
the measured S-parameters and the simulated results. From these figures, it is
observed that relatively good agreement between measured and simulated data can be
achieved. Second, in order to check the actual scaling capability of our proposed
modelling method, the model was adopted to predict the actual electrical behaviors of
various HBT transistors, which are different from those used in the previous steps.
The prediction was carried out on the basis of the model element values of active
elementary cells which are already known. Figures 4.16 to 4.17 show the measured
and predicted S-parameters for the HBTs (4x3pumx40um and 6x3umx>40um). The
prediction above was carried out on the basis of known active elementary cell of the
HBT whose size is 2x3umx40um. From these figures, the prediction and synthesis

capabilities of our proposed model can be verified.
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Figure 4.15 Measured (circle) and simulated (solid) S-parameters for HBT (2x3umx=20um).

Figure 4.16 Measured (circle) and simulated (solid) S-parameters for HBT (2x3umx*x40um).
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Figure 4.17 Measured (circle) and simulated (solid) S-parameters for HBT (4x3um>40pum).
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Figure 4.18 Measured (circle) and simulated (solid) S-parameters for HBT (6x3um>40um).



114

4.4.2 Discussion

The multi-layer semiconductor structure
under the dashed-surrounded region act
Active Elementary Cell (AEC) as intrinsic active part of GaAs MESFET

Figure 4.19 A typical MESFET transistor layout and an equivalent representation of the
FET extrinsic and intrinsic parts

There are several possible reasons for the small discrepancies observed between
measured data and simulated results. First, in our electromagnetic simulation, it is
assumed that a planar isotropic semi-insulating GaAs substrate locates beneath the
transistor metal structure. In reality, the MESFET/HBT is fabricated with a non-planar
multi-layer semiconductor structure. Moreover, in our method, the effect of current
flow on the electromagnetic field distribution under the non-planar transistor passive
structure has been omitted. Second, in our method, one reference plane for Active
Elementary Cells (AECs) has been assumed and the finger structure of the transistor

has been simplified. One of the reasons for selecting one “local access point” along
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the device finger is for simplicity in our analysis. In our approach, we fixed the local
access point at the centre of each fingers as shown in the inset of Figure 4.19 so as to
speed up the computation. Furthermore, the effect of gate grounding via holes to the

location of local access points needs to be investigated further.

4.5 Conclusion

A novel approach to the distributed small-signal modelling of GaAs MESFETs
has been proposed, with the purpose of taking into account the various wave-effects
related to transistor metallic geometry. The modelling method is based on accurate
electromagnetic simulation of extrinsic passive part of a MESFET transistor.
Meanwhile, the intrinsic active part of a MESFET transistor is characterized by a
modified small-signal model for the transistor. The significance of our proposed
modelling method is that it can provide a more comprehensive and efficient tool for
transistor optimization and more accurate performance prediction for various
transistors with different layout structures.

The proposed novel method is based on the electromagnetic simulation of
metallic parts of the device and biased S-parameter measurements of a GaAs
MESFET. Then, the S-parameters of the intrinsic part of the transistor are calculated
by using the novel quasi-optimization procedures. In general, our method is useful
especially for those GaAs MESFET large-sized devices at millimetre-wave frequency.
The proposed method can provide attractive information about the transistor with

arbitrary metallization. As the need for any additional database is omitted and design
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flexibility for the device design has been enhanced, the proposed method is very
useful to those MMIC designers to obtain accurate predictions of their various designs.
Based on electromagnetic simulation, this method can be used to include complex
coupling effects in device layouts and to predict the electrical characteristics of
unconventional device structures for better MMIC performance. Also, this method is
accurate enough to describe many full-wave effects which cannot be covered by the
conventional parasitic networks. Therefore, this method can be regarded as a
preliminary step for the global, fully layout and process oriented design approach. In
our proposed modelling method, actually any linear or nonlinear, description of a FET

transistor, which includes lumped or distributed equivalent elements, can be adopted.
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Chapter 5
A New Large-Signal Model for GaAs

MESFETS

5.1 Introduction

Intrinsic Device

| Dy |
L | | I .
Gate g Ry | Ceou I Ry d_ Drain
o M ‘ IE 4 | o
i ] Cgs i
i Dgs x Ids GD T Cds i
fr— Cpg i R,‘ i fr— Cp d
= 2 =
Ly
Source

Figure 5.1 Equivalent circuit for GaAs MESFET large-signal model

Figure 5.1 shows a typical equivalent circuit for a MESFET large-signal model.

The intrinsic device is enclosed by the dashed-line box, which also defines the
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intrinsic device plane. All the nonlinear elements lie within the dashed-line box.
Among these nonlinear characteristics, the drain current [-V characteristic and gate
charges are the most important GaAs MESFET nonlinear properties. Their accuracies
are critical to precisely model the nonlinear characteristic even the overall
performance of the MESFET device.

In this chapter, several commonly used drain current models are first
investigated with an improved drain current model. Subsequently, to illustrate its
advantages, the performances of the new model and other available models are
compared with the measured device response. Then, following the discussion of two
famous existing gate charge models, a new gate charge model is proposed. The new
gate charge model is very accurate in describing device junction capacitances under
various device operating conditions. The performance prediction in the linear region,
saturation knee region, sub-threshold region and at V4=0 is greatly improved over the
conventional models. The new charge model formulation and its derivatives are
continuous. Moreover, it obeys the terminal charge conservation law, which helps to
solve the non-convergence problem in simulation. Finally, GaAs MESFET device
measurement data is employed to verify the accuracy of the new gate charge model.
Furthermore, the performance of the new charge model is also compared with other

models to validate its advantage and accuracy.
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5.2 A New Drain Current Model for GaAs MESFET

5.2.1 An Examination of the Existing Empirical Drain Current Models

A variety of analytical models have been developed to describe the drain current
operation characteristics of MESFET. All of these models are capable of expressing
the device properties with some success. In most of the current models as in
references [40, 50, 53, 56], the drain current expressions can be described as the

product of two functions:

Ids (V

gs?

Vds) = FI(Vg

A

I/dv)'F;(ng’Vdv) (51)

where, both F; and F, are functions of Vg and V. The first function is mainly
aimed at describing the drain current variation with the gate voltage, while the second
term focuses on the modelling of drain current variation with the drain voltage.
Empirical Drain Current models often adopt the hyperbolic tangent dependence
for F, (Vgs Vo).
In this section, several commonly used drain current models are investigated.
They are Curtice-Quadratic model [46, 53], Chalmers model [56], and Advanced
Curtice-Quadratic model [53]. All of these models describe the drain current
characteristics in the form of equation 5.1. The drain current expressions of some
existing GaAs MESFET models are listed in Table 5.1. A detailed model formulation

of each model can be found in Appendix A.
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Table 5.1 Drain Current Expressions of Some Existing GaAs MESFET Models

Model Drain current expression

Curtice-Quadratic L =PV Vi )>(1+ AV, ) tanh(aV,)

1, = ka [1 + tanh((//)] 1+ AV, )tanh(aV,, )

Chalmers

l// :R(Vgs _Vpk)+1)2(Vgs _I/pk)2 +])3(Vgs _I/pk)3 +...

Advanced
B

Curtic-Quadratic 1, = m (Vgs Vo =7Va )VW (1+ AV, ) tanh(aV)
crit’ gst

5.2.2 An Improved Drain Current Model

As shown in Table 5.1, these commonly used empirical nonlinear drain current
expressions proposed by Curtice model [46, 53] and Chalmers model [56] are all
using the format of [,,= A*(1+AVy)*tanh(aV,) to describe the drain-source current
performance. The first part A of the equation is used to model the relationship
between the maximum drain-source current increment vs Vy & Vg, whilst o
determines the voltage at which the drain current characteristics saturate, and A is the
channel length modulation parameter related to the drain conductance. Generally, the
shorter the gate length is, the greater the slope of Ids. In all these proposed models, o
and A are simulated as constants, but from the measured data, we can observe that, in

fact, the slope of Ids in the saturation region, varies with V4. The change of the
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channel length modulation parameter is partly due to the change of channel shape at
different dc bias. As such, we propose the following power series function to

substitute for the constants o and A:
azal(VgS—I/l)+a2(VgS—K)2+... (5.2)
/’L:bI(VgS—V2)+b2(Vgg—V2)2+... (5.3)

where ay, a1, az, bg, by, by, and Vi, V, are the matching parameters. Therefore, our

new drain current revised model is shown as below:

B

I, = (20, ) Ve =Vigwen) ™ (14 2,0,V ) tanh(@,, V) (5:4)
a,,, =4a, (Vgs -V)+a, (Vgs — V])2 + a3(VgS - Vl)3 (5.5)
Apow =0V = V) + b, (V= V) + by(V,, — v, (5.6)
Vionew =Vro + ¥V, (5.7)

5.2.3 Comparison of Varies Drain Current Models

A 6X125um, and a 16 X 125um sub-micron gate-length MESFET devices
(wafer device, gate length is 0.18um) are used to verify the improved drain current
model. Theire S-parameter data are measured under multi-bias condition. The
small-signal equivalent circuit models are extracted using the analytical extraction
method. All the parasitic element values are kept constant in the large-signal model.

The extracted parasitic element values are listed in Table 5.2 and Table 5.3.
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Table 5.2 Parasitic Element Values of the Small-signal Equivalent Circuit
(6 X125um GaAs MESFET Wafer device)

Coe(fF)  Cua(fF) L, (pH) La(pH) LpH)  R(Q)  Ry(Q) Ry

132.9 130.1 79.62 48.37 18.46 2.17 1.54 0.43

Table 5.3 Parasitic Element Values of the Small-signal Equivalent Circuit
(16 X125um GaAs MESFET Wafer device)

Coe(fF)  Cua(fF) L, (pH) La(pH) L(pH)  RJ() R Ry

94.8 122.5 93.64 160.56 53.46 1.58 2.76 1.84

Pulsed DC I-V characteristics of the device are measured at the extrinsic bias
plane. After de-embedding of the parasitic elements, DC I-V characteristics at
intrinsic device plane are obtained. The large signal model parameters are extracted
from the drain current [-V data at the intrinsic device plane, and are listed in Table 5.4
and Table 5.5 respectively for the 6 X 125um and 16 X 125um GaAs MESFET. All the
parameter extractions are performed by an in-house developed software running under

MATLAB® by MathWorks. A simplex algorithm is used for the optimization.

Table 5.4 Model Parameters for the improved drain current model

(6 X 125um GaAs MESFET)
s s y VGEXP Z v,
0.12 0.15 0.012 1.53 -2.59 -1.6
a a, a, b, b, b,

0.69 0.036 -0.028 -0.09 0.10 -0.03




Table 5.5 Model Parameters for the improved drain current model
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(16X 125um GaAs MESFET)
B Feri Y VGEXP 4 £
0.33 0.23 0.005 1.89 -3.86 -2.1
a, a, a, b, b, by
0.79 -0.18 -0.012 -0.14 0.11 -0.02

Figure 5.2 and 5.3 show the comparison between the modeled drain current with

the measured data of these two high-power GaAs MESFET respectively.
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Figure 5.2 Comparison of measured and modeled drain current characteristics by the new

model, 6 X 125um MESFET wafer device, Vy=-3.1 V- 0.5V.
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Figure 5.3 Comparison of measured and modeled drain current characteristics by the new
model, 16 X 125um MESFET wafer device, Vy=-3.1 V- 0.5V.

As observed from Figures 5.2 and 5.3, the new model provides accurate prediction
of device drain current for both high current and low current operation. The current
drop at high current due to self-heating effect is precisely modeled. A small
fluctuation is observed for Ids measurement data, especially at high current region.
This can be caused by the practical measurement setup errors.

To compare the accuracies of these drain current expressions of varies models,
models parameters are extracted for a 2X125um GaAs MESFET device using
Curtice Quadratic model, Advanced Curtice model, Chalmer’s model and the new
model, respectively. The modelling results are compared with the measured data. The
purpose is to compare the performance of the new model with other commonly used

models. The modeled drain current results using Curtice Quadratic model, Advanced
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Curtice model, Chalmer’s model and the new model are plotted in Figure 5.4 together

with the measured data.
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Figure 5.4 Comparison of measured and modeled drain current characteristics of the new
model, Curtice model, Chalmers model and Advanced Curtice model, 2*125um wafer device.

It is seen that the overall performance of Curtice model [46, 53] is poor. The
fitting error is quite significant in the linear region, the knee region and the saturation
region especially as the drain current is reduced. Also, it has a conditional cutoff in the
pinch-off region. Chalmers model [56] offers an improvement over the Curtice model.
The fitting accuracy in the linear region and the saturation region is much better, and
the transition to pinch-off is continuous. But, the fitting of the Chalmers model in the

knee region, saturation region and for small drain current is still poor. Both the
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Advanced Curtice model [53] and the proposed improved model give very accurate
fitting results over various device operation regions. The new model also gives
continuous transition over different operating conditions.

Figures 5.2 to 5.4 show that the simulated drain current results using the new
model completely match the measured I-V characteristics. The two results are in good
agreement in different device operation regions, especially the linear and knee regions
that are difficult to model. The small negative I4s vs. Vg5 slope for large Iy is well
described by the new model. The modeled drain current goes smoothly to zero when
Vs approaches or drops below pinch-off.

The maximum fitting error and the RMS error of Curtice model, Chalmers
model, Advanced Curtice model and the new model are calculated and listed in Table
5.6 for comparison. The calculation is made under five bias levels for Vgs, while Vds
changes from 0.5V to 4.0V (on-wafer 2*125um GaAs MESFET device). Table 5.6
shows that both the maximum fitting error and the RMS error are greatly reduced for
the new model as compared to Curtice model and Chalmers model. The maximum
fitting error and RMS error for both the Advanced Curtice model and the new model
are very small. But, near pinch-off condition (Vg = —1.2V, Vyinch-op = —1.21V), the new
model produces a much better fitting result as compared to Advanced Curtice model.
The proposed drain current model gives the best performance in the comparison to
other commonly used models. Furthermore, the new model can be easily implemented

into EDA tools, and could be very useful in microwave circuit simulation.
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Table 5.6 Comparison of the Maximum Fitting Error and RMS Error of the New Model with

Curtice Model, Chalmers Model and Adv Curtice Model (2 X 125umWafer device)

Models V4 =0.5V Vg =0.0V Vg =-0.5V
V4=0.5V~4V V4=0.5V~4V V4=0.5V~4V
Max. Err.  RMS Err. Max. Err.  RMS Err. Max. Err.  RMS Err.
(%) (%) (%) (%) (%) (%)
Curtice Model 6.77 3.26 2.81 1.48 7.73 391
Chalmers Model 5.19 2.71 2.70 1.08 6.13 3.83
Adv C-Model 1.90 0.78 1.81 0.72 1.46 0.53
New Model 1.17 0.55 1.54 0.50 0.56 0.26
Models Vg =-0.8V Vg =-1.2V
V4=0.5V~4V V4=0.5V~4V
Max. Err. RMS Err. Max. Err. RMS Err.
(%) (%) (%) (%)
Curtice Model 18.83 11.14 146.81 82.60
Chalmers Model 16.75 8.78 45.47 27.39
Adv C-Model 243 1.20 17.89 10.13
New Model 1.82 1.01 8.31 4.75
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5.3 A New Gate Charge Model for GaAs MESFET

5.3.1 Introduction

The large signal equivalent circuit as shown in Figure 5.1 is used to model the
nonlinear performance of a MESFET. As mentioned before, there are a few nonlinear
properties in the equivalent circuit. Among them, the most important ones are the DC
[-V characteristics and the nonlinear gate capacitance Cg and Cg. Charge
(capacitance) modelling of MESFET is very important for accurately simulating
transistor nonlinear behavior. The accuracy of the charge (capacitance) model affects
the simulation result for frequency dependent characteristics like S-parameter, as well
as nonlinear properties including distortion, harmonic analysis, third order
intermodulation product (TOI), and ACPR (Adjacent-Channel Power Ratio) etc.
Therefore, charge (capacitance) modelling is very important for the design of
nonlinear circuits using MESFETs, especially power amplifiers. Accurate estimation
of quantities of interest for power amplifier at the design stage demands an accurate
MESFET capacitance model.

In Chapter 2, the basic operation of the MESFET is briefly discussed. Physically,
the depletion layer beneath the gate creates a continuous space-charge region under
the gate that expands from the source region to the drain region. The charge in this
depletion region is balanced by an equal amount of charge on the gate electrode. The
gate charge changes with gate to source and drain to source voltage. As a result, Cgs

and Cgq each depend on both Vs and Vs, they are not two-terminal capacitors that
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depend only on the voltage across them. The gate drain capacitance Cgq is
considerably smaller in magnitude than Cg except in a certain transition region where
both drain and source voltages are approximately equal. Charge is a constitutive
relation that cannot be directly measured. The nonlinear capacitances are usually
extracted from S-parameter measurement in the whole transistor working domain.
There are different ways in modelling MESFET charge (capacitance). Physical
models as proposed by Takada et al. [104], Shur et al. [105,106], Snowden et al. [107-
109] and D’Agostino and Beti-Beruto [110] require a detailed knowledge of the
device physical construction to fit measurement data. Multi-dimensional spline
functions are employed in table-based models. The empirical model is the most
commonly used approach in GaAs MESFET nonlinear modelling, it uses analytical
functions to describe bias dependence of the capacitances. Extensive work has been
done in MESFET charge modelling, and several models have been proposed. But, the
number of models is less than that of DC I-V models for which a large variety of
empirical formulations have been proposed. The existing MESFET capacitance
models can be classified into two groups. In the first group of models, analytical
equations are found to fit Cyq and Cg separately, and the equations do not satisfy
terminal charge conservation. These models may be difficult to implement in circuit
simulators whose capacitance is always the derivative of an internal state variable
(charge). In addition, the simulation may have convergence problems if charge
conservation is not maintained. These include the model proposed by Scheinberg et al.

[111], Angelov et al. [56], and Rodriguez et al. [58]. In the second group, analytical
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equations are proposed for terminal charge, and the capacitor values are derived from
the partial derivatives of charge with respect to the appropriate voltages, such as Statz
model [50] and the model proposed by Parker and Skellern [35].

It is complicated to precisely model the MESFET gate capacitances. Most
existing models are capable of accurately describing capacitance performance in only
certain device operation regions. Modelling in the linear region and in the saturation
knee region is difficult, and normally the inaccuracy is most significant. Capacitance
fitting at V4=0 and in sub-threshold region are generally poor too. Charge
(capacitance) performance is critical in predicting the nonlinear characteristics of
MESFETs and circuits using them. Thus, accurate capacitance modelling is important.

In the following sections, some widely used gate capacitance models are first
investigated. A new gate charge model is subsequently proposed. The model equation
is unique, and it is accurate under various device biasing conditions. Most specially,
the performance prediction in the linear region, saturation knee region, sub-threshold
region and at V=0 is greatly improved. A sub-micron MESFET device is adopted to
verify the proposed model. Gate capacitances C,s and Cgq are extracted from
measured S-parameters in the whole device working region under various biasing
levels. Terminal voltages at the intrinsic device are used in model parameter
extraction of the nonlinear charge model. Terminal voltages at the intrinsic device

plane are obtained after de-embedding of the parasitic elements.
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5.3.2 Some Existing Empirical Gate Capacitance Models

Two of the most widely used MESFET capacitance models are the models based
on PN junction depletion capacitance formula [7] and Statz model [50]. In this section,
these two models are compared and discussed. A detailed model formulation of each

model can be found in Appendix A.

5.3.2.1  Diode Junction Capacitor Model

In the diode junction capacitance model, both Cg and C,q are modeled as two
terminal capacitors whose capacitances only depend on the voltage cross them.
Gate-source and gate-drain capacitance share the same expression which is given by
equation 5.8, and is expressed as:

CgsO,ng (5.9)

c =

gs.ed (I_Vgsm]m

Vi

In equation 5.8, Cys and Cgqo represent gate—source and gate-drain capacitance at
zero Vg bias respectively, Vi, is the built-in voltage of the Schottky gate, and m is the
capacitance gradient factor. In some models like the Curtice model, m is assumed to
be 0.5. However, with m as model parameter it allows C-V relationship to be more
accurately modeled. Equation 5.8 was originally developed for silicon devices, and it
works well for silicon-based devices. However, model accuracy is poor when
equation 5.8 is applied to GaAs MESFET devices. This is because of the linear
approximation law, 1.e. (10g(Cgs0,0d0/Cgsred)=m * 10g(Vii-Vgs,04)-m * log(Vii)). Also, the

model assumes C,ys and Cyq only depends on the voltage across them, drain-source
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voltage dependence is not included. This assumption does not agree with real GaAs
MESFET device operation and large fitting errors can be introduced into simulations,

especially for operation at low drain to source voltage.

5.3.2.2  Statz Model

In the Statz model [50], a simple gate charge Qg expression was proposed. The
model was based on the observation of the measured C,s and Cgyq characteristic. Gate
source capacitance Cg can be approximated by the diode junction capacitance model
in the normal bias range where Vy4>>0. Gate drain capacitance Cyq 1s small in this
same voltage range as compared to Cg, Its value is approximately constant and nearly

independent of Vg or Vyq. The Statz model gate charge expressions are given as

follows.
For Vo>V,
V V -V
Qg = CgSO 2Vbi [1_ 1- ;/nax ]"' 3 Vmax +ng0V¢ff2 (5.9)
bi 1= Zmax
Vii
0 C KK
C, = 6% =0 VZ =+ C 0K, (5.10)
gs ] — Lmax_
Vi
00 C KK,
ng =8Vggd = ‘j Vmax +ng0K2 (5.11)
Vi

For Vi<Vinay, 0, =2C,. V), (1 = —z—] +CouVas (5.12)

bi
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_ an Cgs0K2K1

Cgs 5V = V +ng0K3 (513)
8 1_ n
Vi
aQ C50K3K1
Cu=gy = g1 AR o
Vi
Where
1 2 2
V=3V + Vo 0 = Vi) + 67 | (5.15)
1 IR
Veff1 :E Vgs+ng+\/(Vgs—ng)2+(;j (5.16)
1 IR
Vs = Vi + Vo — \/(Vgs —ng)2+(;j (5.17)

Vmax = 0.5, 0=0.2, and

V.-V,
k=P 1, gl 10 (5.18)
LoV, 2 2450
e \/(Veffl_VTo) +6
kT Vo 11, VeV (5.19)
*ov,  ov, 2 (1Y '
I (Vgs - ng) +(0{) |
ov,, oV V. -V,
and K,=—%=—42 1 1- &8 : (5.20)

oV, ov. 2 2
CoE \/(ns—vgd)2+(;j

Equations 5.16 and 5.17 are employed to achieve a gradual transition of
capacitance values near Vg=0. Vg and Ve represent the bigger and the smaller

value between Vg and Vg respectively. Parameter o produces a smooth transition
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width of 1/ccin the value of Ver and Vem as a function of Vg and V. The
transformation in equation 5.15 is employed to model capacitance beyond pinch-off.
In the pinch-off region, the gate-source capacitance drops to a small value which is
normally determined by the fringing capacitance of the depletion region. The smooth
transformation of equation 5.15 would set V, to Vs before pinch-off, and to Vo
when Vg 1s biased beyond pinch-off. Parameter o stands for the voltage range over
which the transition between Ve and Vg occurs, and is set to 0.2.

From equations 5.9 and 5.12, we can see that charge Q, does not change if the
values of Vg and Vg are inter-changed. This is achieved through the transformation
of equations 5.16 and 5.17. Thus, the model yields a symmetry behavior of the
transistor. For positive V4 (normal operation model), C,s shows diode capacitance
behavior with Vg, whereas in the reverse-biased direction (V4<0), Cg approaches
Cgdo. On the other hand, Cyq is close to Cgqo wWhen Vg>0, and exhibits diode
capacitance behavior with Vgq when V¢<0. Thus, when V<0, the role of drain and
source reversed, and the source becomes the effective drain, so Vg not Vg becomes
the important gate voltage.

Vmax 18 introduced to solve the singularity in junction capacitance when Vg
becomes positive and is equal or greater than Vy;. The value of Veffl is limited to a
maximum value of Vi,x when Vg >Vinax (Vimax sets to 0.5V). This limits the value of
junction capacitance. The choice of V. determines the maximum capacitance value,
for voltage beyond V., the junction capacitances are assumed to remain constant.

This is reflected by equations 5.9 to 5.11.
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5.3.3 The New Gate Charge Model

The gate charge (capacitance) modelling is very important in accurately
describing MESFET’s nonlinear behavior, and therefore is critical for predicting the
performance of nonlinear circuits like power amplifiers. Accurate simulation of the
voltage dependency of Cgs and Cgygq is difficult to achieve. In the linear region, both Cg
and Cg change fast with Vs and Vg. In the saturation region, Cg is almost
independent of Vg, and C,q shows little variation with Vg. However, more difficulty
would be imposed to find a suitable gate charge expression as terminal charge
conservation has to be taken into consideration in the gate charge model to avoid
possible convergence problem in simulation. Therefore, the following charge

conservation law is chosen for deriving the gate charge [112, 114].

Vgx = VgSO + vgs 5 Vds = VdsO + vds (521)
. av,
lgs = Cgs (Vgs’ Vd ) 7 5 (522)
_ v,
log = Cog Vs Vi) T (5.23)
S dV dv, dQ
iy =iy, iy =[ Cu (Ve V) + Coy VoV | dtg —ng(VgS,Vds)T; - Ttg (5.24)
ng = Cgs (Vgs > Vds) : dVgs + ng (Vgs 9 Vds) ' d(VgS - Vds) 9 (525)
ng = [Cgs (Vgs ’ Vds) + ng (Vgs ’ Vds ):I ’ dVgs - ng (Vgs ’ Vds) ’ dVds (5-26)

New equations for gate charge and capacitances are:

Qg = F + F, *tanh(c, -V, )+ F -V _ngo'Vd

s 2

(5.27)
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o0,
CgS+ng P = f,+ f,-tanh(c; -V, )+ £, -V, (5.28)
gs
o0,
Cy :_aV (F -cy-sech’(cg V, )+ f, — ng) (5.29)
ds
F=¢ -V, +c, ¢t (5.30)
OF, s Vapi+es Vo
flzaV1 =c tc, e T -(203 Vi1 dVg +c, - dVeﬂz) (5.31)
gs
F o =c, -V . +c -[ec‘ygf"‘——Veﬁz j (5.32)
276 V1 T6s .
I/eff1+l/cﬁ”2
> dV V. —dV . V.
fi= B e avy e, 20, VgV, e - St T T T | s 33
2T 5y 7 eff1 T Cs 6 Vel eff1”
& (Ve/fl-i_Veffz)
3
F;:C9.Vgs+clo I/eff2+cll Ve;zgfla (5.34)
OF.
f3:6V3 =Gt CIO e/‘f2 Y eff2+2011 Veffl dVeffl’ (5.35)
gs
1 [ a—
ejjl 5 ( gsto Vgsto+5) (536)
1 /7
eff2 E ( gsto gsto)’ (537)
v, = "’” f”” : (5.38)
Vgsto+5
v, = ef“ == g0 (5.39)
eff2 —
{ ngm+§
Vgsto = Vgs _VTO (540)

Due to the uncertainties with fabrication process and measurements, it is hard to



137

develop expressions for junction capacitances of a MESFET from physical point of
view. Therefore, the new gate charge (capacitance) model is not derived from device
physics. It is primarily developed to provide more accuracy. Thus, most of the model
parameters do not convey any physical meaning.

In the above equations, ¢ to ¢i; and Cgqo are model parameters for accurate curve
fitting. We note that Vo is the pinch-off voltage which is also used to define drain
current [-V characteristics. Hence Vo can be kept the same as that used in DC I-V
model. If so, a compromise is made between DC and AC modelling accuracy. It is
worth noting that improvements in CV modelling can be achieved if Vro is extracted
differently from DC I-V characteristics. d is a parameter introduced to model the
voltage range over which the transition to the sub-threshold and the pinch-off region

occurs. Finally, Vs and Vg are the intrinsic terminal voltages.

00,V Vi)
8Q§ (I/g\ ’ Vds) _ ans _ 6 I:Cgs (Vgs > Vds) + ng (Vgs ’ I/als)i'
OV o - OV ov,, oV, -0V,

E{@Qg(vgs, m]
ans _ aC‘gd (Vgs i I/ds)

OV, OV,
= f,-cy-sech’(cy -V, )+ f, (5.41)

The new nonlinear gate charge model can accurately describe the MESFET
behavior around various bias regions: linear, knee, saturation, and pinch-off regions.
The integral condition in equation 5.41 is satisfied, and this gate charge can thus be

considered as a state variable. The new model observes terminal charge conservation
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law, and is continuous under different bias condition.

5.4 Numerical Results and Discussions

5.4.1 Model Parameter Extraction

The same TOSHIBA 2*150um sub-micron gate-length MESFET device (wafer
device) as in Chapter 3 is used to verify the new gate charge model. The S-parameter
data is measured at multi-bias conditions (Vg =-2.0V ~ 0.5V, Vy =0.0V ~ 4.0V,
totally 285 biasing points). The small-signal equivalent circuit models are extracted
under multi-bias conditions using the novel analytical method without any Cold-FET
and Hot-FET procedures. All the parasitic element values are kept constant in the
large-signal model. The extracted parasitic element values are listed in Table 5.7. The
nonlinear capacitances were acquired from S-parameter measurement in the frequency
range of 1-30GHz. They are represented in the whole working domain as shown in

Figures 5.5 and 5.6 for Cy and Cyq respectively (Vg =-2.0V ~ 0.5V, V4 =0.0V

~4.0V).
Table 5.7 Parasitic Element Values For 2x150um GaAs MESFET
Cpe(fF) Cpa (fF) Ry(Q) Rq4(€2)
177.72 86.62 1.68 0.78
Ry(Q) Lg(pH) La(pH) Ly(pH)

0.33 85.43 23.20 15.01
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Table 5.8 Parameters for New Gate Charge Model (2x150pum GaAs MESFET)

C @) Cs (O Cs Cs &
260.8 146.9 0.304 0.58 -26.8 0.44 -35.7
Cg Co Cio Cn d Caa0
2.07 17.5 13.0 -3.02 0.65 16.05

The model parameters for the new gate charge model are extracted at the intrinsic
device plane, and are listed in Table 5.8 (V7o =—1.21V from DC I-V model). Notice
that in our model extraction, Vzo is kept the same as in DC I-V model, which is to
compromise between the model extraction complexity and the model accuracy. To get
better accuracy, Vypmay be considered as an ac model parameter. All the parameter
extractions are performed by an in-house developed software running under

MATLAB® by MathWorks. A simplex algorithm is used for the optimization.
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5.4.2 Modelling Results and Discussions

Figures 5.7 and 5.8 show the comparison between the modeled C,s and Cgyq using
the new model and gate capacitances extracted from measured S-parameter for the
2x150um sub-micron gate-length GaAs MESFET. The pinch-off voltage of the device
is -1.21V. For clear display, only results under Vgs=-2.0V, -1.4V, -1.2V, -1.0V 0.5V,
0.0V and Vds=0.0-4.0V are plotted for Cg. For Cyq, the results are plotted for Vy=-
1.4V, -1.0V —0.5V, 0.0V and V4=0.0-4.0V, this is because in the saturation region,

Cgd shows small variation with V.
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Figure 5.7 Comparison between modeled C,, using the new model and measured Cgq
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V=0.0V, ----Measured V,=-0.5V, ocoo Measured V,=-1.0V, *** Measured V,=-1.4V)

From Figures 5.7 and 5.8, it can be seen that the proposed new model gives very
accurate fitting results over various device operation regions, especially in the linear
region where the variation of Cg and Cgq 1s not well defined. And in the saturation
region, the model is able to follow the small variation of Cgs with V45 and Cgq with V.
The model is also capable of modelling nonlinear capacitances in the pinch-off region
and for Vg>Vy,.

The new model gives a continuous transition over different operation conditions,
and its derivatives are continuous. Figures 5.9 to 5.12 give the derivatives of C,s and

Cgq with respect to Vg and Vg for the 2x150um wafer device.
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To validate the model continuity with respect to Vg, 0Cqy/0Vys Vs. Vg and
0Cqa/0Vgs vs. Vg characteristics predicted by the new model are calculated and shown
in Fig 5.9 and 5.10. In Fig 5.9, the modeled 0C,/0V 4 vs. Vs characteristics are shown
together with modeled and measured Cgs vs. Vs performance. Vg is fixed at 2.0V
where the device operates in the saturation region. It is noted that the modeled Cgq
results match the measured ones closely. In addition, the 0C,/0V s vs. Vg curve by the
new model is continuous and the transition between pinch-off and normal operation

region is smooth.
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Figure 5.9 Cy vs. Vg and 0C,,/0V,, vs. Vg characteristics for a 2x150um wafer device
(—— Cg by the new model, eee® C,, measured, ------ 0C,y/0V 4, by the new model).

The modeled 0Cgs/0Vgs vs. Vg characteristics are plotted together with the
modeled and measured Cyq Vvs. Vg characteristics in Fig 5.10. The measurement

results have shown that device Cyq vs. Vs characteristics behave differently in the
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linear and saturation regions, as can also be observed from Fig 5.8. In the linear
region where Vg, is small, Cyq increases as Vg, increases. On the other hand, in the
saturation region, Cyq decreases as Vs increases. Therefore, in Figure 5.10, 0Cya/0V g,
vs. Vg performance is plotted under V4=0.2V and V4=2.0V where the device
operates in the linear and saturation region respectively. It is clear that the modeled
Cga precisely matches the measurement data. The O0C,s/0Vy vs. Vg curve is
continuous and well behaved. For V4=0.2V, it has a positive value due to the fact that
Cgq increases as Vg increases. For Vds=2.0V, it shows a negative value because in

saturation region, Cyq decreases as Vg, Increases.

400

T

350 /]

300t .

T

250 A

gs
N
o
=
1

gd

150

100

C,q (F) 1 d(C_ AV ) (FIV)

-50
-2 -1.5 -1 -0.5 0 0.5

vV,

Figure 5.10 Cgq vs. Vs and 0C,s/0V,, Vs. Vs characteristics for a 2x150pm wafer device
(—— Cgyq by the new model, ee®e C,4 measured, ------ 0Cq/0V 4 by the new model).
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Moreover, to illustrate the model continuity with respect to Vg5, 0Cgy/0Vys VS. Vs
and Cgs vs. Vs characteristics predicted by the new model are calculated and shown in
Figs 5.11 and 5.12. Fig 5.11 provides the modeled 0C,/0V s vs. Vs characteristics as
well as the modeled and measured Cg vs. Vg5 performance. The plots are taken under
V,g=-0.2V and Vg=-2.0V where the device operates in the normal and pinch-off

region respectively.
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Figure 5.11 Cg vs. Vg4, and 0C,,/0V 4 vs. Vg characteristics for a 2x150um wafer device
(—— Cg by the new model, eee® C,, measured, ------ 0C,y/0V 4, by the new model).

As can be seen from Figure 5.11, the C, vs. Vg property is different in the

normal operating region and in the pinch-off region. In the pinch-off region, Cy
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shows little variation with V4. However, in the normal operating region, C,s changes
rapidly with Vg in the linear and knee region. These properties are reflected in the
0Cqy/0Vys vs. Vg plot of Figure 5.11 where Cg is almost constant in the pinch-off
region, and changes fast in the linear region when Vg=-0.2V. The derivative of Cy
with respect to Vg4 by the new model is continuous which also provides a smooth

transition between various operation regions.
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Figure 5.12 Cyq vs. Vs and 0C,./0V 4 vs. Vs characteristics for a 2x150pm wafer device

(—— Cgq by the new model, @@ e C,4 measured, ------ 0C,g4/0V 45 by the new model)

The modeled 0Cy//0V4 vs. Vg characteristics are plotted together with the
modeled and measured Cgq vs. Vg, characteristics in Figure 5.12 where V; is fixed at
0.0V. As can be seen, the modeled Cyq results by the new model accurately match the

measurement data whilst the 0Cgs/0V 4 vs. Vg5 curve is continuous and well behaved.
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Also, the transitions in the linear region, the knee region and the saturation region are
smooth.

The measured and computed response achieved with the diode junction
capacitance model, Statz model and the new model for Cy when operating solely
against Vs (Vs at fixed value) are shown in Figure 5.13. As observed from this figure,
the junction capacitance model provides very poor accuracy. The Statz model gives
noticeable improvement over junction capacitance model. However, the Statz model
accuracy is still poor at certain device bias points compared with our new model. It is
clear that the new capacitance model provides the best accuracy as the measurement

and its modeled data show a very close agreement.

700 T T T

v _(F)

Figure 5.13 Comparison of measured and modeled C,, data (e®e measured data,

new

model, ------ Statz model, — — —Diode junction capacitance model)
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The same tendency of model accuracy for Cgqis exhibited as for Cg. In Figure
5.14, modeled Cgyqresult with diode junction capacitance model, Statz model and the
new model are compared to the measurement result. This figure shows the operating
behavior of Cyq with Vgq, with Vs being fixed. Undoubtedly again the new model
offers obvious advantage over the other two models, as its modeled result matches

measurement data closely.
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Figure 5.14 Comparison of measured and modeled C,q data (e ®® measured data, new

model, ------ Statz model, — — —Diode junction capacitance model)

To further compare the accuracy of this new model, the maximum fitting error

and the RMS error of Cg and Cyq obtained from the new model are listed in Tables 5.9
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and 5.10 respectively together with the results from the diode junction capacitance
model [7] and Statz capacitance model [50]. The calculation is made under six bias
levels for Vg (Vg=-2.0V, -1.4V, -1.2V, -1.0V -0.5V, 0.0V), while V4, changes from
0.0V to 4.0V. The first two columns in the tables represent the fitting error in the
linear region whilst the second two columns for the saturation region. The error for
the entire working region is also given in the last two columns. It can be seen from
Tables 5.9 and 5.10 that the new model gives remarkable improvement in accuracy
over the diode junction capacitance model and Statz model through each device
working region as both of its maximum fitting error and RMS error are greatly
reduced. Especially, Cgs modeling in linear region is very accurate, whereas the other
two models appear to give big error in this region. Modeling error for Cgd by the new
model appears to be a bit high. However, it still shows great improvement over the

other two models. Considering measurement uncertainty, the model is very accurate.

Table 5.9 Comparison of C,, accuracies of Diode Model, Statz Model and the New Model for

a 2x150um GaAs MESFET
Vg=-2.0V~0.0V Vg=-2.0V~0.0V Vg=-2.0V~0.0V
V4=0.6V V4=2.5V V4=0.0V~4.0V
Models Max. RMS Max. RMS Max. RMS
(o) &) (%) (o) ) (o)
Diode 54.2 23.7 17.5 11.8 65.6 18.3
Statz 26.9 15.6 14.3 7.3 26.9 10.4

New 6.9 4.3 6.5 2.7 10.0 3.6
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Table 5.10 Comparison of C,, accuracies of Diode Model, Statz Model and the New Model

for a 2x150um GaAs MESFET

V,=-2.0V~0.0V V,=-2.0V~0.0V V=-2.0V~0.0V
V4=0.6V Vas=2.5V V4=0.0V~4.0V
Models Max. RMS Max. RMS Max. RMS
(%) (%) (%) (%) (%) (%)
Diode 36.5 22.1 114.0 57.0 191.5 57.1
Statz 26.9 15.6 14.3 7.3 26.9 28.7
New 14.4 9.5 7.2 4.4 17.6 8.5

The newly proposed gate charge model is more complicated than the diode
junction capacitance model and Statz model, and it contains more model parameters.
Therefore, it is very accurate in describing device junction capacitances, and it obeys
the terminal charge conservation law which helps to solve non-convergence problem
in simulation. In addition, the model is continuous. The above discussions show that
the new model is capable of accurately representing the actual device behavior over
an extended range of operation conditions. The new model can be easily implemented

in CAD software, and could be very useful in nonlinear circuit simulation.

5.5 Conclusion

In this chapter, a new large-signal model for GaAs MESFETs is proposed. It

consists of an improved drain current expression and a new gate charge model. A set
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of power series function is introduced in the improved drain current expression to add
on the correlations between modulation parameters o, A and biasing condition V&
Vgs. The new charge model formulation and its derivatives are continuous. It obeys the
terminal charge conservation law, which helps to solve the non-convergence problem
in CAD simulation. The performance prediction of the new large-signal model in the
linear region, saturation knee region, sub-threshold region and at V4=0 is greatly

improved over the conventional models under various device operating conditions.
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Chapter 6
A Ku-band GaAs MESFET MMIC Power

Amplifier for Model Verification

6.1 Introduction

In the previous chapters, small signal modelling methodologies and reliable
parasitics extraction techniques were presented, also an improved GaAs MESFET I-V
model and new gate charge model were proposed. In each chapter, the proposed
methodologies and the new large-signal model were verified by extensive
measurement data and circuit design. In this chapter, a Ku-band GaAs MESFET
MMIC power amplifier has been designed and fabricated based on the proposed new
model and extraction methodologies to evaluate this study. The MMIC power
amplifier is designed and fabricated using 0.18 um TOSHIBA® GaAs MESFET
technology. Instead of foundry models, the new nonlinear model is used for the active
GaAs MESFETs used in the design. Measurement and simulation results are
compared, including S-parameter analysis, gain compression and harmonic output

prediction of this power amplifier.



153

6.2 A GaAs MESFET MMIC Power Amplifier

6.2.1 Circuit Topology and Specification

To verify the accuracy of the proposed nonlinear model at circuit level, a MMIC
power amplifier was designed and fabricated using a 0.18um GaAs MESFET process.
In the amplifier design, models for the active MESFET devices were extracted from
on-wafer device measurement data using the proposed new model, and implemented
in Agilent MDS using SDD. For passive devices like microstripe lines and capacitors,
foundry models were used. The designed amplifier operates from 11.5 to 15 GHz with
a gain of 25dB and maximum output power (P4g) of 36dBm. The detailed design

specification of the amplifier is shown in Table 6.1.

Table 6.1 Design Specification of Ku-band MMIC Power Amplifier

Value
ftem Unit
Minimum Typical Maximum

Working Frequency 11.5 13.0 15.0 GHz
Small Signal Gain 24.8 25.0 26.3 dB
Output Power (P1dB) 35.8 36.0 36.4 dBm
Input Return Loss (Si1) 12 14 - dB
Output Return Loss (S22) 10 12 - dB
Die’s Size 5X5 MM*

IC Process TOSHIBA® 0.18um GaAs MESFET PROCESS
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The circuit topology of the MMIC power amplifier is shown in Figure 6.1. In the
design, power combining technique is used with 3-stage topology as shown in Figure
6.1. This amplifier was constructed using fourteen high power GaAs MESFETs. At
the input port, RF power is first divided into two identically parts then get amplified
through 2-finger GaAs MESFETs. Each 2-finger GaAs MESFET drives two 8-finger
GaAs MESFET in parallel, and each of these two 8-finger FET drives another two
16-finger FET in parallel. Due to the largest max drain current capability, eight
16-finger GaAs FETs are adopted in the third stage to meet output power requirement.
Finally, the output power is combined at the output port of this GaAs MESFET

MMIC power amplifier. These active MESFETs are designed to operate in class AB

mode.
Stage3
in=7dB
Stage2 Gain
Gain =8 dB S
Stage1 4' S
Gain=10dB
4>—>
——
—»
RF\\ > RFour
11 dBm 36 dBm
—
15 dBm : 23 dBm 30 dBm
—p
: 20 dBm 27 dBm
8 dBm 18 dBm 33 dBm
—»

Figure 6.1 Circuit topology of Ku-band GaAs MESFET MMIC power amplifier
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Figure 6.2 shows the actual layout microphotograph of the designed GaAs
MESFET MMIC power amplifier. As mentioned before in the specification, it has a

size of 5Smm X Smm.
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Figure 6.2 Photo of the GaAs MMIC power amplifier layout.

6.2.2 Device Modelling Result

The sizes of the GaAs MESFETs used in the PA design are 2X150pum, 8X
150pm and 16X 150pum. Figure 5.1 shows the large signal model used in GaAs

MESFETs devices modelling. The nonlinear gate current Iq and Iy use the foundry
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model. For Ids and capacitance Cyq and Cgs, the new models are used. Models for the
three MESFETs are optimized to fit the measurement result. On-wafer device
measurement was made using HP 85124 A pulse modelling system. S-parameter data,
DC characteristics and pulse I-V measurement data were collected.

The measured and modeled pulse I-V results of the three devices are given in Fig
6.3 to 6.5, with pulse widths smaller than 1ps. These nonlinear modelling results
based on pulse I-V measurement were employed in the amplifier design to simulate
the large signal RF behavior. Figure 6.6 shows the comparison between the modeled
gate capacitance Cy, Coq and the gate capacitances value extracted from small signal
model at multi-bias points for the 8 X 150um device. The result is shown for

Vgs=-2.5~0.25V and V4=7.0V which is the drain DC biasing point for the MESFET.
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Figure 6.3 Comparison of modeled and measured pulse I-V result for the 2 X 150pum device
(Vg =-3.0-0.5V, V4= 0-12V, @@ e measured, —— modeled).
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Figure 6.4 Comparison of modeled and measured pulse I-V result for the 8 X 150pm device
(Vgs =-3.0-0.5V, V4, =0-12V, ®ee measured, —— modeled).
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Figure 6.5 Comparison of modeled and measured pulse I-V result for the 16 X 150um device
(Vgs =-3.0-0.5V, V4= 0-12V, @ee measured, —— modeled).
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Figure 6.6 Comparison of modeled and measured gate capacitances at V4=7.0V for the 8 X
150pm device (Vg5 =—2.5-0.25V, e @@ measured, —— modeled).

Figures 6.7 to 6.9 show the comparison between measured and simulated
S-parameter for the three device respectively, the devices were biased at Vg=-0.5V,
V4s=7.0V and the frequency range is from 500MHz to 20GHz. Figures 6.4 to 6.10
show good agreement between measurement and modeled result for the three GaAs

MESFETs.
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Figure 6.7 Modeled and simulated S-parameter for 2x150um MESFET (V,
=0.5-20GHz, eee
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Figure 6.8 Modeled and simulated S-parameter for 8x150um MESFET (V,=-0.5V, V4=7V,

=0.5-20GHz, eee
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Figure 6.9 Modeled and simulated S-parameter for 16x100pm MESFET (Vg=-0.5V,

d, — modeled). (a) Slla (b) S12><10, (C) 821/15, (d) Szz.
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6.3 Comparison of Simulation and Measurement Results

The measurement of the MMIC power amplifier was accomplished by means of
a Cascade probe station. The MMIC power amplifier chip was mounted on a CuW
chip carrier. Two PCBs were also constructed as test fixtures to provide the DC power

supply. Figure 6.10 is the picture of the test fixture for the power amplifier chip.

Figure 6.10 Top view of the test chip with DC bias circuit.

Table 6.2 lists all the equipment used in the measurement and Figure 6.11 shows

the complete set-up for the power amplifier measurement.
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Table 6.2 List of the Equipments Used during the MMIC Power Amplifier Measurement

S-parameter measurement Power measurement
1x S-parameter Measurement System 2x Regulated DC Power Supply
(Hewlett & Packard) - Kenwood for drain voltage supply
- 8510C Network Analyzer - GW for gate voltage supply
- 85110A S-parameter test set (1~50GHz) 1x RF Signal Generator 2~20GHz
- 83650B Signal generator (10M~50GHz) (Rohde & Schwarz)
- 11612V Bias Network (400M~50GHZ) 1x Power meter (Rohde & SChW&I'Z)

Ix Cascade Summit 9000 Wafer Probe 1x Peak Power Analyzer (HP 8991A)
Station
1x Spectrum Analyzer 9K~26.5GHz (LG)

Figure 6.11 The complete set-up for the amplifier measurement and testing.
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The simulated and measured results for the amplifier power output versus power
input response are plotted in Figures 6.12 to 6.14 for input frequency of 11.5GHz,
13GHz and 15GHz respectively. For each measurement and simulation, the input
power was swept from 1dBm to 14dBm. Figures 6.12 to 6.14 show excellent
agreement between the measured and simulated output power response versus input
power level. Using 13GHz input power of Figure 6.13 for example, the measured
output power appears to have a higher value than the simulated result for most input
power levels, with the maximum difference being 0.8dBm. Although the difference
tends to increase as the input excitation level increases, the discrepancies between
measured and simulated output power versus input power results at all the three

frequencies are very small.
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Figure 6.12 Measured and simulated P;,-P,, behaviour of the Ku-band MMIC Power
Amplifier at 11.5 GHz (e®® Measured, Simulated).
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Figure 6.14 Measured and simulated P;,-P,, behaviour of the Ku-band MMIC Power

Amplifier at 15 GHz (e ®® Measured,

Simulated).



165

In Figure 6.15, the small-signal gain versus frequency performance is plotted. Both
simulation and measurement results are shown for comparison. As observed from the
figure, the measured and simulated result shows good agreement. In the working
frequency range of 11.5-16GHz, the maximum discrepancy between measured and
simulated data occurs at 13.7GHz, with the difference being 0.45dB. One possible
reason for this discrepancy may be due to the process variation during fabrication of
the MMIC amplifier. Taking this into consideration, the measurement result can be

considered to be in close agreement with the simulation result.
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Figure 6.15 Simulated vs. measured S,; performance of the Ku-band power amplifier.

Moreover, the third order inter-modulation distortions (TOI) are measured and
compared. The two-tone input signals are at 13.00 GHz and 13.01 GHz respectively,
and the input power is 5dBm. The experiment results also obtain a good agreement for

its TOI characteristics which is shown in Figure 6.16 and 6.17.
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Figure 6.17 Simulated third-order intermodulation distortion of the Ku-band power amplifier

(Py= 5 dBm).
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From the above MMIC power amplifier design result, it can be seen that the
overall simulated response agrees very well with the measurement, especially for
output power and gain performance. This demonstrates the accuracy of our new drain
current and gate capacitance model, both of which were employed for the simulation

of the active MESFETs in the power amplifier.

6.4 Conclusion

In this chapter, the performance of the newly proposed large-signal model was
evaluated at the MMIC design level. The comparison between simulation and
measurement results clearly confirms the accuracy of the model. The model can be
easily implemented into circuit simulators like Agilent® ADS and will be very useful

for nonlinear microwave circuit design.
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Chapter 7

Conclusion

Today’s IC and MMIC development heavily relies on circuit simulation.
Simulation and prediction of circuit performance using circuit simulators have
become the essential parts of the design flow. Currently, the GaAs MESFETs devices
are widely used in high-speed circuits and microwave applications. Therefore, it is in
great demand to have accurate models to facilitate the design of circuits employing
GaAs MESFETs devices.

In this thesis, extensive work is carried out in the field of GaAs MESFETs
modelling. It covers both small signal and nonlinear large signal models of GaAs
MESFETs.

This study first involves investigation and comparison of different small-signal
parameter extraction techniques. A reliable analytical model extraction approach is
subsequently presented. For the first time, a novel analytical approach for extracting
all the 15 equivalent circuit elements for FET devices has been proposed. This
analytical method could eliminate the conventional cold-FET and hot-FET modelling
constraints and allows an ease in inline process tracking. The resulting extrinsic small

signal parameters are independent of biasing voltage. In contrast to the conventional
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approaches, no subsidiary circuit such as Cold-FET or Hot-FET has been adopted.
Comparisons of S-parameter performance in a wide frequency range up to 30GHz
have also been presented together with the stabilities of parasitic capacitors to verify
the better prediction of this novel analytical extraction approach.

Due to its uniform equivalent circuit, the conventional lumped models, relying on
simple linear rules or completely empirical expressions, may not be sufficiently
accurate and appropriate at relatively high operating frequencies. Therefore, a creative
distributed modelling approach for GaAs MESFET has been proposed in this thesis
for modern MMIC design. The novel modelling method is based on accurate
electromagnetic simulation of extrinsic passive part of a MESFET transistor.
Meanwhile, the intrinsic active part of a MESFET transistor is characterized by a
modified small-signal model of transistor. With electromagnetic simulation, this
distributed model can be adopted to describe complex coupling effects in device
layouts and to predict the electrical characteristics of unconventional device structures
for better MMIC performance. Also, this proposed model is accurate enough to
provide a more comprehensive and efficient tool for different layout structures
transistors optimization and MMIC design. In this proposed distributed modelling
method, any more linear or nonlinear description of a FET transistor, which includes
lumped or distributed equivalent elements, can be adopted. Therefore, it can be
regarded as a preliminary step for the global, fully layout and process oriented design
approach.

An empirical approach is employed in our nonlinear modelling due to its accuracy
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and simple implementation in circuit simulators. New empirical models for device DC
I-V characteristics and gate charge (gate capacitance) behavior, which are the most
important GaAs MESFET nonlinear properties, are proposed in this thesis. First, the
performances of commonly used I-V and C-V models are investigated. Then, an
improved empirical model for GaAs MESFET drain current I-V characteristics has
been proposed. A set of power series function is introduced in the improved drain
current expression for the correlations between modulation parameters o, A and
biasing condition Vg & Vg. The improved current expression gives better
performance from the comparison with the existing drain current models. Gate
capacitances are partial derivatives of terminal charge with respect to appropriate
voltage. In this work, a new gate charge model has also been proposed to meet the
demand in simulating device nonlinear characteristics. Terminal charge conservation
has been accounted for in the new gate charge model, and this helps to solve possible
non-convergence problem in simulation. The new charge model is more sophisticated
than the diode junction capacitance model and Statz model. Compared with these two
conventional models, its performance prediction in the linear region, saturation knee
region and at V4=0 is greatly improved. Moreover, it is worth mentioning that the
new charge model observes terminal charge conservation, and the model equations
and their derivatives are continuous over the entire device operation regions.
Therefore, this new large signal model of GaAs MESFETs with improved drain
current expression and new charge equations can be easily implemented in CAD

software and very useful in the nonlinear microwave circuit simulation.
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Model verification was performed along with the introduction of the new large
signal model and extraction methodology. Both wafer device and packaged device are
used for this purpose. Extensive measurement data was collected including
S-parameter at multi-bias conditions, DC I-V characteristics, pulse [-V measurements,
and single-tone/two-tone large signal measurement result. Comparison is made
between measured result and modeled result. For complete model evaluation, a
Ku-band power amplifier was designed and fabricated using 0.18 um TOSHIBA®
GaAs MESFET technology. The amplifier is constructed from fourteen high power
GaAs MESFETs, power combining technique being used in the design. The new
current and charge models are used for the active GaAs MESFETs and the models are
implemented in circuit simulator. Measurement and simulated amplifier response
shows good agreement.

In conclusion, this thesis has investigated different modelling techniques of GaAs
MESFETs and successfully developed novel modelling methods for its small-signal
and large-signal models. From both device level and circuit level, these new
modelling methods presented have been proven to be capable of accurately
representing device small signal and nonlinear behaviors. These new small-signal and
large-signal models can be further strengthened by including such effects as frequency
dispersion, thermal analysis and by providing the capability of device scaling. These

can be addressed in possible future work.
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APPENDIX A

Large Signal Empirical MESFET Models

A.1 Curtice-Quadratic GaAs MESFET Model

One of the first large-signal MESFET models to be used in a large-signal circuit
simulator was proposed by Van Tuyl and Liechti [45], and later simplified by Curtice
[46]. The Curtice model consists of drain-source current lds, junction capacitance Ces
and Cgd.

Empirical equations for drain-source current:

1,=p(V, V) (1447, )tanh(aV, ),

g, =% =28(V,.~V,, )(1+ AV,,)tanh(aV,, ), and

gs
gy = ,B/l(Vgs Vi )2 tanh(anS)+ﬂa(Vgs Vi )2 (lJr/”LVdS)sech2 (anS) .

Model equations for gate-source capacitance Cys and gate-drain capacitance Cyg:

CgsO,ng

c,  =—2080
gs.gd m
1— Vgs,gd
Vi

Where, Vs and Vg are the intrinsic terminal voltages, and B, Vo, A, o, Cgs0, Cga0 and

Vi are model parameters.
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A.2 Curtice-Ettenberg (Curtice-Cubic) GaAs MESFET
Model

Curtice and Ettenberg [61] altered the square-law relationship between the
saturation current and the gate-source voltage of the original Curtice model to a cubic
approximation. The new equation for the drain-source current and its derivatives are:
L, =(d,+ AV, + AV} + 4V )tanh (57,

&n = (Ale +24, 1V, + 3A3V12V2)tanh(7Vds)

G = (A0 + AV, + AT+ AT )sech® (47, )7 = BV, (4 + 247, + 3472 Jtanh (77, ) + -1

ds0
V=V, [1+B(Vy—V,)]. and
Vo=[1+ B (Vo =Va)]-
Where, Vgs and Vs are the intrinsic terminal voltages, Ao, A1, A2, A3, v and B are
model parameters, Vaso is the drain source voltage at which the Ai coefficients are
evaluated. Gate-source capacitance Cgs and gate-drain capacitance Cgd are same as

Curtice-Quadratic model.

A.3 Advanced Curtice Quadratic GaAs MESFET Model

The advanced Curtice model is a modified version of the original Curtice model.
The pinch-off potential is modified to account for drain-source voltage dependence.
The transconductance parameter B is also modified to fit the actual device
transconductance behavior.

The drain source current and its derivatives are expressed as [62]:

1, = ,BeffVVGEXP (1 + ﬂVdg)tanh(ans)

gst



190

B

I+u .V

crit’ gst

:Bg 7=

g m = Las [VGEXP - Iucrit ] s and

a
8a =BVl (14 4V, )W + By Vol Atanh (aV, )~ g7

Where, Vgsand Vs are the intrinsic terminal voltages, B, Ueit, ¥, A, o, V10, and VGEXP

are model parameters.

A.4 Statz Model (Statz Raytheon GaAs MESFET Model)

The drain source current and its derivatives are expressed as [58]:

For 0<Vds<3/a ,

B(Ve Vo )2) [1_(1_“7%T](1+4Vﬁ) :

T 1+b(V,

R o) R = oo

1+b(V,, ~Vy) [1+b(VgS—VTO)]z

ds

: > BV Vo)
8 = 1—[1—%j /1+a(1+1qu)(1—aV”’S] PUa Vo)
: 3 ‘ 3 ) 1+b(V, Vi)

For Vy4>3/a,

2
_ 'B(Vgs _VTO)
1+b(Vy V)




191

2
_ BV =Vio)
1+b(V, =Vyp)

gdx

Model equations for gate-source capacitance Cy and gate-drain capacitance Cyq:

For Vo>V,

Vmax Vvﬂ _Vmax

Qg = CgsO 2Vbi (1_1/1_ % J+ Vv +ngoVeff2
bi 1 — Zmax
N\ Y

0 C. .K,K

Cgs = Qg =—= S— +ng0K3
Vo [ Ve
Vi
0 C. K,K

C = Qg — gs0" 3701 +ng0K2
) and 1 I/max
Vi

v
For VnSVmax, Qg = 2CgS0Vb[ (1 - _V_] + ngOVejj"Z >
bi
0 C KK
Cgs _ Qg — gs0"™2 1+ng0K3
ans 1— I/n
Vi
0 C K.K
Cd: Qg: gs0™ ™3 1+Cd0K2
y and 1 I/n §
Vi
Where

1
v, :_[ eff1 +Vr +\/(ng _VT0)2 +52J

1 , (1Y

I/effl _E[Vgs_i_ng—i—\/(Vgngd) +(;j }

1 , (1Y
VeffZ_E VetV =4[V =Va) ™ + ;

[\
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Vmax = 0.5, 0=0.2, and

K, = AP Ve~ Vro

Wi 2| Wy =Vyo) +6

K, = aVe_m _ aVeﬂz :l 1+ VgS _ng

ov. v, 2 2
s J(Vgg—ng)%(;]

and K, =—8V6'm Z—GVQM 1 1- Vo~V

ov,, ov, 2 2
w J%—VM”@

A.5 Chalmers Model

Angelov et al. [64] presented a new nonlinear model that is capable of describing
both MESFET and HEMT. The model equations are:

I,=1, [1+ tanh(y )] (1+ AV, ) tanh(aV,),

l// = Pl(Vgs _Vpk)+f)2(l/gs _Vpk)2 +P3)(Vgs _Vpk)3 t.
Cgs = Cgso [1 + tanh(y, )] [1 + tanh(l//z)]

Coi =Coo [1 + tanh(t//3)] [1 - tanh(t//4)]

w,=P,  +B. V. +B V> +B. V. +.

Ogsg lgsg” gs 2gsg’ gs 3gsg’ gs

l//2 = POgsd +P

2 3
lgsdI/ds—'—PngdVds +[;gsd1/ds +...

w,=PR . +P. V. +P V. +B V  +.. and

0Ogdg lgdg” gs 2gdg” gs 3gdg” gs

_ 2 3
V= P()gdd +(Plgdd +Plcc)Vds +PzgddVds +P3gddVds +..
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APPENDIX B

TEE Network and Pl Network Conversion

B.1 TEE Network to Pl Network Conversion

Figure B.1 TEE network to PI network conversion.

. R .
Ry="22R+ R R,=2R,+R

1

B.2 Pl Network to TEE Network Conversion

(=, O

Figure B.2 PI network to TEE network conversion.

_ R -R, - R. = R22
2R,+R~ 7 2R, +R

1
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APPENDIX C

Small Signal Parameter Extraction Formulation

Figure 3.1 shows the most commonly used GaAs MESFET small signal
equivalent circuit topology. The intrinsic device has seven elements Cgs, Cgd, Ri, gm, T,
gdsand Cds. The parameter extraction formulae are separately derived for two methods

based on different control voltage in the equivalent circuit.

C.1 Control Voltage V Taken from the Voltage Between Cg,
For the small-signal equivalent circuit in Figure 3.1, the Y-parameter of the
intrinsic device can be expressed as the following form if the control voltage V is

taken from the voltage between Cgs.
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C.2 Control Voltage V Taken from the Voltage across R; and
For small-signal equivalent circuit in Figure 3.1, the Y-parameter of the intrinsic
device can be expressed as the following form if the control voltage V is taken from

the voltage cross Cgs and Ri.
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The expressions for Cgg, gas, Cas, Cgs, and R;are the same as those described in

Appendix C.1.



