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ABSTRACT 

A nonlinear statistical MESFET model is presented which shows good 

agreement with measured results. A single stage GaAs power amplifier tuned 

at 13.5 GHz is simulated with the model and accurately predicts output 

power, input return loss, and power added efficiency. Not only is nominal 

performance good, but the spreads of amplifier performance seen over many 

wafers and several lots is represented well. The model consists of capturing 

low order statistics (means, variances, and correlations) of equivalent circuit



model parameter sets and using these to produce a continuous distribution of 

devices representative of those seen from manufacturing. Complete nonlin- 

ear and statistical modeling extraction software packages are also presented 

which allow easy investigation of many aspects of statistical models such as 

sensitivity of data set statistics as a function of sample size and how model 

parameters vary as a function of time with a given fabrication process.
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Chapter 1 

Introduction 

1.1 Motivation for Research 

The drive to reduce the size and cost of electronics products such as cellu- 

lar phones, personal communications systems, transmit/receive chips used 

in military radar, and laptop computers is forcing modern semiconductor 

foundries to increase chip complexity while reducing chip size. Due to the 

highly competitive nature of this industry, engineers must design circuits 

which push the limits of current fabrication technology in an economic fash- 

ion. An unnecessarily expensive product will almost certainly prove dis- 

atrous, as a competitor will soon under price it in the market. Many factors 

contribute to unit cost including circuit topology, source material costs, labor 

costs, unit yield and unit complexity. The ability to optimize for yield can



help alleviate many of the limitations imposed by these factors. If yield can 

be improved sufficiently, components or circuit blocks may be eliminated or 

a tuned component may be fixed, reducing unit complexity and cost. Tol- 

erances may even be loosened on source material specifications or process 

precisions. 

In analyzing and optimizing yield, a good characterization of the vari- 

ations in the fabrication process is necessary. In a MMIC (monolithic mi- 

crowave integrated circuit) design, variations in process parameters such as 

implantation dosage, annealing temperature profile, and lithographic preci- 

sion limitations will all contribute to the uncertainties in circuit performance. 

In the designs in this research, basic distributed models were used for trans- 

mission lines, and lumped element equivalent circuits were used to model 

FETs, capacitors, and inductors. Active device variations are the dominant 

contributors in MMIC yield loss. Developing a statistical model using an 

equivalent circuit for a MESFET involves finding the mean and standard 

deviation of each parameter along with the correlations between them. The 

correlations between model parameters are often neglected in the literature 

of modern statistical modeling, but this results in a FET model demonstrat-



ing different statistical variations than than will seen in measured FETs. A 

more complete statistical model includes parameter correlations, and gives a 

more accurate representation of the real device. 

A statistical FET model takes into account many sources of error other 

than just those encountered in the fabrication process. There are errors in- 

troduced in the simulation process, the measurement process, and in the 

extraction of equivalent circuit models from measured data. All of these 

sources of error affect the statistical model’s accuracy. Although it is not 

necessary to accurately quantify each source of error, it is important to un- 

derstand roughly how each of them contributes to the statistics of the model. 

For example, there will be a certain amount of error in the measurements 

taken by one technician, where another technician may have larger errors or 

different mean measurement values depending on his particular calibration 

and the environmental conditions under which the tests were performed. It 

is important to understand the origins of the various errors contributing to 

the statistics of the measured data and their relative significance in order to 

decide how to focus yield improvement efforts.



1.2 Objectives and Contributions 

The objective of this research is to develop a versatile, easy to implement 

statistical FET model for improving MMIC yield. The model should not 

only produce results consistent with measurements, but should be incorpo- 

rated into a commercial CAD package in a seamless manner so as to allow 

the design engineer to perform complete circuit design and performance op- 

timization along with accurate yield predictions and yield optimization. 

A high speed nonlinear MESFET extraction software package, XFET, is 

developed to support this objective. A statistical extraction software package 

with the capability of plotting changes in statistics with sample size or lot or 

wafer groups, and joint distributions between up to three model parameters 

is also presented. 

Distributions of all model parameters are given and compared to ideal 

Gaussian curves to show the errors associated with the assumption that 

model parameters are Gaussian in nature. Attention is also paid to de- 

termining when enough samples are used in the model extraction as well as 

how to isolate poor data in sample groups.



The author makes the following specific contributions in the area of yield 

optimization: 

e Development of a new nonlinear statistical model using low order statis- 
tics of equivalent circuit MESFET model parameters. 

e Analysis of statistical errors as a function of sample size. 

e Accurate nominal performance and performance spread predictions of 
a single stage, nonlinear, 13.5 GHz MESFET amplifier. 

e Integration of a custom written statistical modeling package and a com- 
mercial software package in a seamless manner. 

In addition to the work presented here, several amplifiers using MES- 

FETs of various gate peripheries have been designed and will be fabricated 

for future studies of how statistics change with FET size as well as further 

validation of the accuracy of the proposed model. 

1.3. Thesis Overview 

Chapter 2 discusses previous work done in the statistical modeling area in- 

cluding various published papers and books. Previous publications challeng- 

ing the methods used here are discussed and explanations are given for the 

author’s ability to successfully use modeling techniques previously consid- 

ered ineffective. Basic requirements for a good statistical FET model are 

also presented and used to evaluate the effectiveness of existing models. 

5



Chapter 3 introduces the concept of design for yield. There is a distinct 

difference between optimizing for performance and optimizing for yield. This 

chapter discusses these briefly, then introduces some of the common yield 

optimization methods and their relative advantages and disadvantages. 

The statistical model extraction process in discussed in Chapter 4. This 

chapter proceeds through the extraction process in a step by step manner, 

from gathering measured data to validating the nonlinear model against mea- 

surements of the FET used in a single stage amplifier. The data used in 

extracting the model is plotted and discussed along with simulations of the 

extracted model parameter sets and plots of the distributions of each model 

parameter. The mathematics behind the statistical model are also presented 

along with a method for generating new model parameter sets during yield 

analysis. The affects of using correlations between model parameters is ad- 

dressed in detail. This chapter also presents the baseline nonlinear model 

equations, briefly discusses the physical meaning of many of the model equa- 

tions, and introduces some of the rules used in scaling with gate periphery. 

Chapter 5 gives conclusions of the modeling process and proposes some 

suggestions for improvements and ideas for future study. The author’s in-



tended future work in statistical modeling is also presented. 

It is often difficult to take accurate measurements, especially at the fre- 

quencies used in this research. The types of data, methods of testing, cali- 

bration procedures, and test setups are discussed in Appendix A. 

The high speed nonlinear extraction software developed for this research is 

discussed in Appendix B. Various program modules contained in this package 

are discussed along with how to effectively use the program. Considerable 

attention is given to the nonlinear root solvers this software uses since this 

plays a significant role in the efficiency of the extraction. Other important 

issues such as formulation of the figure of merit for numerical optimizers is 

also addressed. 

Appendix C presents the statistical extraction software package written 

for this research. It discusses how to use the various program modules to 

extract statistics, investigate how various statistics change with sample size, 

what model parameters are strongly correlated, and effective techniques for 

helping to determine whether the data taken is good or bad.



The model is incorporated into a commercial CAD package, Libra 5.0 

by HP-EESOF, in a seamless manner. The user interface is shown and its 

effectiveness is discussed is Appendix D.



Chapter 2 

Previous Work in Statistical 

Modeling 

Statistical modeling of radio frequency integrated circuits (RFICs) and mono- 

lithic microwave integrated circuits (MMICs) has become increasingly impor- 

tant over the last two decades. This interest has pushed modeling engineers 

to consider the problem of characterizing process variations in devices due to 

disturbances in the fabrication process. Most of the work done in the area of 

statistical integrated circuit design has been based on silicon fabrication pro- 

cesses, but is easily applied to other processes such as gallium arsenide. The 

major contributions of variations in IC performance are from active devices 

such as bipolar junction and field effect transistors. The research presented



in this thesis deals with statistical modeling of GaAs MESFETs. 

There are several issues that must be dealt with in statistical modeling of 

FETs. These have all been addressed in the various publications to date, but 

have not all been addressed in a single model until now. The most important 

issues in RFIC and MMIC modeling are: 

Models should have nonlinear capabilities. 

Models should be frequency and bias dependent. 

Adequate data must be used in device characterization. 

The model should produce all of the expected variations in fabrication, 
not just the discrete samples contained in a measured database. 

The model must be efficient when implemented in CAD packages. 

Most of the statistical modeling techniques presented do not have three of 

these issues: nonlinear capabilities, bias dependence, and adequate data use. 

Each of these issues will be discussed briefly, followed by a look at some of 

the various statistical modeling methods used so far and how each of them 

deals with the issues listed above. 

The term “average device” has been used in the literature for some time, 

often without a clear definition. By average device, authors are usually re- 

ferring to the device resulting from the averaging of model parameters of 

10



an equivalent circuit model from a series of extractions. This is sometimes 

confused with the term “nominal device.” If many devices were measured, 

resulting in a spread of measurements, the nominal device would be the one 

which falls closest to the middle of the spread. The average and nominal de- 

vices are not, in general, the same. The problem with dealing with an average 

device is that all correlations of model parameters are lost in the averaging 

process. If statistics of equivalent circuit model parameters are used without 

correlations, this averaging may result in simulation of a non-physical device. 

Nonlinear simulation capabilities are important in many circuit designs. 

Power amplifiers, mixers, oscillators, and many other circuits rely on the 

nonlinear behavior of devices for their operation. Other circuits, such as small 

signal amplifiers or linear power supplies, may not need to take nonlinear 

effects of devices into account. In general, nonlinear capabilities of active 

device models should be available. 

Frequency dependence and bias dependence of models is necessary in 

almost all RFIC and MMIC designs. Nonlinear simulation capability implies 

a bias dependence of the model, and frequency dependence can be considered 

a must. The most basic performance requirements of most circuits could not 

11



be evaluated without frequency dependence. 

Much of the work done to date does not base models on adequate data. 

Data must come from many wafers and many lots, spanning a long time pe- 

riod. Variations in the fabrication process can be divided into two categories: 

short term, and long term. Data taken over a short time interval will capture 

variances due to short term effects such as lithographic and implant impre- 

cisions. It may miss the variations over long time intervals such as changes 

in source materials due to the use of more than one supplier, and long term 

drifts and adjustments in the fabrication process as a whole. The importance 

of using adequate data can not be over-emphasized in statistical modeling. 

Data from a given set of measurements contains a certain number of dis- 

crete data points. Although these are real data points and represent devices 

seen from fabrication perfectly (with the exception of measurement error), 

they do not completely characterize the true distributions of the device’s 

properties. Assuming an extremely large data base were used to extract the 

model, the effects of this discretization should be negligible, but due to the 

inherent high costs of fabricating and measuring devices, there will inevitably 

be a tradeoff made with respect to the amount of available data and the costs 

12



associated with it. A good modeling approach should address this issue. 

The statistical models will eventually be used in CAD packages to per- 

form circuit design and optimization. Even the fastest computers available 

have very real limitations on their computational power, and inefficient sta- 

tistical models will be of no practical use. A single nonlinear simulation of a 

simple two stage amplifier may take up to 10 seconds on a fast workstation 

with efficient models. If many thousands of simulations are performed during 

a yield optimization, this simulation time can easily turn into days. A good 

example of this limitation is seen in electromagnetic simulators. Although 

they are typically more accurate than, say, simple distributed transmission 

line models, the simulation time is prohibitively expensive, and useful only 

in fairly simple cases. The computational expense of using physics based 

models has been addressed by Strojwas [1]. He observed that physics based 

simulators such as SUPREM III [2] and Sedan III [3] cannot be used prac- 

tically as circuit simulators. Hybrid approaches to these simulations have 

been developed in which partially physical and partially analytical modeling 

is used such as FABRICS (4] [5]. To help extract parameter statistics from 

low-level process variations, other programs such as PROMETHEUS [6] have 

13



been written. One paper by Spanos [6] presents a general method for finding 

the statistical moments of a set of independently varying parameters. 

Some of the key issues in statistical modeling of FETs have been pre- 

sented. The present approaches to statistical modeling will now be intro- 

duced along with a discussion of how each approach deals with these issues. 

One of the earlier, well respected papers in statistical modeling was by J. 

Logan [7!. He was one of the first to investigate the real meaning of what an 

average device really is. He also addressed some of the difficulties in perform- 

ing Monte Carlo yield analysis. P.J. Rankin [8] looked at two approaches for 

statistically modeling integrated circuits. One approach consists of a physics 

based model that uses transformations of electrical performance parameters 

of a model to and from physical parameters of the device structure. He also 

discussed the possibilities of using standard device models to characterize the 

electrical behavior of the integrated circuit, which suggests the use of equiv- 

alent circuit models. He proposes using standard statistical techniques to 

fit the distributions of measured data using correlation coefficients between 

model parameters. Rankin also addressed the issue of using large data bases 

for statistical models. 

14



Affects of correlations between device parameters have been studied and 

shown to be important. An illustration with comparisons between measured 

and simulated results with and without correlations is given in Chapter 4.5. 

Inohira et al. [9] looked at the effects of correlations in integrated circuit 

simulations. They suggest the use of a two-level circuit-oriented statistical 

model that takes into account not only the correlations between model pa- 

rameters in a device but the correlations between devices in a circuit. The 

transconductance of FETs in a given region on a wafer will be very consistent, 

even though the variations across the entire wafer will be much higher. The 

same is true of lithographically patterned components. A statistical simula- 

tion of a differential pair mixer, for example, must take correlations between 

the two transistors into account. If the gain of one device is very high, the 

gain of the other will also be high. On chip differential pair mixers rely on 

these transistors having the same saturation current, so un-correlating these 

parameters will have serious effects on simulated performance. 

Due to the difficulty of the statistical modeling problem, assumptions are 

usually placed on model parameters such as Gaussian distribution confor- 

mance and independence (lack of correlations). Both of these assumptions 
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are common, but their effects must be understood. The model presented in 

this thesis assumes Gaussian distributions of the model parameters, but does 

take correlations into account. The arbitrary distribution of the extracted 

model parameters of the model presented here are compared to Gaussian 

curves with the same mean and standard deviations. Results of this model 

imply that correlations are important, but assuming normal distributions is 

much less critical. 

An interesting, insightful publication by Purviance [10] studied the sen- 

sitivity of design centering to the type of statistical model being used. He 

studied two different FET statistical models. One used uniform uncorrelated 

parameter distributions with +lo limits, and the other used marginal dis- 

tributions and correlations equivalent to those of measured data. He found 

that the yield-optimized design center was insensitive to the model type, 

but actual yield estimates were quite sensitive. This suggests that a good 

model will accurately predict yield, but a fair to good model should still be 

sufficient to optimize a design for yield. This work was extended my Mee- 

han [11] to suggest that equivalent circuit statistical models based on low 

order statistics of model parameters would not reproduce low order statistics 
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of the S-parameters they were extracted from. This was reinforced by Mee- 

han in |12] where the truth model was suggested. In this book, M. Meehan 

and J. Purviance show the distributions of some equivalent model circuit pa- 

rameters to be bimodal. They show the distribution of Cg, as found from 88 

samples taken from an unknown number of wafers. Cg, is included in FET 

models primarily to take into account the geometric parasitic capacitance 

between the drain and source electrodes. This implies that its variations 

are due to lithographic process imprecisions. A bimodal distribution for this 

parameter, then, suggests a bistability in the lithographic process, which is 

possible, but unlikely, and would represent a problem in the process. The 

results of their investigations lead to the truth model. This model consists 

of a database of measurements which acts as an empirical discrete density 

function based directly on measured data, without transforming to and from 

measurement and model parameter space. The advantage of this technique 

is that simulations use data that is exactly consistent with what has been 

fabricated. It is also easy to implement in most CAD packages. One defi- 

ciency of this model is the lack of the ability to do large signal, nonlinear 

simulations. It is also difficult to scale a device with periphery, as can be done 
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with equivalent circuit models. Although Meehan and Purviance present an 

example of scaling a truth model database from 200 zm to 300 pm gate pe- 

riphery, the ability to scale S-parameters is not as extensive as the ability to 

scale equivalent circuit model parameters. Another problem with this model 

is the inability to simulate any devices not contained in the database. If a 3 

o device is not present in the model database, it will never be simulated. 

R. Anholt [13] studied the effects of using low order statistics of equivalent 

circuit parameters to model the statistical behavior of devices. He used 400 

measurements of devices from a single wafer and concluded that this modeling 

method would not work due to bimodal distributions. As stated earlier, this 

is non-physical. The measurements used in this study were only from one 

wafer, so the process was not represented well. 

Other statistical modeling methods make use of principal component 

analysis. Principal component analysis of n correlated, random variables 

leads to the creation of n new, uncorrelated random variables. This is im- 

plemented with FETs by performing a principal component analysis of mea- 

sured S-parameters. The primary advantage of this method is that the new 

parameters are independent, and thus easy to produce during simulations. 
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This model performs a linear transformation from the correlated random 

space of measured data to the uncorrelated space or principal components. 

Due to this linearity, it may be more tolerant of non-Gaussian S parameters 

than some other methods. The equivalent circuit model performs a nonlinear 

transformation from measured data space to the equivalent circuit parame- 

ters, and thus if the measured data is Gaussian, the transformed data may 

not be. The biggest disadvantage of this model is that the principal com- 

ponents of the mode! do not relate to physical parameters, so it does not 

scale with bias or periphery. This limits its use in nonlinear simulations or 

simulations of FETs with a periphery for which there is no measured data. 

A linear statistical FET model using principal component analysis was pre- 

sented by J. Purviance, M. Petzold, and C. Potratz [14] [15]. They used 13 

uncorrelated principal components to model S-parameter data from 1 to 11 

GHz. 
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This overview of statistical modeling methods does not, by any means, 

include every modeling method ever presented. It does provide a good intro- 

duction to the most widely used methods, however. The models discussed 

above can be grouped into three basic model types: 

e Truth Models 

e Equivalent Circuit Models 

e Principal Component Analysis Models 

The basic problems with truth models is that they are only used for linear 

circuit simulations, and provide a discrete description of the device’s vari- 

ations. The advantage of this model is that it is very easy to implement. 

Principal component analysis is used only in linear simulations, and can not 

scale with bias or physical dimensions of a device. Equivalent circuit models 

do not, by their nature, suffer from any of these problems. This model can 

be used under nonlinear conditions, and usually scales with periphery. The 

only model currently used that fulfills the requirements listed at the begin- 

ning of this chapter is the equivalent circuit model. Two disadvantages of 

this model is that it is very difficult to extract a nonlinear statistical model 

that performs well, and the relatively Gaussian shapes of the S-parameters 
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from which it is extracted become distorted due to the nonlinear transforma- 

tion of the extraction process. It is hoped that the methodology presented 

in this thesis will help alleviate some of these difficulties in extracting a good 

nonlinear statistical model based on equivalent circuit models. 
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Chapter 3 

Design for Yield and Yield 

Optimization 

3.1 Overview 

Optimizing electronic circuits for optimum yield makes the design as insen- 

sitive to manufacturing process variations as possible. Typical MMIC design 

involves optimizing a circuit for performance. This ensures that the design 

meets basic performance requirements. Yield optimization extends this to 

make sure the design is economically manufacturable by taking process vari- 

ations into account. Recognizing the difference between optimization for 

performance and optimization for yield is very important to the design en- 

gineer, and is a basic requirement for successful product development in a 
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cost-competitive market. Due to various inherent variations in the fabrica- 

tion process, properties such as FET transconductance will vary across a 

single wafer and from one wafer to another. Also, widths of gate fingers, 

dielectric thickness, striplines, and similar patterned components will vary. 

None of the properties of the source materials or devices fabricated on the 

source substrate will remain constant from one manufactured circuit to the 

next. To design with yield as a criterion, statistical models must first be 

developed which account for a majority of these process related variations. 

The models must then be incorporated into simulation tools and used to per- 

form circuit analysis and optimization. This chapter discusses the differences 

between yield and performance optimization, as well as some of the common 

yield optimization methods used in circuit design. 

3.2 Centering a Design for Yield 

In order to understand what is meant by the term “yield optimization”, or 

“centering a design for yield,” the difference between optimizing for perfor- 

mance and optimizing for yield must be understood. Figure 3.1 shows a 
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Figure 3.1: Design centered for performance. Some devices fail 

hypothetical optimization curve. The y axis indicates relative performance 

while the x axis indicates a parameter value. A circuit will pass if its perfor- 

mance lies on any point on the curve above the specification line. If a design 

is optimized for performance, the value of this parameter will be that which 

minimizes some performance error function and would be the value which 

puts the design at the peak of this curve. The bar on the x-axis indicates 

the range of values for this parameter that would be expected from the fab- 

rication process. It is easily seen that some portion of the devices will fail 

to produce results within the specification region. If the design were now 

optimized for yield, the parameter value would be shifted slightly to the left 

as seen in Figure 3.2. The nominal performance of the manufactured units 
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Figure 3.2: Design centered for yield. All devices will pass. 

would now be lower, but would still meet specifications for the design. The 

expected range of parameter values would be centered in the specification 

region as shown, and all devices pass with respect to this parameter. In 

reality there will be many more parameters, each correlated with others in 

some way, all having various affects on the design. When a circuit parame- 

ter is varied, the shape of the n-dimensional performance curve will change 

due to the affects of the other circuit parameters and how they are coupled 

to the one being observed. When optimizing using multiple variables, not 

only will the mean parameter values be shifted as described, they will also 

be changed to maximize the range over which parameters result in passing 

unit performance. This means that the concavity of the performance curves 
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shown would be reduced, decreasing the sensitivity of the circuit to param- 

eter variations. It is important to note that it is not being proposed that 

yield optimization is better or more effective than performance optimization. 

It is simply an important part of the optimization process as a whole. The 

design must be optimized for performance first, then for yield. There is also 

the option of optimizing a circuit topology, which is not done by computer 

optimizers but rather requires the skill of an experienced engineer. 

3.3 Optimization Methods 

3.3.1 Introduction 

In Section 3.2, it was mentioned that yield is optimized by defining an er- 

ror function based on the difference between target and simulated output 

power, efficiency, input return loss, bandwidth, gain, or some other param- 

eter, and then minimizing it. The type of error function and the method 

of minimizing it will depend on the optimization method being used. It is 

appropriate, therefore, to discuss some of the various yield optimization al- 
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gorithms currently available. Optimization methods include simplex, least 

squares, Powell’s method, and least P*®. These optimizers are of the general 

numerical type, and are not specific to circuit optimization. The optimizers 

change parameter values and try to minimize the number of failing devices. 

This requires using yield estimates as the function evaluations required by 

the optimizer. These yield estimates are typically performed using Monte 

Carlo approximation of the yield integral. Monte Carlo analysis is also dis- 

cussed in this section along with variance reduction, a special class of the 

Monte Carlo method. 

3.3.2 Optimization Spaces 

In order to understand when to use which optimizer, a quick look must be 

taken at some of the different types of functions that can be encountered. 

The shape of the optimization space and the quality of the initial guess will 

be the determining factors. This is an important issue to understand in 

the optimization process, and should be considered carefully in any function 

minimization or maximization. 

In performing an optimization, an error function or figure of merit (FOM), 
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is set up which represents the error in simulation as compared to some target 

value. The target value could be measured data, as is the case in model 

extraction (an FOM of zero would represent a perfect fit to measured data), 

or could be zero in yield optimization (zero failing units). The goal of the 

optimization process is to minimize this error function. Two curves are il- 

lustrated in Figure 3.3 which represent simple one dimensional optimization 

problems. One function is always concave upward, while the other changes 

from concave upward to concave downward. The error function value is 

plotted against some function variable in Figure 3.3. For function 1, any 

optimization constraint that includes parameter value M3 will result in the 

optimum solution. For function 2, the same type of argument can not be 

made. If L1 and H1 were given as parameter constraints, the local minimum 

at M1 would be the optimizer’s solution. If L2 and H2 were given, M2 would 

be the answer. Suppose Ll and H2 were given as parameter constraints. 

There are now two minima in the function. The answer would depend on the 

optimizer as well as the initial guess being used. Suppose an optimizer were 

being used that simply changed the parameter value by a small amount as 

long as the error function was getting smaller. If the initial guess were near 
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L1, it would choose the downward direction and would stop at M1, where 

it could not change the parameter by a small amount and reduce the error 

function. The “optimum” answer, however, would be M2. If the initial guess 

were near L2, the correct answer of M2 would result. Suppose a new opti- 

mizer were used. This optimizer would move in a general downward direction, 

but would not limit its parameter changes by such a small amount. It would 

take large and small guesses to try to learn abuut the surrounding space, and 

would attempt to reduce the average error vaiue in the space within some 

distance of its current parameter value. In this case, L1 could be given as an 

initial guess, and depending on the various settings in the optimizer (how far 

it takes the parameter from the current point when “feeling” out the space, 

how many points it uses to “feel” out the space, and so forth) it may get 

over the hump between L2 and H1 to find the true minimum M2. 

If a very good initial guess is known, the first optirrization method would 

suffice, would probably be quite a bit faster, and wou d find the minimum 

very precisely. This method would be used if a model extraction were being 

performed in which an existing model was going to be tweaked slightly. The 

second optimization method may be used if a new device were being opti- 
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Figure 3.3: Typical Error Function Curves 

mized, a model was not available for a similar device, and some of the values 

could not be guessed very accurately from physical insight or some other 

method. In optimization of a circuit, the same holds. Whether performance 

or yield optimization is being performed, reasonable initial guesses are usu- 

ally known, but there will inevitably be many local minima to be avoided in 

finding the optimum solution. 

This basic understanding of optimization spaces shows how important it 

is to have a good optimizer to accompany a model. A perfect device model 

may be of little use if a poor optimizer is used. 
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3.3.3 Simplex Optimization 

The simplest optimization discussed here is the downhill simplex method. 

This multidimensional method has the advantage that it does not require 

evaluation of the function derivative. It also requires very few function eval- 

uations, which are often the most expensive part of the optimization pro- 

cess. This method is well suited for applications where a working example 

is needed quickly, and computational time is not the highest concern. It 

is not the fastest method available, but has demonstrated a good degree of 

robustness. This method was surprisingly fast in the extractions performed 

during this research, and was used due to its ability to find a good fit. 

A simplex is an N dimensional shape. For a two dimensional case it would 

be a triangle, for a three dimensional case it would be a tetrahedron. An 

initial guess describes an area, volume, or some multidimensional equivalent. 

From this initial guess, the simplex is reduced successively until a minimum 

is found. 

For an initial guess, the simplex method requires N +1 points. If N, is 

31



the initial guess, the other N points can be found by: 

P; = P, + Ae; (3.1) 

where e; describes a unique set of unit vectors, and 4 is the problem’s char- 

acteristic length for a particular e;. 

This method can terminate in one of three ways. A tolerance can be 

placed on the reduction of the error function or on the step size of the vector 

distance moved in one step, or a limit can be set on the number of iterations 

the optimizer is allowed to take. When the optimizer terminates it may be 

useful to let the “minimum” point be a new initial point, find the P; points 

from Equation 3.1 and let it start again. If a true minimum were found, 

then this will not be very costly since the optimizer will begin there and 

terminate quickly. If for some reason or another the optimizer were not in a 

minimum but terminated on a step which just did not happen to reduce the 

error function much or had a small vector magnitude, then this will put it 

back on its way to solving the problem. 

This method is easy to implement, and was used as the starting point 

of the software development process in this research. Powell’s method (dis- 
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cussed in Section 3.3.4) should, in general, produce better and faster results. 

3.3.4 Powell’s Method Optimization 

Powell’s method is a multidimensional direction set method. A direction set 

method simply performs line minimizations in a number of directions. To do 

this, the m:nimizer finds the function value at some initial point P,, as well 

as the function values at N other points in the N-dimensional problem space. 

The other N runction values are found by perturbing the initial point by N 

conjugate direction vectors, as in the case of the simplex method discussed 

in Section 3.3.3. To repeat here, the N+ 1 initial points will be described by: 

P; = P, + Ag; (3.2) 

where e; describes a set of direction vectors along which the independent line 

minimizations will take place, P, is the initial starting point, and A is the 

characteristic length o° the problem. The initially chosen directions in e; may 

or may not bea good cloice. They may initially be set to unit vectors in each 

dimension. All direction set methods update these unit vectors as the prob- 

lem solution proceeds. If, for example, the problem describes a long, narrow 
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valley, one of the vectors should point parallel to the valley while another 

should point perpendicular to the valley. This will allow the parallel line 

minimization to make a large change in the function value, while the perpen- 

dicular one will not interfere and “spoil” the progress. The non-interfering, 

or conjugate, directions help improve the efficiency of the optimizer. 

In Powell’s method, the initial vector directions can be set to the unit 

basis vectors. The terminating condition may be a tolerance on the function 

minimum, a tolerance on the vector step size being taken, or a limit on the 

number of iterations the minimizer is allowed to perform. After initializing 

the direction vectors, the following steps are repeated until a termination 

condition is reached: 

e Save the starting position, P.. 

e Move P;_; along direction u; for 2 = 1,...,N and call this point P,. 

e Set u; — uj fori =1,...,N. 

e Set uy <— Py — P,. 

e Move Py toward the minimum along uy and call this point P.. 

After many times through this loop, however, the direction vectors have 

a tendancy to become linearly dependent due to the discarding of u; at each 

step. Upon becoming linearly dependent, the minimizer is only working in 
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one dimension of the problem space, and will probably find a poor answer. 

This is dealt with by trying to find a few good directions along narrow valleys 

of the problem instead of N conjugate directions. One result of this technique 

is that we give up quadratic convergence. Quadratic problems are a very 

specific set of problems, and are not necessarily the ones encountered here, 

so this may be relatively unimportant. After a number of iterations, however, 

we will have a problem that places us in the neighborhood of an ellipsoidal 

minimum. At this point it would be advisable to switch to a quadratically 

convergent technique to speed the convergence process. During extraction, 

this switch occurs when the robust optimizer does not change any parameter 

values much over a large number of extractions. 

Powell’s method provides a significant improvement over the simplex 

method discussed in Section 3.3.3, without having much to sacrifice. Al- 

though it is not as robust as many other methods (such as the simulated 

annealing technique discussed in Section 3.3.9), it is very efficient and worth 

using when a solution fairly close to the desired answer is known. 
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3.3.5 Least Squares Optimization 

Another common optimization method, the least squares method, typically 

defines an error by 

  E = (sm (.-*55)’) (3.3) 

where a; and b; are as in Equation 3.3, and w; is a weighting vector. A 

typical problem with quasi-Newton methods is that a local minimum of E 

can be found where most f;(x) have become small, but a few have become 

too large. The weights then have to be readjusted and the optimization 

performed again. A variation on the least squares method was presented 

by Agnew [16] in which the smallest change in design parameters to give a 

certain change in error is determined. This means that a bound is placed 

on the error reduction in each step instead of the design parameters. If the 

parameters are denoted by x, and the change in parameters are denoted by 

Ax, a new set of parameters is determined by 

Xia, = Xi + Ax (3.4) 
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Each optimization step consists of finding the smallest Ax which reduces the 

error E by some value 6. 

3.3.6 Least P** Optimization 

A technique similar to the least squares method, but provides greater flexi- 

bility, is the least P*® technique. This method reduces to the least squares 

method when p = 2 in the function to be minimized [19] 

a. —b:\? 2 
E= » tf - . . . Pew (e-“a") os 

By increasing p, the errors with higher values are emphasized much more 

  

than those with low values. As p increases, the least P*® error function 

approaches the minimax error function. The least P*® method can provide a 

smooth path toward the minimax solution. 

3.3.7 Monte Carlo Estimation and Optimization 

Monte Carlo estimation and optimization is very common when dealing with 

yield. There are many reasons for this, including its intuitiveness, well un- 
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derstood behavior, and the fact that the variance of the yield estimate is 

independent of the number of design parameters. The only drawback to 

Monte Carlo techniques is that it takes a very large number of trials to get 

an accurate estimate [18]. 

If the yield integral for parameters described by the joint probability 

distribution function is given by 

Yield = Y = / ” accept(P)fp(P)dP (3.6) 

where accept(P) is 1 for an acceptable parameter value and 0 for an unac- 

ceptable parameter value, and fp(P) is the probability distribution function 

(PDF) for a particular parameter. The vector argument for accept(P) is a 

point in the parameter space. An acceptable parameter vector would be one 

which results in a unit with passing performance. This integral, therefore, 

finds the space enclosed by the various parameters’ PDF's that satisfy the 

performance criterion. The Fundamental Theorem of Monte Carlo applied 

to Equation 3.6 results in 

Y Ls ept(P;) x (3.7) = — )_ acc v= mW 
Mi mek M 

where k is the number of acceptable units, and M is the total number of units 
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tested. This is used as an unbiased estimate of yield [18]. In Monte Carlo 

analysis, each parameter is varied about its mean in a random way (con- 

sistent with expected fabrication variances), and a number of passing and 

failing combinations are counted to determine yield. In optimization, the 

mean of each parameter is varied randomly about its nominal, and when- 

ever yield is improved, the nominal means are changed to achieve this im- 

proved yield. This implies that a complete yield analysis is performed, the 

means are changed, another complete analysis is performed, the means are 

changed again, and so forth. For each yield analysis, tens of circuit simu- 

lations take place. This is a very computationally intensive process, easily 

requiring thousands of circuit simulations. The computational expense can 

be relieved somewhat by using a good shadow model optimizer as described 

in Section 3.3.8. 

3.3.8 Variance Reduction 

Variance reduction optimization techniques are a special class of the Monte 

Carlo method, and simply speed up the convergence of a Monte Carlo cal- 

culation. The standard Monte Carlo method, as well as a shadow model 
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method, were available in the commercial simulation and optimization pack- 

age used in this research. The result should be nearly identical for the two 

cases, the shadow model being much quicker for large problems. 

To implement the shadow technique, the optimizer develops a new model 

having nearly the same response to parameter changes as the original model. 

The yield expression is decomposed into two parts: 

Y(P.) = Y(P.) + AY(P.) (3.8) 

where Y(P.) is the shadow model’s yield, and AY(P,) is the error. Y is very 

quick to compute compared to Y, and the error, AY, should be very small. 

A large amount of computation time is used to initially develop a shadow 

model with high accuracy. After its development, however, the analysis is 

very fast. Reports have been made of shadow models more than 1000 times 

faster than their standard equivalent for nonlinear circuit simulations [18). 

3.3.9 Simulated Annealing 

Simulated annealing is very effective in finding a minimum in a large problem 

where there are many local minima to be avoided. This technique is named 
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after the thermodynamic process of cooling liquids. If a liquid is cooled 

slowly, atoms lose mobility slowly and are able to fall into lower energy states 

as the temperature is decreased. If cooled very quickly, however, the atomic 

mobility will decrease rapidly, “freezing” the atoms in a higher energy state. 

The result is that the more quickly a liquid is cooled, the higher the energy 

state it will tend to occupy upon becoming a solid. 

Newton and gradient methods frequently move an error function down- 

ward as quickly as possible from a given state. These routines may be easily 

caught in a local minima without reaching a satisfactory or optimum answer. 

An error function is developed in which some function E is being driven to- 

ward zero, where E can be likened to the energy of the system. If a newton 

method is used, E is reduced as quickly as possible, sometimes being caught 

in a poor local minimum. The simulated annealing method tries to reduce 

the error function more slowly, letting is settle into a better minimum. Met- 

allurgical annealing follows the following minimization algorithm: 

Prob(E) = exp(—E/kT) (3.9) 

which is the Boltzmann probability distribution. This shows that there is a 

small, but finite, probability that a system at low temperature will have a 
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high energy level. The system tends to go downhill as temperature decreases, 

but there is a small chance that it will go uphill. 

Simulated annealing is a very slow optimization process. It should be 

very good at avoiding local minima and effectively finding a good solution 

to a given problem. Certain annealing methods will even guarantee that the 

best solution is found with 100 percent probability. Although this method 

is good if a reasonable guess can not be made at the model parameters for a 

starting point, it should not be used except as a last resort. The modeling 

engineer needs to have enough of insight into how the device behaves to make 

a good guess before trying to extract models. 

This method requires four principle things: 

Description of possible system configurations 

Random configuration change generator 

Objective function to be driven to zero 

Annealing schedule 

The important item in this list is the annealing schedule. This may require 

trial and error experiments or physical insight into the system. 
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3.3.10 Other Optimization Methods 

Although Monte Carlo analysis and optimization are accepted and widely 

used, its computational burden needs to be overcome. Other researchers 

have presented many methods which are more efficient, but often have other 

shortcomings. The methods listed in this section are not discussed in depth, 

but are provided primarily as a reference for those looking for information in 

this area. 

H. Malek [20] [21] presented a method for performing yield optimization 

for arbitrary statistical distributions. The process he presents involves dis- 

cretizing the region of outcomes into a set of orthotopic cells, and assigning 

a weight to each cell along with an arbitrary statistical distribution. To 

minimize the number of evaluations, or circuit simulations, multidimensional 

quadratic interpolation is used. 

S. W. Director [22] suggested a method which is more computationally 

efficient than Monte Carlo methods. This method approximates the bound- 

ary of an n-dimensional design space with a polyhedron of (n — 1)-simplices. 

The solution to the design problem is the center of a maximal hyper-ellipsoid 

inscribed within this polyhedron. 
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A statistical design centering technique presented by K. Singhal and J. F. 

Pinel [23] proposes a methodology based on concepts from network analysis, 

various optimization methods, sampling theory, and statistical estimation. 

This method allows manufacturing constraints such as tuning, correlation, 

and end-of-life performance specifications to be taken into account. 

An approach to optimal design centering using updated cuts and ap- 

proximations has been published by J. Bandler et al. [24]. The approach 

outlined here is to approximate the optimization constraints by low order 

multidimensional polynomials. 

Many other optimization methods are available, each having its own ad- 

vantages and disadvantages. A good overview of many of these methods can 

be found in J. Bandler et al. (25). 
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Chapter 4 

Statistical Model Extraction 

4.1 The Statistical Modeling Process 

As seen in Figure 4.1, the modeling process must start with gathering mea- 

sured data. This first step plays a crucial part in the modeling process as 

a whole. Many papers show models developed over only a short time pe- 

riod of data collection. Others use only 50 or 60 samples. The data used 

to extract this model spans many wafers from many lots, encompassing a 

time period of over one year. The next step is the development of a baseline 

model. This model should be extracted using low, nominal, and high lg, 

wafers, and may be ordered in any way with respect to their manufacture 

time. This model should be validated not only by ensuring that it matches 
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Figure 4.1: The Statistical Modeling Process 
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the IV and S-parameter data from which it was extracted, but also by simu- 

lating it under large signal conditions and comparing it with measured data. 

Once validation of the baseline model has taken place, it should be checked 

that using its parameter values as initial guesses for other extractions yields 

good results without the model parameter values changing appreciably much. 

This should be checked by performing extractions using low, nominal, and 

high lu, wafers fabricated from the beginning, middle, and end of the time 

span over which data is available. Once this has been done, an extraction 

is performed for each set of IV and S-parameter data available. The series 

of extractions should be checked to make sure they all resulted in good fits. 

The statistics of the model parameter sets are then extracted to get the sta- 

tistical model. The statistical model then needs to be validated. This should 

be done under large signal conditions by comparing measured and simulated 

results of a simple circuit using the device. The data used for this validation 

should span a time interval similar to that of the data used in the extraction. 

Once this validation has been completed, the model can be put into CAD 

packages, and used to optimize designs for yield. 
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4.2 Gathering Measured Data 

As stated earlier, the measured data used to extract the model must be 

reliable and consistent. The model can be no better than the measured data 

from which it came, so time spent validating it is well invested. 

Variations in the manufacturing process can be split into two categories: 

short term, and long term. Short term variations include imprecisions in 

lithographic procedures, variations in implantation schedules, and changes 

in source materials. Long term changes are also important, and include long 

term drifts and corrections in the process as well as changes in source ma- 

terials from various vendors. Data over short time intervals, or only from a 

few wafers may capture some of the short term variations, but a statistical 

model generated from it will not be accurate over the long term. Taking 

only a few samples from wafers spanning a long time interval will yield the 

same problems. Many authors have published results showing bimodal dis- 

tributions for FET parameters. This has been due to a lack of good data. 

Large databases of these measurements are very expensive to take, and are 

not always available for use. A bimodal distribution in large amounts of data 
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Figure 4.2: Measured S-Parameters of 148 MESFETs 

can only be explained by a bistability in the manufacturing process. This 

is not typical and would indicate that the process needs to be fixed before 

anyone tries to characterize it. 

The measured S-parameter data for the 1250 wm MESFET used in this 

research is shown in Figure 4.2. A good, consistent data set is seen in this 

plot, as desired. A plot of all IV curves can be made, but due to their 

relatively large variation, the plot is virtually unreadable. 
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4.3 Extracting a Baseline Model 

The extraction of a good baseline model is in itself a challenge. Countless 

papers have been published on this topic, and the problem of extracting these 

models has yet to be fully solved. A statistical model based on equivalent 

circuit models can only be as good as the baseline model itself. A great 

deal of time and effort was put into the baseline model here to make sure it 

performed well. Due to the complexity of modeling these devices, and the 

fact that it lies at the heart of this research, the equivalent circuit model and 

the baseline extraction are presented here. 

The equivalent circuit of the model is shown in Figure 4.3. The model is 

fairly standard in its topology, but has an exceptional current equation that 

provides reliable convergence qualities under almost all circumstances. The 

convergence properties of many models prevent their use in statistical models. 

A yield optimization takes a great deal of time and involves thousands or 

more circuit simulations. If the model has convergence problems during 

simulations, it will be difficult to use for basic simulations let alone yield 

analysis. The model presented here shows very fast convergence with any 
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impedances on the smith chart presented to any of its ports. 

The current generator equation is: 

Ids = Ipk Iotanh(a0 (Vgs(t — TDelay) 

|1 + bb (VdsBrk — Vds)) — Vpo)*1+#?Ver(-TDelay)| (4.1) 

where 

Io = (1 + Lam Vds) tanh(b2 Vds) (4.2) 

Drain current is found using scaled hyperbolic tangent curves, which plays 

a major role in its convergence properties. Ipk defines the peak of the knee 

in the IV plane. TDelay represents the transport time of an electron in 

the active region of the FET. Although this transit time is a function of 

drain to source voltage, this was considered a second order effect, and has 

had negligible effects on the model’s ability to predict device performance 

accurately under small and large signal conditions. VdsBrk defines the point 

at which the drain to source current starts to increase after the saturation 

region. It represents an effective breakdown voltage. The other variables 

in the current source equation help define the slope and so forth of the IV 
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curves. The gate-source capacitance equation is: 

Cgs = Cgsl (1 + Cgs2 tanh(Cgs3 (Vgs — Vgs0))) (4.3) 

The dependence of the gate to source capacitance on the gate to source 

voltage is a first order effect. This scaling of Cgs with gate bias is taken 

into account by three parameters, Cgsl, Cgs2, and Cgs3. Vgs0 is the gate 

voltage at which the model was extracted. These curves follow a hyperbolic 

tangent with an offset. The gate-drain capacitance equation is broken into 

two voltage dependent parts: 

Cgdg = Cgdl (1 + Cgd2 tanh(Cgd3 (Vgs — vgd0))) (4.4) 

which is voltage dependent on the voltage across the Gate-Source capaci- 

tance Cgs and 

Cgdd = Cddl (1 — Cdd2 tanh (Cdd3 (vgsnom — vgd0vd))) (4.5) 

which depends on the voltage across the drain-source current generator. The 

gate to drain capacitance is not an ideal capacitance usually seen in equivalent 

circuit models. It defines transcapacitance used to represent the change in 
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stored charge in the depletion region with a change in gate to source voltage. 

Some models include a drain voltage dependence in this capacitance, but 

that was considered a second order effect here, and did not prevent successful 

results in the model. The forward gate conduction mechanism is modeled 

by: 

, Vgs(t) — Vbi 
Igs = es ; gs =isgs exp ( vtgs (4.6) 

The reverse gate-to-drain conduction mechanism is modeled by: 

; Ved + Vbr 
Igd = isgd exp (“a ) (4.7) 

The gate conduction mechanisms define the effects of the gate to source and 

gate to drain diodes seen in the equivalent circuit. 

The model presented here has been used successfully in modeling the 

behavior of devices with gate peripheries ranging from less than 100 wm up 

to 7200 um. 

The extraction of the baseline model begins with fitting the [V curves of 

a nominal device. A good guess for the curves was obtained by using the 

parameters of a similar size device having a different implant. Fitting the IV 

curves allows determination of the basic current equation parameters as well 
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as parasitic resistances. Once reasonable values for these parameters have 

been found, S-parameters are fit without using IV curves. S-parameters de- 

termine the frequency dependent parameter values such as capacitances and 

parasitic inductances. S-parameter curves also define the intrinsic resistance, 

and have a dependency on parasitic resistances. The quiescent point, or Q- 

point, of the S-parameter file should also be matched. This means that the 

simulated DC drain current of the device should be close to that of the mea- 

sured device. S-parameters are heavily dependent on bias conditions, and 

must be fit at the correct operating point. Once reasonable values have been 

found which fit these curves, both IV and S-parameter files should be used 

simultaneously to fit the device. The values should not move much, but will 

adjust slightly to get the best fit possible to the measured data. It may 

be helpful to use S-parameter files at more than one bias to make sure the 

capacitance curves change correctly with bias. If only one S-parameter file 

is used, the measured data could be fit even if the capacitance curves do 

not behave properly. It is important to look at these curves, as improper 

behavior will cause poor performance under large signal conditions. 

The physical meanings of the various model parameters are sometimes 
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difficult to interpret. In finding a good fit to measured data, reasonable 

values for each parameter must be found. Negative parasitic inductances, or 

zero parasitic resistances are not physical, and may make the model behave 

in a non-physical way. To aid the modeling engineer in finding reasonable 

values for these parameters, a brief explanation is given for the physical origin 

of a few of them. This should be sufficient for obtaining at least an order of 

magnitude guess. 

The basic device structure of a MESFET is shown in Figure 4.4. The 

source pads are connected together, and the gate, source, and drain patterns 

are treated as nodes (as opposed to distributed networks) for the frequencies 

at which this model was used. The physical “locations” of many of the 
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Figure 4.5: MESFET Cross Section 

equivalent circuit elements within the device are shown in Figure 4.5 

The parasitic inductances L,, L,, and Lg are primarily caused by the 

metal pads of the source, gate, and drain, respectively. A good initial guess 

for these elements in a new model can be found by using the values from 

any other model with the same basic device size. The gate inductance is 

usually smaller than that of the drain and source. Typical values for these 

inductances are in the 1-10 pH range. The parasitic resistances R,, Ra, Rg, 

are used to take into account the finite conductance of the metal pads as 

well as the bulk resistance in the channel (outside the active region). These 

resistances are usually on the order of 10 for Rg and R, and 0.50 for Ry. In 

some cases, XFET may have a tendancy to drive drain and source resistances 
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to 0 2 when first optimizing, so they should be constrained to physical values 

throughout the extraction process. 

C'4, is used to account for the capacitance between the metal microstrip 

lines used for the drain and source. A good initial guess for this value can be 

found in the same way as the parasitic inductances: Use a value comparable 

to that of a similar sized device (typically 0.1 - 1 pF). Cj, and Cyg account 

for the change in the depletion region charge with changes in gate-source and 

gate-drain voltages, respectively. These capacitances are treated as voltage 

dependent, and the S-parameters are very sensitive to their values. The 

values of these parameters should be watched carefully during the model 

extraction process. Widely varying values for C,, and C,g during a series 

of extractions may indicate that something is not quite right. The values 

of other parameters should be checked and constrained appropriately if this 

happens. For the FET model used in this research, Cj, is dependent on 

Vs and Cyq is dependent on Vg, and V,,. The C,, dependence on Va, was 

-considered a second order effect. 

The resistance R; is the charging resistance of the FET, and helps match 

S11. The value of R; is on the order of 1 to 5 2. 
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The small signal transconductance, gm, is the basic gain mechanism in 

small signal models. The TFET MESFET model is a large-signal model, and 

gm is not present. A more complex current equation is used to find 2g, as a 

function of various charges and currents. The basic equivalent circuit does 

not change, however. gm is calculated when finding a DC solution at a given 

bias, and is then used to do a small signal analysis if desired. 

The time it takes for the charges in the MESFET to reach a quasi-static 

state after a change in gate-source voltage is reflected in the parameter TDe- 

lay. Values for this parameter will be on the order of 1 - 10 pS. This value 

car. 2 modeled as bias-dependent, but that was considered a second-order 

effect, and was not taken into account. 

The output conductance of a FET, ga,, is used to represent the change 

in output current with output voltage. This element is not a true resistance 

as is the case for the parasitic resistances, and it is much smaller at DC than 

at rf. The TFET model does not contain gg, directly, but has parameters to 

take its effect into account. 

It is also of interest to include the basic scaling rules of the MESFET. A 

good understanding of them allows the modeling engineer to develop models 
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with gate periphery as a parameter. This extra degree of freedom can be 

very useful in many circumstances. Suppose, for example, that a two stage 

power amplifier is being designed. Two standard available FET sizes include 

600 um and 1200 wm. Also suppose the 600 wm device is slightly too small, 

and the 1200 ym device is much bigger than needed. The ability to scale 

the 600 um device to 900 wm could have a substantial effect on the circuit’s 

overall performance. Three scaling parameters are included in this model: 

ScaleN, W, and Wo. Wo is the nominal periphery at which the model was 

extracted. W denotes the size to which the model is being scaled. ScaleN 

allows multiple devices to be connected in parallel. 

Many of the scaled elements are very intuitive in nature. These include 

the parasitic elements R,, Rg, Rs, Lz, La, and L,. It is well known that 

resistance decreases with transmission line width, and increases with trans- 

mission line length. Transmission line inductance behaves in the same way. 

It would be commonly expected that the drain-source capacitance Cy, would 

increase with gate finger width and would decrease with gate finger length. 

These types of intuitive scaling rules are used in the model, but were not 

used for this research. It was simply included here for completeness. A good 
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discussion of basic device operation, scaling rules, physics based modeling, 

other large signal models, model extraction, and limitations of models has 

been discussed by J. M. Golio [26]. 

The S-parameter and IV fit obtained for the 1250 um MESFET used in 

this research is shown in Figure 4.6 and Figure 4.7. To help find the best 

weighting combinations for the S-parameters during the extraction, plots of 

measured versus simulated plots of the magnitude, angle, real, and imaginary 

parts of each S-parameter are made. These are shown in Figure 4.8 through 

Figure 4.11. 

Smith charts of the $-S-parameter fits are shown in Figure 4.6. Plot 

(a) shows that $11, $12, S21, and $22 are fit well within the unit circle. 

Plot (b) is a view scaled to show all of S21. Measured and simulated small 

signal S-Parameters lie almost exactly on top of each other. Figure 4.7 shows 

measured and simulated IV curves. Although at first glance the fit does not 

look good, careful inspection shows it is adequate. The most important 

points in the IV plane are those that characterize the knee region, the bias 

point, and the low current high drain voltage region around 10 Va,. The knee 

regions are fit very nicely, the bias point is matched almost exactly, and the 
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third region is also fit fairly well. A jagged shape in the slope of the curves 

is seen, and is not fully understood. It may be a constant power contour for 

the device. This jagged shape is a repeatable measurement on this device as 

well as other devices. The knee regions and low current, high drain voltage 

regions are also repeatable using DC IV measurements. Figure 4.8 shows 

the magnitude and angle fits of the measured versus simulated small signal 

S-Parameters. S11 is seen to fit magnitude measurements very nicely above 

4 GHz, and angle is reproduced very well. S12 magnitude looks poor at 

first glance, but looking at the scale reveals the true fit. Error is in the 

hundredths of a dB, and the value is so small, that its effects are slight in the 

amplifier. The angle of S12 looks good, and the magnitude and angle of both 

S21 and $22 as shown in Figure 4.9 are very good. All real and imaginary 

S-Parameter comparisons look exceptional. 
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Figure 4.6: Measured versus simulated S-parameters 
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The gate to source capacitance and gate to drain transcapacitance con- 

tours are shown in Figure 4.12. These curves are important in large signal 

operation of the device, and should not be overlooked. The (gs capacitance 

contour shows no change with drain bias, and shows an increase with gate 

voltage, as expected. The gate to drain transcapacitance shows a decrease 

with gate voltage and no change with drain voltage, as expected. The lack 

of drain voltage dependencies is not physical, but this assumption is made 

for reasons discussed earlier in this section. IV curves are shown in Fig- 

ure 4.13 and are consistent with measured data. Transconductance contours 

are also shown in Figure 4.13. As expected, gain increases with gate voltage 

until compression begins to take place. As drain voltage increases, gain also 

increases, as expected. The output resistance of the FET is shown in Fig- 

ure 4.14 and behaves as expected. It is well known that the output resistance 

of the FET increases with decreasing gate voltage since the device is moving 

toward pinch-off. 

69



  

  

    “7, 2 Gate Voltage (V) 

Cgdg (pF) 

0.209 

0.208 

0.207 

0.206 

0.205 

)).204 

  

  

Drain Voltage (V) 

(b) 

  

Figure 4.12: Bias dependent capacitance contours (a) Cgs (b) Cgd 

70 

 



  

Drain Current (A)      
— 2S > 

ZZZIP DLL Pg 
SSS DT LL ft LL 

SFASFAPLPLLLLIAILA TD ILLS 
77 J7.22 Af 1 {jf t/t {ff 

  

       
   

   

         

     
   

   

Le / 

a 

ALT 

r
r
r
 

r
o
p
r
 

       

   

   
        

   

  
Drain Voltage (V) 

Transconductance (mS) 

  

         

      
   

  

      

  

Lf 7 

CLI IIT TT DS <p LJ 77 /7/ 

  

277777727172 277 LLL AAT AT TAT TH 
ZI 7717 I27/7      

Lined 

  

    

  

LDPE LDYS 

—— a. 

      

300 + i 

250 5 LEE s Epp SFT TT WN 

200 + Vf Tf OE 

150+ TTTLLY LLL 
100 + DAHA 
50+ FHLILIELY 

0 SSeS eT 

2 

0 

-4 Gate Voltage (V)     
Figure 4.13: Bias dependant DCIV and transconductance contours (a) Id (b) 

gm 

71 

 



Output Resistance (Ohms) 

  
10   

Drain Voltage (V) 

Figure 4.14: Bias dependant output resistance contour 

12



Validation of the baseline model consisted of performing simulations of 

the single stage amplifier used for this research and comparing to the spread 

of measured data. Small signal measured data is shown in Figure 4.15. Small 

signal simulations were then performed using measured data files for the FET 

model. Shown in Figure 4.16, this modeling method is referred to as the truth 

model, as discussed earlier. A discrepancy can be seen in the center frequency 

of the amplifier between the simulated and measured data. This is due to 

inaccurate in modeling the passive structures. Electromagnetic simulations 

would most likely simulate the matching networks better and would fix this 

problem, but due to the use of standard transmission line models that do 

not take coupling of all lines into account, small errors exist in the input 

matching network simulation. Small signal simulation using the baseline 

model extracted above are shown in Figure 4.17. A good prediction of output 

power, return loss, and power added efficiency are seen. The measured and 

simulated curves have the same trends, but the simulated data is again tuned 

off frequency, due to the reasons discussed above. The small signal simulation 

is very good, but full validation must include large signal analysis. Spreads of 

large signal amplifier measurements with the nominal large signal simulation 
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are shown in Figure 4.18. Excellent agreement is shown, so the baseline 

model has been fully validated. 
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4.4 Extracting Many Equivalent Circuit Model 

Parameter Sets 

Now that a good baseline model has been developed, it needs to be extended 

to a statistical model. The next step in the process outlined in Figure 4.1 

requires extraction of many equivalent circuit model parameter sets. 148 

sets of S-parameter and IV curves were gathered, resulting in 148 parameter 

sets after all extractions. To validate the extractions, many of the extracted 

parameter sets were plotted against measured data, and good results were 

seen. After these extractions are completed, we effectively have 148 baseline 

models, each being slightly different from the others due to the variations in 

fabrication. The 148 measured S-parameter sets were shown in Figure 4.2, 

and are repeated here in Figure 4.19 for ease of comparison with simulations. 

A simulation was performed of each model parameter set, and plotted in 

Figure 4.20. Good agreement is seen between the measured and simulated S- 

parameters. Equally good results were seen in the IV comparisons, but were 

not plotted here due to the difficulty to distinguish features in the crowded 

plots. 
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4.5 Extracting the Statistics of the Model 

Now that many equivalent circuit models have been extracted, the statis- 

tics of these circuit parameters can be calculated and the statistical model 

can be put together. The model must include the means, standard devi- 

ations, and correlations of the equivalent circuit model parameters. Some 

statistical models do not take the correlations of its parameters into account, 

which leads to simulation of unmanufacturable devices. Figure 4.21 shows 

a plot of 148 devices where correlations are taken into account. Figure 4.22 

shows a simulation of 148 devices using a statistical model that does not 

take correlations into account. The shapes and spreads of the curves are 

both close when compared to the measured data shown in Figure 4.23. The 

difference between them, however, is quite noticeable when comparing how 

frequency points group together. $22 of the correlated simulations has its 

points grouped together in the same pattern as those of the measured data. 

As magnitude increases for a given frequency, angle gets larger, or less neg- 

ative. The frequency points in the uncorrelated simulations are clustered 

together, but are very random in nature. Plotting $22 on a grid for the three 
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cases is also very informative. Figure 4.24 and Figure 4.25 show $22 in dB for 

the correlated and uncorrelated simulations, respectively. Figure 4.26 shows 

S22 of the measured devices in dB. Throughout the frequency range, the 

correlated devices show a variance close to that of the measured data. The 

uncorrelated devices do not represent what we expect to see from manufac- 

turing. A yield analysis performed without correlations will probably predict 

a smaller yield than what will really be measured, and the yield optimizer 

may suggest that performance must be degraded to improve yield to some 

target value. Clearly, the yield models which do not take correlations into ac- 

count may suffer greatly unless the model parameters are truly uncorrelated. 

This effect will not be seen in the means of the parameters, because the mean 

is independent of correlations, but covariance is not. It is important, then, 

to use care in looking at the plots to avoid being misled. 

After the initial equivalent circuit models are extracted, the bad devices or 

non-convergent models are discarded. By looking carefully at the parameters, 

a few more models can be thrown out. If a sample seems to have a value out 

of line with most samples for several parameters, it can be discarded. 

The circuit simulator and optimizer used for this research was Libra 5. 
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“requency 1 0 to 20 0 GHz 

Figure 4.21: Simulation of FET using correlated parameters 
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Figure 4.22: Simulation of FET using uncorrelated parameters 
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Figure 4.23: Measured FET S-Parameters 
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Figure 4.24: Simulation of $22 using correlated parameters 
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Due to limitations within this software, correlated Gaussian deviates could 

not be generated. The user can only assign an uncorrelated deviate to a 

variable and assign the variable to circuit parameters. This means that 

the user-defined model must internally correlate the deviates if parameter 

correlations are to be taken into account. We need a method, then, to take 

a set of uncorrelated deviates and transform them into a set of correlated 

deviates with the appropriate standard deviations and means. It will be 

shown here that we can compute the root covariance matrix and means vector 

of the parameters of the extracted equivalent circuit models, and use them 

to accomplish this task. 

The means are found using the usual method: 

ly = = (4.8) 

where N is the length of vector X, whose elements are one parameter’s list 

of values from the extracted equivalent circuits. The standard deviations 

and correlations can be included by computing the root covariance matrix 

of the parameters. It is a variation of the covariance matrix, which also 

contains all of the information needed to reconstruct standard deviations 
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and correlations. To find the root 

Cov(X, Y) = El(x — ux)(y — my) (4.9) 

where px is the mean of vector X, py is the mean of vector Y, and E denotes 

the expected value. The covariance can be calculated more quickly by a 

computer using the formula 

Cov(X, Y) = E(XY) — pxpy (4.10) 

since the means will have been calculated beforehand. The root covariance 

matrix is defined using the eigensystem of the covariance matrix. The eigen- 

vectors of the covariance matrix become the rows of the root covariance 

matrix, and are scaled by the square root of the eigenvalues of the covariance 

matrix. If X,, denotes the covariance matrix, then the covariance matrix 

can be decomposed using ©, = UWU? where U is the matrix constructed 

by the normalized eigenvectors of L,, and the matrix W is diagonal with the 

eigenvalues of X,, as its elements. Now, to find the root covariance matrix, a 

new matrix w is constructed such that it is diagonal with the elements being 

the square roots of the elements of the eigenvalue matrix W. Let the root 

covariance matrix be called R,,. Given a set of uncorrelated unit Gaussian 
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deviates(which Libra generates), a set of Gaussian deviates with the same 

covariance matrix as the set from which L,, was computed can be found by 

2: = ((Ryy)") (4.11) 

where v; is the vector of unit Gaussian deviates, z; is the new set of deviates 

with covariance L,,. The new parameters centered about the mean are 

found by: 

yi=utM; (4.12) 

where .M; is the means vector for the parameters. We now have a method to 

generate vectors with the same means, standard deviations, and correlations 

as our model parameters. Because the statistical model will be fixed when 

given to the designer, the root covariance transpose inverse matrix and means 

vectors can be calculated during model extraction, and hard coded into the 

yield model. This means that during yield analysis, Libra passes a set of 

uncorrelated Gaussian deviates to the modeling routine, which has a hard 

coded root covariance matrix R and means vector M and must only perform 

a vector matrix multiplication and a vector addition to put the new model 
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parameters in usable form: 

yi = ((Rxy)* 7+ vi + MM; (4.13) 

where v; is the set of deviates generated by libra, Rx is the root covariance 

matrix, M,; is the means vector, and y; contains the new model parameters. 

It is shown then, that by sending a vector of unit Gaussian deviates to 

the modeling routine, it will calculate the S-Parameters of a device that will 

be typical of that which we would expect from the fabrication process. To 

estimate yield, many of these vectors of deviates can be sent to the nonlinear 

model routine, and the results can be calculated and assigned a pass or 

fail value. Also, since StatMod (the statistical modeling software package 

developed for this research) will generate C code for the statistical modeling 

routine, a model can be updated very easily. When the model is changed, 

whether it is because more measured data has been taken or the process has 

changed, the C file StatMod generates replaces the one previously used, and 

Libra is re-compiled. The modeling method presented does not make many 

assumptions on the device being modeled, and is therefore applicable to any 

active or passive device. 

It is very important to consider the effects of the various transforma- 
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Figure 4.27: Transformations taking place during the extraction and simula- 

tion processes. 

    

      

tions taking place. Not only does this statistical modeling method require 

a nonlinear transformation from S-parameters to model parameters, but it 

also requires a linear transformation from model parameter sets to a set of 

statistical model parameters. Figure 4.27 shows the transformations which 

take place. As was discussed in Section 2, some publications have claimed 

that the nonlinear transformation from S-parameters to model parameters 

causes difficulties in statistical modeling. It is not mathematically correct 

to try to capture second order statistics (mean and standard deviation) of a 

data set by capturing second order statistics of another data set which was 

obtained by nonlinearly transforming the first. This was realized before per- 
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forming this research, but the nonlinear transform has been found to have 

little effect for this device. It should be noted, however, that the nonlinear 

transform is determined by the basic nonlinear model used to characterize 

the device. The various terms used in the current equation, voltage variable 

capacitances, and so forth determine the behavior of this transform. 

4.6 Examining the Statistical Model and Look- 

ing for Sources of Error 

With a statistical model in hand, it is important to examine it in as much 

detail as possible to try to find sources of error. One common source of error 

is lack of adequate data. If there were many more lots of data taken, sample 

size error would not be found easily from those plots. SampleSense (a module 

within StatMod, the statistical modeling software developed for this research) 

will show the mean, standard deviation, covariance, and correlations of the 

model parameters as a function of sample size. It takes the list of equivalent 

circuit models and calculates various statistics using a variable number of the 

parameter sets in the list. The x-axis in these plots, then, would represent 

the number of models used in the calculations, and the y-axis would be the 
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statistical value. This plot, then, would show how the statistics change as 

a function of time, since the model sets are entered in the order they were 

manufactured. When the number of samples is small, the statistics should 

be changing rapidly as samples are added. As the sample size increases, they 

should converge to some value. These plots are very valuable, and are an 

excellent way to help find sample size error. Again, the plots here must be 

used with common sense. If data were only taken over one lot, it may appear 

that the statistics converge quickly when, in fact, they are not representative 

of the fabrication process. Plots of this type are shown in Figure 4.28 through 

Figure 4.32. 

Figure 4.28 shows the mean of C,, as a function of sample size. The plot 

seen in Figure 4.29. Figure 4.30 shows the mean of L,, Figure 4.31 shows 

the standard deviation of Rg and Figure 4.32 shows the mean on Lam as 

a function of sample size. All of these plots appear to have reached their 

points of convergence. Lam may increase a bit more, but the effect will be 

negligible. These plots visually indicate the importance of sample size in 

statistical modeling. If only 10 or 20 samples were used, the resulting values 

would be much different than that found using 140 samples. 
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Figure 4.28: Cgs Mean as a Function of Sample Size 

variance ys sample size 
0.02 - ' ' ' ' 

0.018 - 1 

0.016 - \ 

0.014 - an 

0.012 - i 

0.01 - oN 

0.008 - ee 
0.006 - 

0.004 - 

0.002 - 

va
ri
an
ce
 

0 20 40 60 80 100 120 140 
# samples 

Figure 4.29: Cgs Variance as a Function of Sample Size 
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Figure 4.31: Rd Standard Deviation as a Function of Sample Size 
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Figure 4.32: Lam Mean as a Function of Sample Size 

4.7 Incorporating the Statistical Model into 
Libra 5 

Now that a statistical model has been verified, it needs to be put into the 

simulation and optimization tools to be used. To include the model in Libra 

5, two output files from StatMod are copied into the user-defined models 

directory of Libra 5, and Libra 5 is re-compiled. The incorporation of the 

model in Libra 5 and how it is used is discussed in Appendix D. 
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4.8 Results of Extraction of the 1250 um 

MESFET 

The results of the extraction of the 1250 zm MESFET studied in this research 

are given in this section. The model parameter nominal values and their 

standard deviations are given in Table 4.2. It has been stressed throughout 

this paper that the correlations of model parameters are important, so the 

most significant correlations (those > 0.60) are given in Table 4.1. 

  

  
  

  

  

  

  

  

  

  

  

  

    

Parameter 1 | Parameter 2 | Correlation 

Lg Ld 0.84 

Ls Rs -0.67 

VdsBrk Lg 0.63 

VdsBrk Ld 0.63 

VdsBrk bb 0.81 

al Ipk -0.62 

al a0 -0.70 

a2 bb -0.70 

Cgdi Lg -0.65 
Cgdl Ld -0.61 

TDelay Cds 0.63         
  

Table 4.1: Statistical model parameters with correlations greater than 0.60. 
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Also of interest are the distributions of the model parameters. The as- 

sumption was made that all parameters follow a Gaussian distribution. Al- 

though not all parameters follow this rule, the results of this research suggest 

that the errors associated with this assumption are negligible. Plots have 

been made showing the values for each model parameter for the extractions. 

The x-axis denotes the extraction number (1,2,3,...) and the y-axis denotes 

the model parameter value for the extraction. These are shown in Figure 4.33 

through Figure 4.40. Figure 4.41 shows the figure of merit (FOM) of each 

extraction versus the extraction number. The figure of merit describes the 

quality of fit of the simulation of the extracted model parameter set to the 

measured data from which it was extracted. A step change in this value could 

result in a step change in some of the parameter values. This would change 

the means and variances of the model parameters in a false way. If the fig- 

ure of merit changes by an order of magnitude when using data from a new 

wafer or lot, the nominal parameter values are probably not correct, there is 

a problem in the measured data, or some change took place in the fabrication 

process compared to the previous wafers. The distribution of the extracted 

model parameters along with the ideal Gaussian having the same mean and 
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Table 4.2: Statistical Nonlinear Model Parameters for the 1250um AFI FET 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

            

Parameters Units | Nominal | Std. Dev. 
Lg {Gate inductance) nH 7.878e-2 7.248e-3 
Ld (Drain inductance) nH 4,169e-2 9.052e-3 

Ls (Source inductance) nH 1.692¢-2 1.068e-3 
Rg (Gate resistance) n 4.406e-2 6.131e-3 
Rd (Drain resistance) 0 0.501 2.911e-2 
Rs (Source resistance) 2 0.359 0.113 
RsX (Source resistance) - 0 0 
Cds (DS Capacitance) pF 0.269 7.326e-3 
Ri (Intrinsic resistance) n 1.770 0.195 
Ipk (Ids Parameter) A 0.392 4.324e-2 
Vpo (Ids Parameter) Vv -2.662 7.4lle-2 
VdsBrk (Ids Parameter) Vv 3.646 2.358 
bb (Ids Parameter) - 1.941e-2 3.700e-3 
b2 (ids Parameter) - 1.587 0.286 
Lam (Ids Parameter) - 8.449e-2 2.163e-2 
ad (Ids Parameter) - O.111 1.265e-2 
al (Ids Parameter) - 2.197 0.191 
a2 (Ids Parameter) - -8.707e-2 0.105 
TDelay (Transit Time) ps 5.447 0.325 
vtgd (G-D Diode Sensitivity) Vv 0.550 0 

isgd (G-D Current) A 2.000e-6 0 
vtgs (G-S Diode Sensitivity) Vv 0.150 0 
isgs (G-S Current) A 1,000e-5 0 
vtds (D-S Diode Sensitivity) Vv 0.050 0 
isds (D-S Current) A 1.000e-12 0 

| Vbi (Gate built-in voltage) Vv 0.010 0 
| Vbr (G-D Breakdown voltage) Vv 19.00 0 

avislp (Ids Parameter) - 2.000 0 

bkdslp (Ids Parameter) - -2.900 0 
Cgsl (G-S Capacitance Term) pF 1.495 8.291e-2 
Cgs2 (G-S Capacitance Term) - 0.398 8.462e-2 
Cgs3 (G-S Capacitance Term) - 3.738 0.823 
Cgdl1 (G-D Capacitance Term) pF 0.205 2.378e-2 
Cgd2 (G-D Capacitance Term) - -2.648¢-2 2.618e-2 
Cgd3 (G-D Capacitance Term) - 3.724 1.464 
Cgdivd (G-D Capacitance Term) pF 0.151 1.847e-2 

Cgd2vd (G-D Capacitance Term) - 0.377 7.790e-2 
Cgd3vd (G-D Capacitance Term) - 2.585 0.956 

vgs0 (G-S Capacitance term) V -2.157 0.183 
vgdo (G-D Capacitance term) Vv -2.299 0.437 
vgdOvd (G-D Capacitance term) Vv -2.599 0.460 
vgsnom (Nominal Gate Bias) Vv -1.8 0 
vdsnom (Nominal Drain Bias) Vv 8.0 0 
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standard deviation of the extracted distribution are shown in Figure 4.42 

through Figure 4.49. Not all of the model parameters have a significant im- 

pact on the model’s statistical performance. Letting these parameters be 

constant improves the efficiency of the model. A total of 30 parameters were 

allowed to vary in this model. Nonlinear simulation spreads are shown in 

Figure 4.50, and match measured performances presen:ed earlier quite well. 
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Chapter 5 

Conclusions 

5.1 Conclusions Regarding the Modeling Ef- 

fort 

A nonlinear statistical MESFET model based upon the low order statistics 

of equivalent circuit model parameter sets has been presented which shows 

good agreement with measured data. Although similar published attempts 

have not been successful, this effort overcame the difficulties of past attempts 

by focusing on the following tasks: 

e Use of adequate data 

e Careful extraction of the baseline model 

e Extensive capabilities of extraction software 
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A good deal of emphasis has been placed on the data used in this research. 

The lack of success of many previous attempts of statistical modeling may 

be due to the data on which they were based. The inherent high costs as- 

sociated with obtaining and validating data makes this a difficult task. The 

baseline model extended to include statistics is very good. A new, previ- 

ously unpublished model was used which has the ability to predict nonlinear 

behavior very well. The extraction software developed for this research also 

played a large role in this success. It provides a great deal of flexibility in 

extraction parameters, which allows the modeling engineer to tailor the type 

of fit he or she wants to the measure data. The optimizers it uses have also 

performed exceptionally. The three tasks listed above have not been fully 

attacked in the past, and their importance has now been brought to light. It 

is hoped that this research will encourage future modeling engineers to pay 

more attention to these tasks and not underestimate their importance. 
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5.2 Further Study 

As with any research, each incremental contribution to science opens a mul- 

titude of new tasks. Future work in statistical modeling must investigate the 

following principles: 

Scaling of statistics with FET periphery 

Scaling of statistics with FET operating temperature 

e Use of new measurement types to characterize FETs 

Relating FET variations to process parameters to reduce device uncer- 
tainties 

The author is currently investigating the first three of these four princi- 

ples. Several single stage amplifiers with simple input and output matching 

networks have been designed and will be fabricated over the next few months. 

They include FETs with various peripheries ranging from 300 um to 7200 um. 

A scalable baseline model for various periphery ranges will first be developed, 

followed by its extension to include statistics. Since all FETs used in these 

amplifiers contain the same implant, their statistics will be closely related. 

Measurements of FETs under various operating temperatures have also been 

taken. The characterization of changes in statistics with operating temper- 
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ature should be straightforward. The largest foreseen obstacle in this task 

is ensuring the measured data is good. The extraction software has been 

modified to extract scalable models, and can also simulate input and output 

matching networks. The next objective is to be able to read measured small 

and large signal amplifier data and extract a model based on them. The 

ultimate objective is to be able to extract a nonlinear scalable model based 

on measured S-parameter, pulsed-IV, and large signal amplifier data. This 

would possibly represent the most advanced extraction capabilities available. 

It could be advantageous to relate the variations of FET parameters back 

to process parameters. This could isolate the steps in fabrication that con- 

tribute most to the uncertainties in circuit performance and help produce 

devices that result in ultra-high yield circuits. 

121



Appendix A 

Device Measurements 

A.1 Introduction 

One area of study which is underestimated in importance by many engineers 

is that of test and measurement. It is not uncommon for unexplainable 

results to be caused by measurement error, so the importance of accurate 

tests was given attention in this research. The types of measurements used 

to characterize the MESFET are discussed in Section A.2. This section 

discusses the reasons for choosing the measurement types used as well as 

the basic test setups necessary to obtain these measurements. Particular 

attention is given to test procedures that are the most common sources of 

error, such as calibration. Section A.3 compares test results taken by different 
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people on different test stations. 

A.2 Measurement Types Used to Charac- 

terize the MESFET 

A.2.1 Overview of Measurements Used 

The types of measured data used in characterizing a device play a key role 

in properly modeling its behavior. The data types used in this research were 

pulse IV and small signal S-parameters. 

A single model extraction can be broken up into three parts, each cor- 

responding to the data type(s) used in each part. The first part consists of 

fitting IV curves. This determines values for DC model parameters such as 

drain and source resistance, intrinsic resistance, and various current equation 

parameters. Once these values are found, they are fixed, and the parame- 

ters which are frequency dependent such as parasitic inductances and charge 

storage parameters (C,, and Ca, etc.) are found using S-parameters. After 

a good fit is found to the S-parameters, both the IV and S-parameter curves 

are fit to get the final model parameters. It is imperative that both data 
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types are measured accurately, or the model will either not fit the data well, 

or will not perform well in circuit simulations. 

A.2.2 IV Curves Used 

The most basic IV curves often used to model MESFETs are those measured 

at DC. These are not only very easy to measure, but give a fair approximation 

of some of the device characteristics such as parasitic resistances. These 

curves are only useful in getting a very rough estimate of the device’s behavior 

and must be accompanied by other data before a reasonable model may be 

obtained. IV curves can also be measured by using pulses on the gate and/or 

drain instead of a DC bias. In high power devices, this is imperative. The 

continuous DC bias would result in heating, which changes many of the device 

properties such as transconductance. Also, in very large devices such as a 

FET with a peak current of over 2 amps, the rf probes must sustain very 

high currents and the device must be prevented from becoming so hot that 

it would blow up. Typical IV curves performed using DC and pulsed gate 

biases are shown in Figure A.1 and Figure A.2. 

It is easily seen from Figure A.1 and Figure A.2 that a significant dif- 
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Figure A.1: DCIV Measurement of 1200 um MESFET 
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Figure A.2: Pulse IV Measurement of 1200 um MESFET 
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ference may be observed between DC and pulsed IV measurements. The 

negative electron mobility differential seen in the DCIV curves is due to 

heating effects in the device. Other phenomena such as trapping and surface 

effects are better represented by pulsed measurements. The pulsed IV mea- 

surement is clearly more representative of the device under rf conditions, so 

this technique was used for all IV measurements. 

A.2.3 Pulsed IV Test Setup 

The test setup used for pulsed IV measurements is shown in Figure A.3. 

The basic components are the probe station, power supplies, multimeters, rf 

signal generator, and computer. The computer controls the probe station, 

power supplies, and signal generators, and stores measured results to disk. 

A.2.4 S-Parameters Used 

In addition to IV curves, 5-parameter measurements are usually used in rf 

FET modeling. S-parameters are necessary to express the frequency de- 

pendent nature of devices. The values of parasitic inductances, gate-source 
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and gate-drain capacitances, and so forth can be modeled using some type 

of frequency dependent impedance measurements such as these. Although 

large signal S-parameter measurements can be made, those used here were all 

small signal. The large signal parameters of the models were fit by comparing 

simulations to measured data and changing the MESFET diode parameters 

by hand, as stated earlier. S-parameters are used instead of other popular 

parameters sets such as Y- or Z- parameters due primarily to the way they 

are tested. Y- and Z- parameter measurements require supplying a short 

or open to the device under test (DUT). rf and microwave devices will fre- 

quently oscillate if a short is placed on its output. An open may cause the 

same problem. S-parameters are based on measuring incident and reflected 

signals, not on voltages and currents. Shorts and opens, then, do not result 

in infinite values for parameters. A open is on the far right hand side of 

the Smith chart and has a value of 1, a short is on the far left, and has a 

value of -1. S-parameter values of greater than one represent gain ( 5; = 10 

indicates a gain of 10). So an infinite S-parameter represents infinite gain, 

which is impossible to achieve or measure For this reason, high frequency 
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network analyzers only measure S-parameters. 

A.2.5 S-Parameter Test Setup 

The test setup used for S-parameter measurements is shown in Figure A.4. 

The basic components are the probe station, power supplies, multimeters, 

network analyzer with S-parameter test set, and computer. Again the com- 

puter controls the probe station, power supplies, and network analyzer, and 

stores measured results to disk. 

The process of testing a wafer using this setup is: 

1. Set power level and other various parameters on network analyzer 

Calibrate network analyzer using calibration wafer 

Load and align wafer to test 

Set up automated test software 

Let software perform tests 

D
r
 

Pp 
w
n
 

Review data 

The two items in this list of particular importance are calibration and 

data review. A poor calibration invalidates all measured data. Reviewing 

the data after testing is very important because something can go wrong 
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during the test process. Not only can a probe be destroyed, but it can pick 

up pieces of metal from any of the probe pads. If this occurs, good contact 

will not be made between the probes and probe pads resulting in large errors 

in the measured data. Other problems not so easily recognized are probe 

planarity and wafer unevenness, which can also invalidate measurements. 

The standard SOLT (Short-Open-Load-Through) calibration procedure 

was used, and proceeds as follows: 

1. Load calibration wafer 

Planarize probes 

Bring probe tips 1 mil past edge of probe pad 

Lower probes 2 mil past point of contact 

Let network analyzer measure over frequency range of interest 

D
i
n
 

e
 
w
o
 

Perform last three steps for short, open, 50 2 load, and through 

If calibration is not performed very precisely and consistently from one 

test to the next, this will impose a variation on the measured data. For 

example, when the probes are brought down on a through, the distance 

between the two probes is critical to a good phase calibration. The through 

structure used is 0.2993 millimeters long. At 15 GHz, this is about 5.387 

degrees. If the probes are carelessly placed 1 mil too close on each side, 
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this would bring the probes 50.8 4m closer, which translates into a phase 

error of 0.9 degrees. Although an error of less than 1 degree is good, these 

small errors can add up to give an unacceptable variance in measurements. 

To check calibration, acceptable ranges are specified for the magnitude and 

angle of the open, short, load, a 10 dB attenuator, and a capacitor. If the 

measured values of these structures on the calibration wafer do not fall into 

these ranges, the calibration is not good enough and must be redone. 

A.3 Variations in Measurements 

It has been mentioned numerous times that it is important to assess the sig- 

nificance of each of the factors contributing to the spread seen in measured 

data. There are manufacturing tolerances, measurement error, and so forth. 

This section deals with assessing the contributions to variations of measure- 

ments. There will be slightly different results if an identical test is performed 

by more than one technician, or even by the same technician more than once. 

As the model developed here was of a statistical nature, the statistical vari- 

ation of test results due to a change in technicians as well as the change seen 
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Figure A.5: Wafer measured by person 1 on test station 1 

with the same technician are important and must be minimized. 

Shown in Figure A.5, Figure A.6, Figure A.7, and Figure A.8 are mea- 

surements performed on the same wafer by two technicians on two different 

test stations in two separate buildings. Although it is somewhat difficult to 

compare two measurements of the same device, it is seen that the spreads 

and nominal performance are the same. As the model is trying to capture 

spreads in device performance, this is satisfactory. 
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Figure A.7: Wafer measured by person 1 on test station 1 
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Figure A.8: Wafer measured by person 2 on test station 2 
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A.4 Summary of Measurement Variations 

Great care was taken during the measurement process to avoid using bad 

data in the extraction. Tests were performed on multiple stations by multiple 

people and compared to ensure repeatability. Test methods were chosen to 

provide the best data possible in order to characterize the MESFET. All 

data were reviewed after measurement to ensure that expected consistency 

was present. Although there are small variations in the measurements, they 

were not considered large enough to impose a significant change in any of 

the S-parameter statistics of interest in this modeling effort. 
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Appendix B 

XFET 

B.1 Overview 

When developing a statistical model, a high number of data points are needed 

to base the rmodel on in order to reduce sample size errors. In the case of 

this research, this means extracting hundreds of equivalent circuit MESFET 

models from measured data. Since extracting this many equivalent circuits 

with inefficient extraction software can easily take a day or two even on a 

high-speed workstation, getting enough data points can be a time consuming 

process. If the FET model’s current equation is improved, or a new set of 

bounds is found for a parameter which results in a better baseline model, 

the changes should be incorporated into the existing statistical model. For 

this reason, a high-speed equivalent circuit model extractor was developed. 
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XFET, the high-speed extractor, was able to extract a complete model from 

good initial guesses many times faster than the previously available software. 

The basic layout of XFET, its data flow, and flexibility will be explained 

in this appendix. One important feature of this model extractor is that it 

uses general root solvers and optimizers, and it is not limited to extracting 

FET models. It could just as well be used for BJTs, inductors, or any other 

device. The addition of a model only requires that code be written to return 

currents into nodes given node voltages. After telling XFET how to call this 

function, the model can be extracted. Also, any root solvers or optimizers can 

be added to the extractor very easily. This allows more efficient or specialized 

methods to be incorporated as desired. 

In writing this program, it was recognized that most engineers are not 

proficient programmers. Their programming experience tends to be in For- 

tran, and this code was written in C. This further complicates the problem of 

making it easy for people to maintain. To make significant changes requires 

a good working knowledge in structures, pointers, pointers to functions, dy- 

namic memory management, and other issues not familiar to most Fortran 

programmers. XFET was written in such a way that root solvers and opti- 
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mizers can be added with a minimum working knowledge of the language or 

how the program is structured. 

B.2 XFET Program Layout 

XFET was written with versatility as a first criterion, and speed as a sec- 

ond. Each module in this program can be easily replaced to satisfy future 

requirements. The diagram shown in Figure B.1 breaks the extraction prob- 

lem up into logical modules, and represents how the functions in the program 

are divided. Each block in the diagram can be replaced, in most cases, by 

writing one new function that conforms to the prototype of the existing one. 

This will help ensure that XFET does not become obsolete as new models 

are developed, small changes are made in the existing model, or even if the 

circuit in which the device under test (DUT) is embedded changes. 

XFET starts execution within the “Control” block. The first thing it does 

is pass control to the “Read Config Files” block. This reads a configuration 

file, which determines the model being used for the DUT, the root solver to 

use, an optimization schedule, source impedances, weighting schemes, mea- 
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Figure B.1: XFET Block Diagram 
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sured data file names, and so forth. After the configuration file has been 

read in and parsed, control returns to the “Control” block. The data files 

are read in next, so control proceeds to the “Read Data Files” block. The 

data files are read and stored in memory. Control is then passed back to the 

“Control” block, then to the “Optimizer” block, where the extraction takes 

place. An optimizer block is available for each function minimizer coded into 

XFET (see Section B.6). The appropriate one is called, and the extraction 

process is underway. 

The “Optimizer” block finds an initial starting point, and calls the “Op- 

timization Function” block. The optimization block takes a point in the 

problem space (a set of model parameters, the initial guess) and calculates a 

figure of merit (FOM) based on this starting point and the measured data. 

This block cycles through the data files one by one, performs a simulation 

appropriate to each data file, and incorporates the simulated results, the mea- 

sured data, and the appropriate weighting factors to reach a FOM which is to 

be minimized. The FOM is determined using a sum of squares of differences 

method. For each point in a typical S-parameter data file, the contribution 

of its corresponding simulation to the FOM would be described as follows: 
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FOM = FOM + (Sllaim — Sllimeas)* - Weights:; - Weights). 

FOM = FOM + (S12sim — S12meas)? : Weightsi2 - Weighter 

FOM = FOM + (S2lyim — S2lmeas)? - Weightso: - Weightare 

FOM = FOM + (S22sim — S22meas)?- Weightso2 - Weightare 

For a typical extraction, the data files will consist of S-parameter and IV 

curves. For each S-parameter file, this will require a DC solution at the bias 

of the file as well as an S-parameter simulation at each frequency point in 

the file. An IV file requires a DC solution at each data point in the file. The 

large signal analysis block would be called in the case of simulating load pull 

or some other large signal data. It is important to again recognize the ease 

with which XFET can be modified. To add another type of data file requires 

minimal modification of the code. To add its contribution to the FOM is 

also quite straightforward. 

The tasks which XFET must perform to carry out a full model extraction 

were divided up into very logical blocks to allow easy modification of the 

existing code to satisfy future requirements. 
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B.3 Embedded Circuit 

The model being extracted must be embedded in some type of circuit. This 

circuit may contain power sources, matching networks, and parasitic compo- 

nents. The embedded circuit used with XFET is shown in Figure B.2 and is 

intended to be general enough to suffice for most modeling needs. It allows 

for power sources, matching networks, bias sources, and parasitic elements 

at all terminals of the device. 

The levels of the power sources are specified in the configuration file 

as discussed in Section B.9 and can be constant or swept linearly. The 

bias sources are also set in the configuration file along with the bias source 

impedances. The parasitic elements are defined in the model file, as they are 

physically part of the FET itself. The matching network S-parameter file 

names are also specified in the configuration file. 

The way this circuit is specified allows the DUT to be “rotated” so that 

the gate, drain, and source can be interchanged however desired. Once a 

model is coded it can be used in any configuration (common source, common 

drain, common gate) by interchanging the specifications of the sources. In 
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other words, the model is coded independent of the configuration in which it 

will be used. 

B.4 TFET MESFET Model/Solution 

B.4.1 Introduction 

The “Linear Function” and “Nonlinear Function” blocks shown in Figure B.1 

provide a complete description of the FET model. The linear solution is 

straightforward, being only a matter of simple network analysis. The non- 

linear solution is more involved, and contains the heart of the model. It 

has the current equation, voltage variable capacitances, voltage dependent 

transconductance, and so forth. These equations are given in Section 4.3. 

During a DC analysis or harmonic balance, the root solver will make guesses 

at three voltages in the model, and wiil try to choose a set of voltages that 

will make the linear and nonlinear circuits’ currents sum to zero at selected 

nodes. The linear and nonlinear functions, then, must calculate these three 

currents given the three voltage guesses. For the purposes of this research 
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only the DC solution and small signal S-parameters are relevant, as nonlinear 

simulations of the device were not used in the extraction. Appendix B.4.2 

carries out the solution of the linear part of the model. This is included to 

illustrate which nodes were used for harmonic balance. The model equations 

are given in their entirety in Section 4.3. 

B.4.2 TFET Linear Solution 

The linear part of the circuit at DC including the parasitics (which are part 

of the embedded circuit) is shown in Figure B.3. The three labeled voltages, 

Vgs, Vds, and Vgsi will be the guesses for the root solver, and passed back 

will be the currents Ig, Id, and Igi. Rs, Rg, and Rd are parasitics, and Ri is 

the “input resistance” of the device. The solution to this problem is given as 

follows: 

The current through resistor Ri corresponds to Igi, and can be written 

as: 

.  Vgs — Vgsi 
1= — Ig Ri (B.1) 

The (negative) current into the gate and drain can be found using KVL 
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twice to obtain a system of equations: 

Vss + (Ig + Id)- Rd + Vgs+Ig-Rg — Veg = 0 (B.2) 

Vss + (Ig + Id) - Rd + Vds + Id- Rd + Vdd =0 (B.3) 

Solving these two simultaneous equations results in the following current 

equations: 

(Vaa — Vas — laa) (Ra + Rs) 

R, 
  I, = 

_ (Veg _ V gs) R, — (Re + Rs) (Vaa 7 Vas) 

t= RE (By + Ra) (Ra + Re) BO)   

(B.6) 
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B.5 Root Solvers 

B.5.1 Introduction 

In computing the figure of merit for the extraction, measured data is com- 

pared to simulations performed by XFET using the optimizer’s current guess 

at the model parameters. S-parameters and IV curves both require that the 

operating, or quiescent, point be determined. In solving for the operating 

point, a set of coupled nonlinear differential equations must be solved numeri- 

cally. This is an iterative process coming from an entire branch of mathemat- 

ics (numerical analysis). The choice of root solvers will depend on the type 

of problem being solved, how good the initial guess will be, and what infor- 

mation about the problem can be calculated analytically. It is very useful to 

have more than one root finder available to find these solutions. While some 

methods are very fast and efficient, others are much more robust. This may 

dictate an efficiency/robustness tradeoff for some extractions that are not 

necessary in others. This section will briefly describe the various root solvers 

currently available, and the relative advantages/disadvantages of each. 
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B.5.2 Newton’s Method Using an Analytic Jacobian 

Newton’s method for solving nonlinear equations can be very fast and eff- 

cient. Unless a good initial guess is provided, however, it has a tendency 

to wander away from a solution. XFET uses a globally convergent Newton 

method incorporating line searching and backtracking to find a new point in 

the function space to decrease the function value. This technique increases 

robustness dramatically, and provides a good general purpose root solver. A 

disadvantage of this method is that it requires an analytic Jacobian. In many 

cases, this is difficult, if not impossible, to find. The inherent advantage to 

this, of course, is that it is much quicker to compute a Jacobian analytically 

than to approximate it using a numerical method. This solver is chosen by 

specifying “mnewt” in the configuration file. 

B.5.3. Newton’s Method Using Finite Differences to 

Approximate the Jacobian 

In many cases, the Jacobian of a set of coupled nonlinear equations cannot be 

derived analytically very easily, or cannot be derived analytically at all. In 

these cases, the Jacobian must be found or approximated numerically. This 
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solver, called “newt” in the configuration file specification, approximates the 

Jacobian using finite differences. Although not as fast as the newton method 

of the previous section, it will solve problems without an analytic Jacobian, 

and is included for this reason. This root solver was used in most cases for 

this research. 

B.5.4 Broyden’s Method 

The Broyden method has a few advantages over the newton methods. One 

advantage is that it does not require a Jacobian matrix. Boyden’s method 

avoids using a Jacobian by approximating the Jacobian in one dimension 

and reduces to the secant method. Broyden’s method is supposed to be 

faster than Newton’s in the absence of an analytic Jacobian, but not quite 

as robust. It is specified by “broyden” in the configuration file. The speed 

difference between this and the Newton method was negligible for the ex- 

tractions done during this research, so Newton’s was used in light of its more 

robust convergence properties. 
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B.6 Optimizers 

B.6.1 Introduction 

Just as it is useful to have a variety of root solvers to find answers to the 

systems of nonlinear equations presented earlier, it is quite useful to have a 

number of optimizers available to do the model extraction. It is important 

to have a very robust optimizer to bring you from an initial guess to the 

neighborhood of a solution. Once a point has been found that is close, the 

robustness may no longer be necessary, and could be discarded in favor of 

speed and efficiency. The user may tell the extractor to go through several 

iterations using a robust method, then, assuming the current point in the 

function space is close enough that a less robust optimizer will not wander 

away from the solution, it can finish the problem using a much faster opti- 

mizer. For a given device, the iterations between robust and fast optimizers 

may be used for the first extraction. After one extraction has been com- 

pleted with good results, it can be used as the initial guess for all subsequent 

extractions of the same device. At this point, there would not be many, if 

any at all, local minima for the optimizer to get stuck in, so a fast optimizer 

would be used for the statistical extraction. These issues were discussed in 
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Section 3.3, and typical optimization spaces were shown. The advantages 

and disadvantages of several optimization methods were discussed in detail. 

The optimizers currently available in XFET are: 

e Downhill Simplex 

e Powell’s Method 

e Simmulated Annealer 

and are described in some detail in section 3.3. 

It is advisable that more than one optimizer be used in initial extractions, 

as they each have different qualities, and the error function space is not usu- 

ally defined well enough to say which one will perform best. One extraction 

may work well with simplex optimization while the next works much better 

using Powell’s method. 

B.7 Figure of Merit Evaluation: Weighting 

Schemes, Normalization, and S-parameter 

Evaluation Type 

Extraction parameters will vary widely from one FET to the next. One device 

may need to have its extraction weighted heavily on the high frequency end, 

153



while the next may need the magnitudes of S-parameters weighted more. Still 

another may want the imaginary part of the S-parameters weighted heavily. 

XFET has a complex weighting scheme set up to accommodate these needs. 

Also, S-parameter data can be used in different formats. 

The various weighting elements are: 

e Individual weighting of real/imaginary or magnitude/angle parts of S- 
parameters 

e Individual weighting of each data file 

e Normalization of S-parameter or IV curve FOM contributions 

e Individual weighting of any frequency points 

e Individual weighting of S-parameter file Q-point 

e Individual weighting of drain and gate currents in IV data files 

Also, S-parameters can be evaluated in real/imaginary or magnitude/real. 

The FOM contribution without normalization is calculated using the follow- 

ing three formulas: 

FOM = FOM + (SxXsim — SXXmeas)* - Weights: - Weight file 

FOM = FOM + (Idsim — Idineas)” . Weightta . Weightgie 

FOM = FOM + (Iggim — Igmeas)” - Weight, - Weightare 

The FOM formulas with normalization become: 
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FOM = FOM + ({Sz#sia=St%mees))?2 . Weights,, - Weightare 
SxxXiim 

FOM = FOM + (“tis —’s=mes*))2 . Weightra - Weightae 
Idsim 

FOM = FOM + (S#ie—le-mess))2 . Weightig - Weightare 

This weighting scheme has proven to be accurate for modeling devices with 

peripheries ranging from 150m to 7200yum. 

The weighting and normalization scheme to obtain a good fit will change 

with each extraction, so a good extraction will require finding good values 

for each weight, and determining whether normalization should be used. 

B.8 Other Features 

XFET has other features which have been implemented to target specific 

needs or specific circumstances. These needs and circumstances include ex- 

traction of numerous models (hundreds) sequentially without user supervi- 

sion, and simplification of running very long extraction procedures. 

It is necessary to extract hundreds of equivalent circuit models to obtain 

a good statistical model. This would be very time consuming for a user 

to implement manually. Typing in a few hundred pairs of file names and 
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running an executable a few hundred times would take days. XFET was 

written with this need in mind, and is run very readily from a script. By 

listing the current directory contents and masking it to list only data files 

and dumping them to a file, any number of models can be extracted with 

only a few seconds of user time. For example, if many S-parameter and IV 

curves were in a directory, having the file extensions *.sp?* and *.iv?*, the 

extraction could be done by: 

1 * sp?* > SPDataFiles 

1 *.iv?* > [VDataFiles 

goXFET 

The only important requirement of this is that the S-parameter / IV pairs 

are listed in order (the n“ file in SPDataFiles corresponds to the n‘ file in 

IV DataFiles). 

Another important situation addressed in developing this program is the 

case when a good starting point is not available for the optimizer so that the 

simplex or powell methods would fail. One approach in this case is to let the 

bounds on the variables be fairly liberal and give the simulated annealer a 

long time to work. The simulated annealer is typically used to get a good 
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ball park location in your modeling space, so it will not tend to get a precise 

final answer. After termination of the annealer, the powell or simplex method 

would be used to zero in on the nearby solution. XFET provides an easy way 

to do this with the optimization scheduler. Instead of manually running the 

program once with the annealer and next with powell or simplex, a schedule 

can be set up in the configuration file. The following: 

initial temp 100 

anneal_temp-step 1 

num_-anneal_evals 5000 

optimizer anneal 

extract 

max_opt_iterations 9000 

simplex_term 1.001 500 

optimizer simplex 

extract 

would result in two optimizations. The first would be a simulated anneal- 

ing beginning at T=100 with a temperature decrement of unity, with 5000 

evaluations of the optimization function at each temperature. The second 

would be a simplex extraction using the last point of the annealer as its 
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starting point. It would terminate after 9000 iterations, or if 500 successive 

evaluations of the FOM resulted in less than 0.1% change. 

Another important feature of XFET is the ability to perform simulations. 

Full S-parameter and IV simulations can be performed using this software. 

This is very useful for investigating how the model behaves at extremes. 

Avalanche mechanisms can be validated in the IV plane, and S-parameters 

can be plotted over any reasonable frequency range. 

In order to track performance of the program when adding new root 

solvers, optimizers, or models, a debug command is available in the config- 

uration file. Setting the option “echo progress” to “TRUE” results in the 

program ’s displaying various calculations verbosely. 
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B.9 User Interface 

Xtract first reads a configuration file to get the various information it needs 

to start extracting models. This includes which FET model to use, which 

objective function to use, which DC analysis and S-parameter simulation 

functions to call, and so forth. 

e echo_config — echo configuration file to screen after reading 

TRUE/FALSE 

e echo_params _ echo model parameters to screen after reading 

TRUE/FALSE 

e echo_interm_parms echo intermediate model parameter guesses 
during extraction 

TRUE/FALSE 

e echo_progress _ echo various steps in extraction during execution 

TRUE/FALSE 

e DC_Outfile name of DCIV simulation output data file 

filename 

e SPar_MA_Outfile name of $-parameter simulation output data 
file (Mag/Angle) 

filename 

e SPar_RI_Outfile name of S-parameter simulation output data file 
(Reai/Imag) 

filename 

e New_Model_Filename name of file for final extracted parameter 
values 

filename 
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fet_model name of model to be extracted 

SSFET/PFET/TFET 

SS_Extraction determines if small signal extraction is to be per- 
formed 

TRUE/FALSE 

fet_width nominal width of fet if a scalable model is being extracted 

number_value 

Extraction determines if extraction is to be performed 

TRUE/FALSE 

SPar_Simulation determines if S-parameter simulation is to be 
performed 

TRUE/FALSE 

DC_Simulation determines if DCIV simulation is to be performed 

TRUE/FALSE 

Max_rs_iterations maximum number of root solver iterations al- 
lowed for convergence 

integer_value 

Root-_Solver_fen name of root solver to be used 

newt /broyden 

RS_Errf_Tol termination criterion for change in root solver error 
function 

floating-point -_value 

RS_Parameter_Tol termination criterion for change in root solver 
parameter value 

floating _point_value 

Optimizer name of optimizer to use 

simplex / powell /anneal 

simplex_termination simplex optimizer will terminate if the 
change in the error function is less than some percent after some num- 
ber of iterations 

percentage numberof iterations 
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num_anneal_evals number of simulated annealer evaluations at 
each temperature 

integer_value 

initial_temp starting temperature in simulated annealing temper 
ature profile 

floating_point_value 

temp-step linear decrement value of temperature in simulated 
annealing profile 

floating_point_value 

FOM.tol termination will occur if FOM becomes smaller than this 
value 

floating_point_value 

Min_FOM_Delta termination will occur if change in FOM is less 
than this value 

percentage_value 

max_opt iterations | maximum number of optimizer iterations 

integer _value 

FOM_data_type S-parameter format to use for FOM calculation 
(Real/Imag, Mag/ Angle) 

RI/MA 

SPar_Norm determines whether FOM should normalize S-parameter 
contribution 

TRUE/FALSE 

IV_Norm determines whether FOM should normalize [V curve 
contribution 

TRUE/FALSE 

freq.sweep frequency sweep to use in S-parameter simulation 

min_freq max_tfreq freq-step 

Vgg-sweep voltage sweep to use for gate in IV simulation 

min_voltage max_voltage voltage_step 
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e Vdd-_sweep voltage sweep to use for drain in IV simulation 

min_voltage max-voltage voltage_step 

e Vss_sweep voltage sweep to use for source in [V simulation 

min_voltage max_voltage voltage_step 

e rdcd DC drain generator resistance 

floating point value 

e rdcs_ DC source generator resistance 

floating-point -_value 

e rdcg DC gate generator resistance 

floating_point value 

e .data_files specifies beginning of data files block 

e .end_data_files specifies end of data files block 

e SPar_weights specifies weighting of s-parameters (re/im or mag/angle 
depending on FOM_data_type) 

Re( 511) Im( S41) Re( S12) Im( S42) oes Re( S22) Im( S22) 

Mag(S11) Ang(S11) Mag(Si2) Ang(Si2) ... Mag( S22) Ang( S22) 

e freq_weights specifies weighting of frequencies 

freql weight! freq2 weight2 etc... 

e freq-_tol determines tolerance on floating point comparisons for 
frequency weights 

percent _value 

e SPar_Id_weight weighting of quiescent point current of S-parameter 
files 

Data files are specified as follows: 

.data_files 

SPar format filename fet_size weight 
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DCIV format filename fet-size weight 

.end_data_files 

S-parameter formats are either “RI” or “MA” for real/imaginary, or magni- Pp g & 

tude/angle, and IV file formats are either “a” or “ma” for amps or milliamps. 
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Appendix C 

StatMod: A Statistical 

Modeling Software Package 

C.1 Introduction 

Stat Mod is a complete statistical model extraction, verification, and debug- 

ging software package. Written to serve the needs of this research as well 

as future work, it will extract a statistical model of nearly any device, give 

insight into possible sources of error, and allow visual and numerical verifi- 

cation of the statistical model. To optimize for yield in the design process, 

a robust, accurate statistical model must first be developed. This model is 

then used to make a design that is less sensitive to variations in the fabrica- 

tion process. This is achieved by performing an optimization of design yield 
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using the statistical model. 

Once a first run statistical model has been developed, it must be verified 

and fine-tuned. If the model and model parameter set are good, it should 

reproduce the data from which it was extracted. StatGen is a module of 

StatMod which verifies the model by producing a number of model parameter 

sets in which the parameters vary according to the statistical model provided 

by StatExtract. StatView allows the measured data to be plotted against 

the simulated data to see how good the statistical fit is. For large sample 

sizes, they should match almost exactly. 

In determining the reason for a poorly performing model, many sources 

of error must be examined to determine the most significant contributions. 

These include measurement error, modeling error (extracting a device model 

from measured data), and sample size error. To help determine which of these 

is/are significant, SampleSense will provide insight into how the statistics are 

varying as a function of sample size. This can show not only if there are not 

enough samples, but can show where groups of bad data exist. This could 

be a result of a series of measurements taken with poor calibration, a change 

in the manufacturing process, or a change in the model extraction process. 
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The diagram shown in Figure C.1 shows where StatMod fits into the ex- 

traction process. XFET extracts many equivalent circuit models from mea- 

sured data and saves them in a series of files. StatExtract then reads this 

file, determines how many parameters are in the model, and calculates var- 

ious statistics about these files. The means, variances, standard deviations, 

covariances, correlations, and root covariance matrix are calculated for each 

file individually as well as for the entire data set as a whole. This allows 

different groups of data to be lumped together to see how a device compares 

with other cevices manufactured at nearly the same time as well as how it 
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Figure C.2: StatMod Block Diagram 

compares with a longer time frame of fabrication. This also makes it easy to 

remove selected groups of data to see the impact on the resulting statistics. 

SampleSense will take the same data and produce plots showing the variation 

of a model parameter statistic as a function of sample size. 

The organization of StatMod is shown in Figure C.2. Many equivalent cir- 

cuit models are first fed into StatExtract, which extracts a statistical model. 

This model is compared to the extracted model data file using StatGen and 

Stat View. If the model is sufficient, the process is completed here. If not, or 

167



if more insight is desired, StatGen and StatView or SampleSense will help 

expose sources of error. If some of the data is determined to be bad, it can be 

removed or improved, and the remaining data can be fed into StatExtract. 

At the end of the process, confidence in the statistical model should be very 

high. 

StatMod contains many modules to allow the user to look at data in the 

extraction process in as many ways as possible. StatExtract extracts the 

statistical model, StatGen “fabricates” many devices using the statistics of 

the model, Stat View gives graphs of model statistics, and SampleSense allows 

the user to investigate how various model parameters and statistics vary as 

a function of sample size. 

C.1.1 StatExtract: Extraction of Model Statistics 

StatExtract is the real heart of the statistical modeling extraction process. 

This module takes equivalent circuit parameters and calculates the values 

necessary to reproduce these input files. Although there are other modules 

in this package that can be used to verify this part and help find possible 

mistakes in it, this module alone takes the input data files and produces the 
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statistics of the model. 

The input data file for this module contains columns of model parameters 

and rows of these model parameter sets. It is fed into StatExtract which then 

computes various statistics about the data. These statistics include means, 

variances, standard deviations, correlations, covariances, and so forth. These 

calculations are stored in output data files so that they may be viewed later 

if desired. Output of StatExtract consists of the transpose of the inverse 

of the root covariance matrix along with the vector containing the means 

of the various model parameters. These last two items contain all of the 

information necessary to reproduce the statistics of the input data files as 

shown in Section 4. 

Two of the output files are compiled into a user-defined model within the 

commercial optimizer used in this research. Aside from verification, this is 

the complete statistical model extraction process. 

In order to execute StatExtract, these files must be present: 

e StatExtract.cfg - configuration file 

e any number of data files 

e file containing the list of files with data 
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The configuration file contains the various filenames needed to identify 

the input/output files. Each line in this file contains a token and parameters 

that describe the token. Lines can be commented out by using the “#” 

character. The configuration file is in the following format: 

e token, value,, value2, value3, ... valuega 

e token, value, values, value3, ... valuen, 

® token; value;, value, value3z, ... valuen, 

where “token” is a keyword, and “value,2,...,” are parameters used to 

describe attributes of the token. The available token keywords and their 

parameters are shown in Table C.1. 

Table C.1: StatExtract Configuration File Commands 

  

  
  

  

  

  

  

  

  

  

| Keyword | Values | Description 
DataFileList filename | list of data file filenames 

CorrelationFile filename | where to store correlations matrix 

CovarianceF ile filename | where to store covariance matrix 

MeansFile filename | where to store means vector 

RootCovarianceFile | filename | where to store root covariance matrix 

VarianceFile filename | where to store variance vector 

Load ModelFile filename | where to store load model file (Libra) 
DefineFile filename | where to store define file (Libra)           
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C.1.2 StatGen: Verification of Statistical Model 

As the most basic part of the validation process of modeling, it is necessary 

to ensure that the model reproduces the data from which it was extracted. 

This can be verified using StatGen and StatView. StatGen uses the statis- 

tical model to “fabricate” a number of devices using the statistical method 

described in Section 4.5. These devices are stored in an output data file in 

the same format as the original data file used to extract the model. Due to 

the data file format consistency, the new file can be fed directly into Stat Ex- 

tract and compared to the results of the extractions. If a good model were 

extracted, the original data file and the newly created one would be statisti- 

cally indistinguishable assuming a large number of devices were “fabricated”. 

Three files must be present to execute StatGen: 

e #load_model (from StatExtract output) 

e #define (StatExtract output) 

e StatGen.cfg - configuration file 

The format of the configuration file is identical to that described for 

StatExtract in Table C.1. The allowed tokens are listed in Table C.2. 
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Table C.2: StatGen Configuration File Commands 

  

| Keyword | Values _| Description 
  
  

  

  

  

    

root_cov.trans_inv-filename | filename output from StatExtract 

means_vector_filename filename output from StatExtract 

echo-_config TRUE/FALSE | whether to echo configuration or not 

num _-fab_dev integer number of devices to “fabricate” 

Outfile Name filename file in which to store output file       
  

C.1.3 StatView: Visual Validation of Statistical Model 

Tables of numbers are very insignificant to people in most cases. A vi- 

sual interpretation can give much better insight into results than numbers. 

StatView helps show the statistics of a problem visually. The input data 

file is in the same format as StatExtract, and an output data file is created 

which is used to generate a plot of the probability distribution function of 

the model parameters. 

Stat View first sets up a series of bins according to the specifications in 

the configuration file. If a range of 0 to 10 using 20 bins was specified, then 

20 intervals would be allocated: [0.0,0.5], (0.5,1], (1.0,1.5], and so on. Each 

interval is termed a bin, and each data point read in would be placed into one 
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of these bins if possible, or discarded if the value lies outside of the specified 

range (0 to 10 in the example above). After completion, a plot with the 

bin intervals lying sequentially on the x-axis and the number of data points 

in each bin on the y-axis, would represent the distribution of the data over 

the chosen interval. This is synonymous with determining the probability 

distribution function of a set of discrete data. The output of this program 

is a table of values in which the first column lists the midpoints of each bin, 

and each column represents the number of data points in each bin for a given 

parameter. 

In generating a table of values that gives a plot of the model parameter 

distributions, there are various controllable parameters. These include the 

number of bins to use, and the range of the bins. Not only is it possible to 

look at the probability distribution of a given column, but joint distributions 

may also be investigated. A joint distribution of two variables would result 

in a 3 dimensional surface plot. A joint distribution of three variables can 

also be generated. This 4 dimensional plot consists of a multitude of 3 di- 

mensional plots on top of each other. Because the joint distributions can be 

examined, a large amount of information about the statistics and the device 
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itself can be visually identified. The means and standard deviations of any 

parameter can be viewed in a two dimensional plot with the other parame- 

ters set to some nominal values. The correlations can be viewed using three 

or four dimensional plots, or multiple two dimensional plots. An example of 

two, three, and four dimensional plots are shown in Figure C.3, Figure C.4, 

and Figure C.5. Figure C.3 shows a two dimensional probability distribu- 

Generated vs. Ideal Gaussian 
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Figure C.3: 2-D Distribution of Extraction Parameter and its Ideal Gaussian 

tion function of an extracted model parameter and an ideal Gaussian with 

the same mean and standard deviation as the discrete data. A comparison 

of the ideal Gaussian and the extracted distribution helps show the fit of 
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Generated vs. Ideal Gaussian (3D) 
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Figure C.4: 3-D Joint Distribution of Simulated Data 
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Figure C.5: 4-D Distribution of Simulated Data 
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the extracted model to what the simulation will produce. The extraction 

software assumes a Gaussian distribution of the data and computes the first 

two moments (mean and variance) to describe it. Given a large number of 

samples, the simulated distribution will look like the ideal Gaussian. One 

parameter value, corresponding to a value of about 1.4, is seen to have an 

unusually large number of occurrences. This just reinforces the notion that 

a high number of samples is needed to represent the process correctly. If 

thousands of data points were taken, the spike seen in this figure would go 

away. The three dimensional plot shown in Figure C.4 shows the joint dis- 

tribution of two parameters. This plot is useful for visualizing correlations 

between parameters. Figure C.5 shows the joint distribution of two param- 

eters for given values of a third parameter. Extracted and ideal Gaussian 

plots were not shown for the three and four dimensional plots due to the lack 

of readability with increasing density. Plots of more than four dimensions 

are difficult to draw, and nearly impossible to read, so they were not made 

available to the user. 
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Table C.3: Stat View Configuration File Commands 

| Keyword | Values | Description | 
  

  

  

  

  

  

  

  

InFileName filename | input data filename 

OutFileName filename | output data filename 
sweep | _parm integer parameter number for variable 1 

sweep2_parm integer parameter number for variable 2 

sweep3_parm integer parameter number for variable 3 

plot range float float | range over which to extend 2-D plot 
  

sweepl_parm-range | float float | range over which to sweep variable 1 

sweep2_parm-range | float float | range over which to sweep variable 2 

sweep3_parm_range | float float | range over which to sweep variable 3 

  

  

    num _bins integer number of bins into which plot range 
should be subdivided 

num_parm2_steps | integer | number of steps in variable 2 sweep 

num._parm3_steps integer number of steps in variable 3 sweep | 

    
          

Two files must be present to execute Stat View: 

e file containing data to be plotted 

e Stat View.cfg - configuration file 

The data file is in the same format as the input data file for StatExtract: 

columns denote parameters, and one parameter set is contained on each row. 

The configuration file is in the same format as that described for StatExtract 

in Table C.1. The allowed tokens are listed in Table C.3. 
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C.1.4  SampleSense: Investigation of Model Sensitiv- 
ity to Sample Size 

One of the most difficult questions to answer when developing a statistical 

model is how many samples are needed to accurately capture the statistics 

of a process. Measurements are costly and can take a significant amount of 

time to have made. Invariably, a trade-off must be made between quantity 

of measurements and quality of model. When modeling a GaAs FET, it 

is clearly necessary to have samples from low, nominal, and high wafers, as 

well as from multiple lots. Measurements should be taken across a wafer, not 

just from one area. In extracting the model for this research, it was found 

that around 100 samples were adequate. This was determined by finding out 

how many samples were needed for the means and covariances of the various 

model parameters to converge to some value. 

The plots generated by SampleSense show how a model parameter value 

or model parameter statistic vary as a function of sample size, as shown in 

Figure C.6, Figure C.7, and Figure C.8. Figure C.6 shows the parameter 

value for each extraction. For example, the value corresponding to sample 

45 is the value of this parameter for extraction number 45. The same is true 
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Table C.4: SampleSense Configuration File Commands 

  

| Keyword | Values | Description 
  

  

  

  

        

InputFile filename input data filename 

OutputFile filename output data filename 
PlotFiles TRUE/FALSE | whether plot files should be generated 
PercentageAxes | TRUE/FALSE | whether y-axis should be absolute or percentage     

for the mean and variance plots. If either the mean or variance for a given 

model parameter has not converged to some value while nearing the right 

side of the plot, more samples are almost certainly needed, or there are some 

extractions ranges where a good fit was not achieved, and should be removed. 

Two files must be present to execute SampleSense: 

e file containing data to be plotted 

e SmpleSense.cfg - configuration file 

The data file is in the same format as the input data file for StatExtract: 

columns denote parameters, and one parameter set is contained on each row. 

The configuration file is in the same format as that described for StatExtract 

in Table C.1. The allowed tokens are listed in Table C.1.4. 
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Figure C.6: SampleSense Plot of a Parameter Value 
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Figure C.7: SampleSense Plot of a Parameter Mean 
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Figure C.8: SampleSense Plot of a Parameter Variance 
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Appendix D 

Incorporating the Model Into 

a Commercial Simulator 

Incorporating the statistical model into a commercial CAD package in a 

seamless manner is of the upmost importance. The model must be readily 

available and easy to use for the design engineer. Libra, by HP-EESOF, offers 

a very convenient way to do this through user defined models written in C. It 

will not only allow a user-defined model to be described, but it can generate 

statistical number sets, and allow optimization based on model parameter 

perturbations. 

A C program may be written and compiled with Libra which lists the 

various model parameters, and contains routines to calculate y-parameters 

and noise parameters. The design engineer will enter values for the various 
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parameters in a dialog box when he places an instance of the element. These 

values will be passed to the C routine, which may do whatever it likes with 

them. Eventually, it must return a y-parameter matrix to Libra. 

The user defined model schematic symbol is shown in Figure D.1. The 

gate and drain bias blocks are added separately. The eight port FET symbol 

allows the user to probe various points in the FET model to see voltages, 

currents, and so forth. The gate and drain bias blocks contain DC voltage 

sources, current meters, test points, and other items to allow power and 

efficiency calculations. The list of 16 parameters under the schematic symbol 

have nominal values of zero, which results in simulating the nominal device. 

During yield analysis or yield optimization, these parameters are varied as 

unit Gaussian deviates. The user defined model takes these deviates and 

transforms them to ensure they have the desired variances, correlations, and 

means. 
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Figure D.1: TFET Schematic Symbol as Viewed in Libra 
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