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ABSTRACT 

This paper details the process for randomly generating data through PSPICE and 

statistically evaluating the variation within the results. The example modeled used was a 

ring oscillator. The randomly generated data is statistically the same as actual 

measurements. The process for determining principle components is discussed. 
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CHAPTER 1 

INTRODUCTION 

The term transistor is a generic name for a solid-state device with three or more 

terminals. The field effect transistor stmcture was first described in a patent in the 1930's. 

It was in 1947 when Bell Labs fabricated the first transistor. It took about forty years 

before Metal Oxide Semiconductor (MOS) transistors were in mass production. The most 

basic element in the design of a large scale integrated circuit is a transistor. Over ninety 

percent of transistors manufactured today are MOS. MOS transistors are popular in Very 

Large Scale Integrated (VLSI) circuits for several reasons. These transistors have a high 

input impedance (10'°-10'^ Ohms) which allows the transistor to draw negligible input 

current. The transistor primarily draws current only when switching states. Leakage 

current is minimal. A MOS stmcture relies only on majority carrier current and is thus a 

unipolar transistor. The previously mentioned characteristics lend to the operation of MOS 

transistors. 

1.1 Principles of MOS Transistors 

The characteristics of the MOS transistor have led it to be widely used in the 

semiconductor industry. Of MOS devices, the Field Effect Transistor (FET) is most 

commonly used. The MOSFET has three main regions, the gate, source, and drain. 

The gate region can be viewed as a control input. It affects the flow of electrical 

current between the source and the drain. The gate region consist of an underlying 



substrate material which is usually sihcon, a thin insulating material which is usually 

silicon dioxide, and a thin metal layer. An electric charge can flow from the source to the 

drain depending on the charge applied at the gate region. The charge applied must be 

greater than or equal to the threshold voltage (Vj) before a current can flow from source to 

drain. The gate region can be seen in Figure 1.1. The semiconductor material in the source 
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Figure 1.1. N-Channel MOS Transistor Stmcture' 

and drain region are doped with a different type of material than in the region under the 

gate, so an N-Channel or P-Chaimel type stmcture exists between the source and drain 

region of a MOSFET. 

The source and drain regions are quite similar, and are labeled depending on to 

what they are connected. The source is the terminal, or node, which acts as the source of 

charge carriers; charge carriers leave the source and travel to the drain. The source node of 

a p-channel MOS device is the node at the more positive of the two nodes, while for a n-
channel MOS device the source is the node at the lower vokage of the two nodes. For n-



channel and p-channel devices, the majority charge carriers are electrons and holes, 

respectively. 

1.2 MOSFET Regions of Operation 

Two distinct electric field distributions exist in the MOSFET stmcture that lend to 

its regions of operation. These two fields are known as the transverse and lateral fields. 

The transverse field is caused by the potential difference between conductive gate and the 

substrate. This field supports the inversion layer where the channel is formed. The lateral 

field arises due to a non-zero potential between the source and the drain. It is the lateral 

field that allows or gives rise to the current flow in the device. There are three regions in 

which a MOSFET can operate. These regions are known as the cutoff region, linear 

region, and saturation region, which can be seen in Figure 1.2. The cutoff region refers to 

the device when it is off. This occurs when the gate to source voltage (VGS) is less than the 

threshold voltage. With VQS < VT, there is no inversion layer present under the surface of 

the gate. In the cutoff region no current flows even for VDS > 0, since there is no 

conductive channel between the source and the drain for VGS < Vj. The second region 

mentioned is the triode or linear region, which is where the transistor is active. With VGS 

> VT, a conductive channel forms under the surface which results in a non-zero transverse 

field. While the drain to source voltage (VDS) is equal to zero the drain current (ID) is zero 

since no lateral field is present. Although with VDS > 0, a transverse electric field is present 

and current will flow. The final region of operation mentioned was saturation. The point at 

which the inversion layer density becomes essentially zero at the drain end is termed pinch 



off. The onset of saturation occurs at pinch off and the value of VDS at pinch off is denoted 

VDS,sat- Once pinch off is reached, an increase in VDS will not result in an increase in drain 

current. Figure 1.2 is a representation of the characteristic curves for a MOSFET. 
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Figure 1.2. MOSFET ID-VDS Characteristic Curves^ 

Thus far, a single NMOS and/or PMOS transistor has been discussed. It is the use of both 

of the transistors together that lead to CMOS (Complementary Metal-Oxide 

Semiconductor) technology. 

1.3 CMOS Technology 

In CMOS technology, both N-type and P-type transistors are used to realize logic 

functions. Today, CMOS technology is the dominant semiconductor technology for 

microprocessors, memories and application specific integrated circuits (ASICs). The main 

advantage of CMOS over NMOS and bipolar technology is the much smaller power 



dissipation. Unlike NMOS or bipolar circuits, a CMOS circuit has almost no static power 

dissipation. Power is only dissipated in case the circuit actually switches. This allows many 

more CMOS gates to be integrated on an IC than in NMOS or bipolar technology, resulting 

in much better performance. With some chips containing millions of transistors, the ability 

to manufacture smaller devices with better performance is cmcial. Furthermore, CMOS 

circuits have proven to have lower fabrication cost. A typical CMOS example is an 

inverter. Inverters are frequently used to monitor process control test circuits and to predict 

the final test performance of MOS devices. 

1.4 Purpose of Thesis 

Some of the parameters of a MOS transistor vary with the process. These 

variations can affect the performance of complex ICs. Of particular concem is the 

frequency of operation of a complex IC. The frequency is primarily controlled by delays in 

various gates, which is frequently tied back to basic transistor performance. In this thesis, a 

ring oscillator is modeled and its variations in frequency are correlated to parametric 

process parameters. The ring oscillator incorporates actual transistor values, or a close 

representation of actual values, to simulate final test frequency. The simulation results are 

statistically analyzed to determine how the principle components affect the variations in 

frequency. The goal of this thesis is to develop a technique or procedure that can be used 

to determine the effect process parameters have on the performance of integrated circuits. 



Chapter 2 provides some background into semiconductor modeling and 

performance prediction methods. In addition, it gives a more in depth look at ring 

oscillator performance. 

Chapter 3 details the steps taken to develop a more accurate model and the 

statistical methods used to determine the principle components. 

Chapter 4 is dedicated to showing the results of the simulation and explaining them. 

The relationship between the variations in the ring oscillator frequency and the defining 

process parameters will be discussed. Chapter 5 provides conclusions and some future 

directions for the work. 



CHAPTER 2 

BACKGROUND IN SEMICONDUCTOR MODELING 

AND SIMULATION 

Modeling has become an important part of the semiconductor world that can allow 

manufacturers to predict and obtain cmcial data prior to final test. With today's ever-

increasing complexity of designs, the manufacturers ability to predict and correct process 

inaccuracies is cmcial. The ability to generate and use models allows manufacturers to 

visualize process flaws and, in retum, increase yields [4]. A popular test circuit stmcture 

that is used to predict final test performance is the ring oscillator. A ring oscillator is a 

chain of inverters that is used to measure delay time in digital circuits. Ring oscillators not 

only measure frequency, they characterize process parameters that can be collected early on 

in the fabrication process. The ability to characterize process parameters as early as 

possible can help predict final test performance and detect possible flaws in the fabrication 

process before additional fimds are spent [5]. 

2.1 The Ring Oscillator Model 

The ring oscillator model is an odd number off inverters placed in series. The 

output of the last inverter is fed back to the input of the first inverter allowing the circuit to 

oscillate. A simple three stage inverter is shown in Figure 2.1. When a digital ' 1' is 

applied to the input it travels through the circuit and is a digital '0 ' at the output. This 

digital zero is then fed back to the input and the sequence starts over again. 

7 



The inverters are made up of two complementary MOS transistors, an NMOS and a 

PMOS. Looking at the ring oscillator at the transistor level gives a better understanding of 

Pulse In ^ - ^ ^ ^ ^ ^ ^ - ^ Oscillation Out 

Figure 2.1. Three-stage ring oscillator 

how it works. As mentioned a ring oscillator is made up of an NMOS and PMOS in an 

inverter configuration. When a digital '0 ' is applied to the input, the PMOS transistor it is 

tumed on and the NMOS transistor is tumed off producing a digital ' 1' on the output. 

Since the PMOS is tied high, the input at the second stage is a digital ' 1'. This digital ' 1' 

at the input of the second stage tums off the PMOS transistor and tums on the NMOS 

transistor, therefore producing a digital'O' at the input of the third stage. It is due to this 

type of operation that the ring oscillator requires an odd number off inverters to achieve 

oscillation. A three-stage ring oscillator at the transistor level is shown in Figure 2.2. With 

the continued demand for higher speed operation of semiconductor devices, the 

measurement of gate delay and interconnect delay has become more important than ever. 

These two parameters play key roles in determining the ultimate speed of an IC device. It 

is known that the gate delay time can be evaluated by measuring the oscillation frequency 

of a ring oscillator test stmcture. The objective of measuring a ring oscillator's frequency 

is to obtain the gate delay time [2]. 



Figure 2.2. Transistor-level three-stage ring oscillator^ 

This can be calculated from the following equation 

tpLH+tpHL=l/(2n+l)*freq (2.1) 

where tpLH is the gate delay time for the output to change from low to high and tpHL is the 

gate delay time for the output to change from high to low. The number of stages or 

inverters is denoted by n and freq is the oscillation frequency. Inversely, the time for a 

signal to be processed by an inverter can be estimated by the rise and fall times from a 

simple, fundamental model of the transistor. 

4C 

g mp 

(s) (2.2) 

K DD 

AC 
Tp = 

Sr 

(s) (2.3) 

V DD 

Where C is the load capacitance for the inverter, which includes the gate capacitance of 

both the n-channel and p-channel transistors and any external capacitance. In this case, g„ip, 



and gmn are equal to the mobility of the carriers (electrons or holes) times Cox for the p-

channel and n-channel transistors respectively. Cox is equal to the permativity of silicon 

dioxide divided by the thickness of the oxide, which makes Cox actually capacitance per 

unit area. W denotes the width of the gate, and L denotes length of the gate. The supply 

voltage is denoted by VDD- Using the rise and fall times the oscillation frequency can be 

estimated by 

^osc=— r (Hz) (2.4) 

where Â  is the number of inverters. Equations 2.2 - 2.4 show that five main elements 

determine the performance of a ring oscillator. 

2.2 Modeling and Simulation 

With the ever increasing complexity of devices, the semiconductor industry has 

tumed to modeling and simulation. One of the elemental prerequisites for simulation is a 

model. A model of a system is a representation of its behavior in a form which the 

simulator can understand and process. Model fidelity is how close the model is to the 

actual system being designed, and model accuracy is how close the representation of the 

model is to an ideal system. Depending on the model used and information available, the 

number of parameters used in the analysis of a device can be quite cumbersome. Although 

a more complex model can be cumbersome to analyze, it can also give a more accurate 

result by taking into account a more comprehensive list of actual parameters. Attempting 

to draw conclusions from such large amounts of data can prove to be difficult, especially 
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when trying to relate process parameters to device performance. Large amounts of data can 

be statistically analyzed to reduce the set of variables. Reducing the set of variables can 

allow an analysis of the most important components. Statistically this is done by principle 

component analysis (PCA), a further explanation of PCA is discussed in Chapter IV. 

Modeling and simulation, as it deals with MOSFET transistors, is discussed below. 

2.3 Modeling and Simulation of Transistors 

Advances in computer technology have also increased the applicability of circuit 

simulation. Knowledge of the behavior of electrical circuits requires the simultaneous 

solution of a number of equations. SPICE, in its different versions, has been the main 

computer-aided analysis program used in analog design for over twenty years [4]. Today's 

SPICE is synonymous with computer-aided simulation, and will continue to be the main 

electrical simulator because it solves the fundamental equations of an electrical system [4]. 

2.3.1 SPICE 

SPICE (Program with Integrated Circuit Emphasis) is the result of the work of a 

number of talented graduate students in the department of Electrical Engineering and 

Computer Science at the University of Califomia at Berkeley under government contract. 

SPICE is a general purpose circuit simulation program for nonlinear DC, nonlinear 

transient, and linear AC analysis. Circuits can contain resistors, capacitors, inductors, 

mutual inductors, independent voltage and current sources, dependent voltage and current 

sources, transmission lines, and the most common semiconductor devices, diodes, bipolar 
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junction transistors (BJTs), junction field effect transistors (JFETs), metal-oxide-

semiconductor field effect transistors (MOSFETs), and metal semiconductor FET's 

(MESFETs). SPICE has the ability to perform several different types of analysis. 

The DC analysis part of the program computes the bias point of the circuit in a 

manner where all AC parts are eliminated. For example capacitors are disconnected and 

inductors are short circuited. SPICE uses iterations to solve the nonhnear network 

equations. Nonlinearities are due mainly to the nonlinear current-voltage relationship of 

semiconductor devices. 

The AC analysis mode computes the complex values of the node voltages of a 

linear circuit as a function of the frequency of a sinusoidal signal applied at the input. For 

nonlinear circuits, such as transistor circuits, this type of analysis requires the small signal 

assumption; that is, the amplitude of the excitation sources are assumed to be small 

compared to the thermal voltage [4]. 

The transient analysis is done by assuming the large signal assumption; that is, there 

is no restriction on the amplitude of the input signal. With this assumption the nonlinear 

characteristics of semiconductor devices are taken into account. Transient analysis mode 

computes the voltage waveforms at each node of the circuit as a function of time. 

2.3.2 Monte Carlo Analysis 

Once a circuit has been designed and simulated, and the predicted performance is 

acceptable, then the question of how the circuit will work when built with real components, 

that are not the exact value used in the simulation arises. Monte Carlo techniques can be 
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applied to this problem. Classic circuit simulation does not include effects of component 

variations. Component values can be changed and the circuit resimulated. Exploring the 

entire range of possible changes in performance is virtually impossible, even for modest 

circuits. SPICE overcomes this limitation, and can take the guess work out of using circuit 

simulation to provide insight into production realities, by combining Monte Carlo methods 

with circuit simulation [6]. SPICE Monte Carlo Analysis uses original (nominal) 

parameter values to calculate results for each specification's first Monte Carlo mn. For the 

next and subsequent Monte Carlo mns. Advanced Analysis uses distribution ftinctions to 

randomly pick new parameter values within the manufacturer's tolerance. To handle these 

situations, two types of parameter variations are allowed: device variations (individual) and 

lot variations (as a group). Either of these two can be used, depending on specific needs. 

The variations are defined by some percentage. The device tolerances are used for 

variations in component values. Each variation of one component does not affect that of 

another component. The lot tolerances assume the same variations for all components 

having the same .Model statement; that is, devices with the same .Model statement will 

vary together by the same amount. Tolerance analysis is performed for two main reasons. 

Complex systems are designed with specific requirements, and an error in the fabrication 

process is not easily corrected. Therefore it is a good idea to simulate the system with 

fabrication tolerance to see if the design will meet the design requirements. The other 

reason is that mass production of components is desirable to reduce the price of the 

fabrication process. A component's price is, generally, inversely proportional to its 

tolerance, therefore components with a broad tolerance range are desirable [5]. When 
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integral Monte Carlo methods are applied to problems like circuit simulation, the purely 

random selection of values for parameters is inefficient. Instead, an importance-sampling 

procedure is employed to use knowledge of the probability distribution to, in effect, focus 

calculation effort on the "important" ranges of the parameter [6]. The random value 

generator is controlled by the probability distribution of the parameter instead of using an 

unbiased distribution over the entire range of possible values. In other words, the computer 

generated values are random, but statistically the same as actual measurements. This is 

done for every varying parameter the user wants to specify, by defining parameters with a 

device or lot tolerance. The Monte Carlo method provides for the probability distribution 

of the simulated results to be statistically the same as actual measurements of a real circuit 

[6]. There are three commonly used probability distribution functions. 

Uniform distributions have all values, between a minimum and maximum value, 

occurring with equal likelihood. This is the most commonly used probability distribution 

because so little needs to be known about the variable. Also, this distribution may be an 

appropriate choice for electronic devices that have been sorted by value, so that the device 

values are known within a certain range. 

Normal distribution or Gaussian distributions are useflil for describing the 

variability in natural phenomena, where an unlimited number of underlying processes may 

be at work to create the measured variable. This probability distribution is particularly 

usefril since it represents the natural result of large random systems. SPICE is 

preprogrammed to provide this distribution over a range of ± 3 standard deviations about 

the mean value which accounts for 99.72 percent of the full distribution [6]. 
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A triangle distribution is the third commonly used distribution that describes 

situations where the minimum, maximum, and most likely values are known, and the 

values near the minimum and maximum are less likely to occur. 
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CHAPTER 3 

MODEL DEVELOPMENT AND ANALYSIS 

As mentioned, a model is a representation of a system and its behavior in a form 

that the simulator can understand. A simple model that is frequently used to build various 

systems is the transistor. While some transistor models are relatively simple the 

complexity of each transistor depends on the type and level of the model. Different levels 

vary from a basic MOSFET model suitable for preliminary analysis to advanced models 

addressing the challenges of Very Large-Scale Integrated (VLSI) circuit design in 

advanced submicron and sub-half-micron technologies. For this simulation a more 

complex model was choosen to give a more accurate behavior of real transistors. 

3.1 Ring Oscillator Model Development 

All ring oscillators work on the concept of negative feedback which was discussed 

in section 2.1. In this case, a three stage ring oscillator was used, using three cascaded 

CMOS inverters. The actual circuit is shown in Figure 3.1. For the ring oscillator to 

oscillate there needs to be some kind of trigger to initially start the circuit. V2 in the circuit 

provides a way to trigger the circuit. The voltage source triggers the circuit and then tums 

off The voltage source is set in time intervals, that is time one denoted Tl, time two is 

denoted as T2 and so on. Tl is set up for 0.1ns at OV, T2 is set for 0.2ns at 5V, T3 is set for 

0.3ns at 5V, and T4 is set for 0.4ns at OV. This configuration allow s the voltage source to 

tum on and apply a positive voltage greater than the threshold voltage (\^TO) The \ alue 
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of the gate-to-source vokage VGS needed to cause surface inversion (to create the 

conducting channel) is called the threshold voltage. Any gate-to-source voltage smaller 

Figure 3.1. Ring oscillator design used for simulation 

than VTQ is not sufficient to establish an inversion layer; thus the MOSFET cannot conduct 

current between its source and drain terminal unless VGS > VTO- For gate-to-source 

voltages larger than the threshold voltage, on the other hand, a large number of minority 

carriers are attracted to the surface, which ultimately contributes to channel current 

conduction. Once the ring oscillator has been triggered, it will oscillate indefinitely, or 

until the mn time is up. Within the simulation settings there is a mn time value to be 

chosen, the SPICE command is TSTOP, for stop time. The amount of time given for the 

circuit to oscillate was 5us. Using a longer mn time allowed for a more accurate reading of 

the Fourier Analysis, which will be discussed in greater detail in Chapter 4. 
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The circuit was buih with three N-channel transistors denoted as Ml, M2, and M3. 

There are also three P-channel transistors denoted as M4, M5, and M6 in Figure 3.1. The 

transistors models were developed by the University of Califomia at Berkeley in July 1993 

[8]. The BSIM3 (Berkeley Short channel Isolated gate field effect transistor Model) is a 

public model and is intended to simulate analogue and digital circuits, which consist of 

deep submicron MOS devices down to channel lengths of 0.15 micron. BSIM3 is a 

physical model that takes into account the effects of device geometry and process 

parameters. Dependencies on important dimensional and processing parameters such as 

channel length (L), channel width (W), gate oxide thickness (Tox), junction depth (Xj), 

substrate doping concentration (Nsub(x,y)), LDD stmctures, etc., are built-in. It allows 

users to accurately model MOSFET behaviors over a wide range of existing technologies 

or predict MOSFET behavior for fiiture technologies. Short-channel effects and high field 

effects such as threshold voltage reduction, non-uniform doping effect, mobility reduction 

due to vertical field, carrier velocity saturation, channel-length modulation (CLM), drain-

induced barrier lowering (DIBL), substrate current induced body effect (SCBE), 

subthreshold conduction, parasitic resistance effect and the LDD effect, are properly 

included [8]. Meticulous care has been taken to retain the physical basis of the model 

while improving model accuracy and computational efficiency. BSIM3 is compact, and 

computational inefficient functions are avoided or simplified whenever possible. The 

present version of BSIM3 has 33 parameters for I-V. Each parameter's effect on the output 

characteristic can be predicted. This feature of BSIM3 makes a statistical study of the 

device fabrication process possible [8]. External capacitors were added to the circuit. All 
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though putting in artificial elements removes the dependence on process parameters to 

some extent, this is an example of a process or procedure to see how things vary through 

simulation. The capacitors size affects their charge and discharge times. The capacitors 

can be seen in Figure 3.1, they are denoted as C4, C5, and C6. A . l pico farad (pF) 

capacitor was used for simulation, however a smaller size capacitor would allow for faster 

oscillation. The capacitors used produced an oscillating frequency around 32 MHz where a 

capacitor on the order of .01 pF would produce an oscillating frequency about ten times 

greater. This extemal capacitance is much larger than the input gate capacitance for both 

the n and p channel devices which is on the order of femtofarads. Since these capacitances 

are all effectively in parallel, the extemal capacitance swamps out the effect of the gate 

capacitance. 

3.2 Principal Component Analysis (PCA) 

A principal component analysis is concemed with explaining the variance-

covariance stmcture of a set of variables through a few linear combinations of these 

variables. Principal Component Analysis (PCA) is generally used for data reduction and 

interpretation. Even though p components are required to reproduce the total system 

variability, often a significant amount of this variability can be explained by a small 

number of those components. A reduced set k, known as the principal components, can 

sufficiently explain the system. If so, there is almost as much information in the k 

components as there is in the original data set containing p variables. The k principal 
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components can then replace the original/? variables, consisting of n measurements onp 

variables, with a reduced data set containing n measurements on k principle components. 

The first principal component is the combination of variables that explains the 

greatest amount of variation. The second principal component defines the next largest 

amount of variation and is independent to the first principal component. Successive 

principal components describe decreasing proportions of the variance and are independent 

of all other principal components. There can be as many principal components as there are 

variables. 

The statistical method of PCA suggests a "worst case" model by transforming a set 

of correlated parameters into linear combinations of uncorrelated components [9]. Suppose 

there exists some random variables Xi, X2, and X3. The degree of association between 

these variables is defined by the correlation matrix and is denoted by p. The correlation 

matrix exist as 

1 P 

P 1 

P P 

P 

P (3.1) 

The correlation values denoted by p are calculated by Eqn. 3.2. 

P 
xy 

^j^xx^ yy 

(3.2) 

The components that make up Eqn. 3.2 are listed below in Eqns. 3.3 -3.5. 

n 
(3.3) 
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s„ = ̂ y' - C^yy 
n 

(3.4) 

' ^ . v = ^ -
(Zx)(Z>;) 

n 
(3.5) 

IS 

can 

The summation of all the x terms is denoted by S x and the summation of all the y terms 

denoted by Zy. The number of terms is denoted as n. Then the correlation matrix (p) 

be solved for the eigenvalues %; and their corresponding eigenvectors Cj = {eu, 612, .... e,>,) 

which form the matrices in Eqn. 3.6. 

A = 

A, 

A. 

E 

^11 

^12 

^U 

^21 

^22 

^2n 

•n\ 

'nl (3.6) 

Once the eigenvalues and eigenvectors are found, the parameter set can be defined in terms 

of the principal components such that Eqn. 3.7 defines the principal components [10]. 

Yi = e,X 

Y2 = e2X (3.7) 

Y3 = esX 

At this point in the PCA procedure, the next task would be to determine those principal 

components that account for the most variance within the original data set. Each principal 

component >'i,>̂ 2, •••,yn is found to have maximum variance of all possible linear functions 

which are statistically uncorrelated to the ones preceding it. Therefore, by examining the 

eigenvalues (variances) of the matrix A, the principal components can be found in 

descending order such that the first accounts for the most variance within the original 

correlated data set. The proportion of total variance accounted for by the first principal 
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component is X-i/(X,i+ +Xn) [10]. Further, the first two principal components account for 

a combined proportion ({X\+X2)/Q^\+ +'K\)) of the population variance. When the 

percentage of total variance is relatively high (say 90%) then the original data can be 

explained with the reduced set of variables with little loss of information. 
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CHAPTER 4 

RESULTS OF PROCESS MODEL DEVELOPMENT 

AND CIRCUIT SEVIULATION 

The following pages contain resuhs of ring oscillator simulation and the techniques 

used to evaluate the resuhs. All simulations were performed with Pspice using a BSIM3 

transistor model. Simulations were mn with a VDD = 2.5V and temperature was set at 27 

degrees C. The general simulation profile, Monte Carlo Analysis, and the random number 

generator will be discussed. The technique discussed can be applied in many cases and the 

specific data represented is simply an example of what can be done. 

4.1 General Simulation Profile 

To verify the circuit design an initial simulation was mn without including the 

Monte Carlo technique. Once the circuit was designed, which can be seen in Figure 3.1, 

the circuit simulation profile was set up. The simulation settings are shown in Figure 4.1. 

Under the analysis tab, time domain was chosen for the analysis type, which was discussed 

in section 2.3.1. Under the analysis tab, the mn time was also set for 200ns. For initial 

circuit performance verification, this mn time was long enough, although when the Monte 

Carlo technique is implemented a longer mn time was used. The maximum step size tells 

the program what the maximum time between readings can be. If the step time is to large 

then the sinusoidal wave can be clipped or distorted at the peaks of the waveform. A 25ps 

step time was set up to produce a smooth sinusoidal waveform. The initial verification for 
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Figure 4.1. Initial Simulation Settings 

a single mn can be seen in Figure 4.2 below. 
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Figure 4.2. Simulation Verification With Single Run 
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4.2 Monte Carlo Analysis and Random Number Generator 

The Monte Cario analysis varies the lot or device tolerances of devices between 

multiple mns of an analysis. The simulation profile for a Monte Cario is set up under the 

simulation settings profile. All the general settings shown in Figure 4.1 remain the same 

expect for the mn time. For the Monte Cario analysis, the mn time was adjusted to 5us. 

This allowed for better precision when the FFT was performed. With the general setting 

adjusted, the Monte Cario analysis was set up next. The Monte Carlo simulation profile 

window is shown in Figure 4.3. The Monte Cario option was selected and the output 

variable was set up as V[M6:d] which is represented by a vokage marker in Figure 3.1. 

Also within the Monte Cario analysis window the Monte Carlo options are defined. The 

number of mns defines the number of iterations the circuit is to perform. Thirty-one mns 
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Figure 4.3. Monte Carlo Simulation Profile 

were selected because to be statistically valid a minimum of thirty mns is required. Thirty-

one mns was used in case normalized data was needed. The random number generator is 
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specified by selecting a uniform or gaussian distribution and selecting a random seed 

number. A uniform distribution was selected to have all values, between a minimum and 

maximum value, occurring with equal likelihood. The seed is used to initializes the 

random number generator. A number between 1 and 32,767 can be used, and 927 was 

chosen arbitrarily for simulation. 

Before mnning the analysis the device and/or lot tolerances must be set up. In this 

case four parameters were chosen to vary by lot. The parameters to be varied by lot were 

thickness of the oxide (Tox), length (L), width (W), and doping concentration (NPEAK). 

These four parameters were chosen for a couple of reasons: they are controlled process 

parameters and they were easily identified and manipulated within the model used. While 

three of the four parameters were varied randomly with respect to parameter value and 

device type, the oxide thickness was varied randomly with respect to parameter value but 

the parameter values coincided with respect to device type. That is each Monte Carlo mn 

produced the same random number for both n-channel and p-channel transistors. To have 

oxide thickness coincide with each transistor type, the lot tolerance was set up. Device and 

lot tolerances are set up by defining dev or lot equal to some percentage after the parameter 

name and value in the model. To vary the lot tolerance, the same for both n-type and p-

type transistors the lot tolerance was set up by defining lot/1 = 10%. This allows the 

parameter value to change randomly but coincide with n-channel and p-channel transistors 

for each Monte Carlo mn. The model used can be seen in the Appendix. Worst case 

analysis is different from the Monte Carlo analysis in that it computes the parameters using 

the sensitivity data rather than a random number generator. The Monte Carlo analysis 
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computes the circuit's response to changes in component values by randomly varying all of 

the device model parameters for which a tolerance is specified. As mentioned in section 

2.3.2, SPICE is programmed to provide a distribution which accounts for 99.72 percent of 

the fiill distribution [6]. For this analysis an 86.8 - 97.6 percent of full distribution was 

calculated. The program generates numbers that are random, but as a set, they are 

statistically the same as actual measurements. Figure 4.4 shows the random distribution of 

oxide thickness for both N-channel and P-channel transistors. 

Tox N & Tox P 

6.400E-09 

6.200E-09 

6.000E-09 

^ 5.800E-09 

•^ 5.600E-09 

X 5.400E-09 
o 

•" 5.200E-09 

5.000E-09 

4.800E-09 1̂ 

4.600E-09 

nTox_N & Tox P 

Monte Carlo Run 

Figure 4.4. Graphical View of Oxide Thickness Distribution 

4.3 Circuit Oscillation and FFT Analysis 

Process models are used for three main purposes: prediction, calibration, and 

optimization. The goal of prediction is to determine fiature values of the response variable, 

frequency in this case, that are associated with a specific combination of predictor 

variables. For this case, there were 202 predictor variables that were associated with both 
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the transistor models, that is, there were 101 predictor variables for the N-type transistor 

and 101 predictor variables for the P-type transistor, which are listed in Appendix A. 

While the predictor variables for each type of transistor are the same, the response to 

oscillation or frequency may not only depend on the predictor variable but also the type of 

transistor. That is, to insure that a predictor variable is associated with one or both of the 

transistor types. The Monte Carlo analysis was done by giving a tolerance interval to four 

predictor variables for each type of transistor. The length, width, thickness of the oxide, 

and doping concentration were varied by 10% giving a specified percentage for all ftiture 

measurements. An example of the Pspice output when all parameters were varied is shown 

in Figure 4.5. The Monte Carlo analysis was set up to simulate 31 mns. Each of the 31 

n C- A fl + X A 

s o n s 
. . u ( Mfi : fl > 

Figure 4.5. Pspice Ring Oscillator Output in Time Domain 

mns is represented in the output by an individual line and color. The average simulated 

frequency was 32.3 MHz. As mentioned in section 3.1 the capacitors used produced an 

oscillating frequency around 32 MHz where a capacitor on the order of .01 pF would 

produce an oscillating frequency about ten times greater, hi order to detemiine frequenc> 

28 



components from the sinusoidal output a Fast Fourier Transform (FFT) was used. A signal 

can be viewed from the time domain or the frequency domain. The Fourier transform 

operates on continuous functions, that is, fimctions which are defined for all values of time. 

Built into Pspice is an FFT option, which allows the determination of the frequency 

components of a signal. The frequency domain representation is shown in Figure 4.6. The 

frequency values for each mn are represented by individual lines and colors that correspond 

cs.'JiWi ao.BHHz 3^.i:my. 31.6HH/ 32.\m\z 32.nmi 2z,amt. n.2mz aa.ftrm; 
u --' a o • 

Figure 4.6. Pspice Output Transformed Into the Frequency Domain 

to the time domain represented in Figure 4.5. Frequencies were read using the probe cursor 

and tracing each mn separately. The frequency ranges between 30.9 MHz to 33.6 MHz. 

4.4 Statistical Data Interpretation 

As mentioned in section 3.1, the models used were BSIM3, which are intended to 

simulate analogue and digital circuits for deep submicron MOS devices down to channel 

lengths of 0.15 micron. BSIM3 is a physical model that takes into account the effects of 

device geometry and process parameters. The process parameters are listed in Table 4.1. 

Dependencies on important dimensional and processing parameters such as the ones listed 
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in Table 4.1 are built-in. These parameters allow users to accurately model MOSFET 

behaviors over a wide range of existing technologies or predict MOSFET behavior for 

future technologies. 

Table 4.1. Design-level process parameters 

SPICE Parameter Name 

L,W 

XJ 

TOX 
PHI 

Gamma 1 
Gamma 2 

XT 
RSH 

NPEAK 

Parameter Description 

Designed gate length and width 

Junction depth 

Gate oxide thickness 
Surface potential 

Body-effect near interface 
Body-effect away from interface 

Doping depth 
Sheet resistance 

Doping concentration 

The process parameters only account for about ten percent of the total number of 

parameters in each model (n-type and p-type). But it is the process parameters that can be 

controlled during the fabrication process. Therefore a few of the parameters listed in Table 

4.1 were selected for statistical analysis. The gate length, gate width, thickness of the 

oxide, and doping concentration were chosen. These variables were used in conjuction 

with a simulation technique know as a Monte Cario analysis. The Monte Carlo analysis 

was discussed in section 2.3.2 and the results were discussed in section 4.3. Using the 

simulated data, the S AS procedure, princomp was run. S AS has a built-in principal 

component procedure which can be used once the data is read into SAS. The principal 

component procedure is accessed though the tool bar as shown in Figure 4.7. The \ariables 

read into SAS were length, width, oxide thickness, and doping concentration for both n-

type and p-type transistors. The variables were identified with an _N or an _P after the 

variable name. Once the data has been read in and the PCA analysis has been selected the 
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Figure 4.7. Accessing PCA In SAS 

pricicple componet option box appears. Within the principle component dialog box the 

\ ariable to be statistically analyzed is chosen. The PC dialog box can be seen in Figure 4.8. 
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C Fl 
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far t i .1 1 1 

Statistics 
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Variables 

OK 

Cancel 
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Save Options 

Help 

Save Data | 

Figure 4.8. Principal Component Variable Selection 

The variable C_F1 is included because the data was read in from an excel file 

where the column C_F1 represented the Monte Cario mn and freq represented the 

frequencies that corresponded with each monte cario run. Selecting the statistics option 

within the principal component dialog box allows the user to select a correlation or 

covariance matrix and determine the number of principal components to calculate. The 

statistical options box can be seen in Figure 4.9. Eight principal components were chosen. 
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Figure 4.9. PCA Options Dialog Box 

The calculated correlation matrix for the chosen process parameters is shown in 

Table 4.2. Table 4.2 shows the calculated correlations of elements with each other. \'alues 

near one indicate that a pair of parameters in the data set are behaving nearly identically. 

That is, they both increase or decrease the same way when ploUed. Conversely, a value 

near -1 indicates that a pair of parameters are behaving in opposite manners, that is one 

increases while the other decreases. A value of near zero indicates that v\ hen two 

parameters are plotted they are behaving independently from one another. Table 4.2 shows 

that Tox_P and Tox_N behave identically with respect to each other. This is true due to the 

fact that during the Monte Carlo simulation these two parameters w ere setup to change 

with respect to one another within the ±10% range. The correlation matrix is also used to 

Table 4.2. Sample correlation matrix for chosen process parameters 

L_N 

W N 

Tox N 

NPEAK N 

L P 

W P 

Tox P 

NPEAK_P 

L_N 

1.0000 

W_N 

.2528 

1.0000 

Tox_N 

.0522 

-.0946 

1.0000 

NPEAK_N 

-.2368 

-.0326 

.1423 

1.0000 

L_P 

-.0349 

-.0927 

-.2433 

-.2547 

1.000 

\V'_P 

.0888 

.2312 

.0286 

-.0102 

-3852 

1.0000 

Tox P 

.0522 

-.0946 

l.OoOO 

.1423 

2433 

(1286 

1.0000 

NPLAK P 

,1218 

11437 

.0983 
0^67 

.0191 

-.1473 

0')S3 

l.OtHK) 

M 



determine if some parameters have high degree of intercorrelation, m essence producmg 

redundant information. However, the correlation matrix in Table 4.2 shows a lack of 

intercorrelation. 

However, the main goal is to determine the factor(s) that has the most effect on 

output performance (frequency) of ICs. In order to determine the factor(s) that has the 

most effect on the output performance of an IC the eigenvectors from the principal 

component procedure were determined. The eigenvectors for each parameter are listed in 

Table 4.3. The first principal component is the combination of variables that explains the 

greatest amount of variation. Successive principal components describe decreasing 

proportions and are independent of all other principle components. Therefore, it is those 

variables that correlate highly with the first two or three eigenvectors (principal 

components) that have the greatest variability in the data set. There can be as many 

principal components as there are variables. 

Table 4.3. Principal components for selected process parameters 

L_N 

W_N 

Tox_N 

NPEAK_N 

L_P 
W_P 

T o x P 

NPEAK_P 

Prinl 

.0281 

-.0561 

.6369 

.2219 

-.3342 

.1134 

.6369 

.1034 

Prin2 

.3437 

.5368 

-.1111 

-.0900 

-.4002 

.6025 

.1111 

.1936 

Pnn3 

.6239 

.1684 

.1649 

-.5289 

.3289 

-.2050 

.1649 

.3128 

Prin4 

.1302 

.2035 

-.1777 

.4986 

-.1713 

.1141 

-.1777 

.7664 

Table 4.4 summarizes the output from the principal component analysis. To 

evaluate the importance of each of the principal components, the amount of variation that is 

explained by each factor must be examined. To do this, the eigenvalues presented in Tabic 
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4.4 must be inspected. That is, the larger the eigenvalue, the larger the amount of variation 

is explained. Therefore, the percent explained or proportion explained is calculated by 

dividing the eigenvalue of the respective factor by the sum of all the factors or the number 

Table 4.4. Summarized data from PCA 

1 

2 

3 
4 

5 
6 
7 

8 

Eigenvalue 

2.2089 

1.5508 
1.3100 
1.0310 
.7805 
.6227 

.4957 

.0000 

Difference 

.6580 

.2407 

.2790 

.2505 

.1577 

.1270 

.4957 
0 

Proportion 

.2761 

.1939 

.1638 

.1289 

.0976 

.0778 

.0620 

.0000 

Cumulative 

.2761 

.4700 

.6337 

.7626 

.8602 

.9380 
1.000 
1.000 

of principal components. The sum of all eigenvalues is equal to the number of principal 

components. Figure 4.10 shows a graphical version of the cumulative percent variance of 

the calculated eigenvalue matrix. The first six principal components are shown to account 

for roughly 90% of the variance in the original data set. Although, 90%) of the variance can 

be accounted for with only six of the original eight variables, the goal here is to determine 

if there is any one component(s) that stands out significantly. The data provided in Table 

4.4 shows that no single variable stands out and accounts for the majority of the variance. 

It shows that the process parameters chosen contribute on a more even basis. 
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Figure 4.10. Cumulative % Variance for Principle Components 

Determining the number of components to retain or the particular significance of a 

factor is commonly done in two ways. The first method retains only factors with 

eigenvalues greater than one would be retained. Using this method, the first four factors 

would be retained. The second method looks at the ratio of the largest eigenvalue to the 

eigenvalue of the factor of interest. If the ratio is greater than 1000, then the amount of 

additional variation explained by the new factor is insignificant when compared to the 

remainder of the group. Using this method, all the factors would be retained. To detemiine 

which factors would be retained. Table 4.3 has to be evaluated horizontally and vertically. 

Table 4.4 shows that the first factor accounts for twenty-eight percent of the variation. 

Looking at Table 4.3, the component that accounts for the most variation would be oxide 

thickness. As mentioned, the first pnncipal component accounts for the greatest amount of 

variance and PCI correlates relatively strongly with oxide thickness. The second method 

mentioned, reiterates that the process parameters chosen contribute on a more even basis. 

As mentioned, the frequency values were recorded and compared with predictor 

vanable values. Figure 4.11 shows a strong negative correlation between frequency and 

35 



Tox. As mentioned in section 3.3 a value near -1 indicates that a pair of parameters are 

behaving in opposite manners, that is one increases while the other decreases. The graph 

uses normalized data and shows the relationship between Tox_N and frequency and is the 

same for Tox_P and frequency. The negative correlation value of-.9402 is depicted in the 

graph itself The Statistical Analysis Software (SAS) showed a correlation value of .9403 
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0.000 
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Figure 4.11. Correlation Graph of T o x N and Frequency 

between the two variables. The other six variables showed no strong correlation with 

respect to frequency. The very basic model mentioned in Chapter 2, predicts that the oxide 

thickness is directly related to the rise and fall times and, therefore, inversely related to 

frequency if the oxide thickness varies the same for both n and p chaimel devices. This 

example verifies that this is the case. Also, the oxide thickness is closely aligned with the 

first principal component. 
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CHAPTER 5 

CONCLUSIONS AND PLANS FOR FUTURE 

DEVELOPMENT 

In today's semiconductor industry, technology has taken integrated circuits to a 

very complex level. With these ever increasing designs, the need to evaluate the circuit's 

performance has become more important. Electronic circuit design requires accurate 

methods for evaluating circuit performance. Because of the enormous complexity of 

modem integrated circuits, computer-aided circuit analysis is essential and can provide 

information about circuit performance that can be other wise hard to obtain. This task is 

performed by computers for many reasons, the most important of which are accuracy and 

reliability. The proposed process model developed in previous chapters attempted to 

develop a method of statistically extracting in-line parameters having the most effect on 

transistor behavior from a generated set of data and relate those parameters variations to the 

frequency variations. 

5.1 Conclusions from Circuit Model 

A complete model that could be used for simulation was created and simulated. To 

gain insight to better performance characteristics, it was desirable to have the oxide 

thickness vary with respect to one another. This was easily done by defining lot tolerances 

which allowed for a successful circuit simulation using the Monte Carlo method. The 

values generated from the simulation were then used to statistically detemiine any principal 
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components. In the more general case, .^nations, the Indî  idual 

parameters can be related back to the V . . ^ 'uough a simnle linear 
M incipal conipoiients t< ""^" '^ s>impie linear 

relationship, as indicated previously. T|,,̂ ^ , , ^ , , , , , , , 3 , , , ,^^ ,,,nances of the pnncipal 

components and the square root of C !(f vanances is the .tandard deviation, sigma. 

Therefore, the variation of each parameter can be related to the principal components and 

3 sigma variation of that component, if desired. This would even allow for determining 

worse case effects (i.e. ± 3 sigma) by simulating the circuit with those parameter values. 

5.2 Plans for Future Process and Circuit Development 

As the complexity of semiconductor devices become more complex new models 

that will allow for a closer representation of the real circuit will also become available. 

Future development may include a more complex model that will allow for a better imd 

closer representation of the actual circuit. In order to analyze the output, a frequency 

reading must be examined. In this case a Fast Fourier Transform (FFT) was performed and 

read through manually interpreting the FFT waveform. Future development may also 

include a frequency analysis that is generated during the simulation process itself As 

mentioned in section 4.1 SPICE is preprogrammed to provide 99.72% of ftiU distribution. 

After analyzing the data, an 86.8 - 97.6%) of fiill distribution was seen, hicreasing the 

number of runs may help increase the percent of coverage seen for the Monte Cario 

analysis. One such model will help the semiconductor industry as feature sizes and designs 

become more complex, and the need for testing prior to final package assembly becomes 

more crucial. 
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APPENDIX 

PSpice Model Editor - Version 9.2 

.MODEL CMOSN NMOS 
-(-VERSION = 3 . 1 
LOT/1 = 10% 
-i-W = 0.3 6U LOT = 
*AS = 0.0625 AD 
-i-XJ 
+K1 
-I-K3B 
-t-DVTOW 
-i-DVTO 
+U0 

TNOM = 27 
LEVEL 
TOX 

10% L = 0.24U LOT = 10% 
= 0-0625 PS = 1.0 PD = 1.0 

2.250335E-11 
0.293378 
2.274131E-4 
120 
1 

= lE-7 
= 0.4371484 
= 0.9022233 
= 0 
= 0.7795534 
= 308.1323223 

18 
-l-UC 
+AGS 
-i-KETA 
-f-RDSW 
-l-WR 
+XW 
LOT=10% 
-l-DWB 
-i-CIT 
-i-CDSCB 
+DSUB 
-(-PDIBLC2 
-i-PSCBEl 
-i-DELTA 
-l-PRT 
+ KT1L 
-(-UBl 
-i-WL 
16 
+WWN 
+LLN 
-l-LWL 
-i-CGDO 
-t-CJ 
+CJSW 
-i-CF 
-I-PK2 

) 
* 

*$ 

.MODEL CMOSP PMOS ( 
-t-VERS ION = 3 . 1 
LOT/1=10% 
-i-W = 0.3 6U LOT = 10% L = 

= 0 

= 5 
= 0 
= 0 
= 0 
= 4 
= 7 
= 0 
= 0 
= 0 
= -7.61E-18 
= 0 

,413041E-9 

0501096 
454379E-3 
895498E10 
01 

1 
1 
0 
5 
1 
4 
0 
2 

2127 

94E-10 
73651E-3 
038179E-10 

492809E-3 

NCH 
K2 
WO 
DVTIW 
DVTl 
UA 

VSAT 
BO 
Al 
PRWG 
WINT 
DWG 

VOFF 
CDSC 
ETAO 
PCLM 
PDIBLCB 
PSCBE2 
RSH 
UTE 
KT2 
UCl 
WLN 

WWL 
LW 
CAPMOD 
CGSO 
PB 
PBSW 
PVTHO 
WKETA 

2 .3549E17 
7.604274E-3 
2 .737595E-7 
0 
0.5108955 
-1.136121E-9 

1.025072E5 
2 .469324E-8 
4 .105651E-4 
0.5 
3.064113E-9 
2.869144E-10 

-0. 1048489 
2.4E-4 
5.591466E-3 
1.6891013 
-0.1 
1.438726E-8 
4.1 
-1.5 
0.022 
-5.6E-11 
1 

94E-10 
99 
99 

-0.01 
-2.666304E-3 

VTHO 
K3 
NLX 
DVT2W 
DVT2 
UB 

AO 
Bl 
A2 
PRWB 
LINT 
NPEAK 

NFACTOR 
CDSCD 
ETAB 
PDIBLCl 
DROUT 
PVAG 
MOBMOD 
KTl 
UAl 
AT 
WW 

LL 
LWN 
XPART 
CGBO 
MJ 
MJSW 
PRDSW 
LKETA 

TNOM = 27 

LEVEL 
TOX 

= 7 
= 5.7E-9 

0.3867645 
lE-3 
1.688415E-7 
0 
-0.093403 
2.345732E-

1.4317798 
lE-7 

0.6480996 
-0.2 
1.087364E-8 
1.70E17 

1.2939903 
0 
1.083696E-3 
0.6302894 
0 .9312811 
0 
1 
-0.11 
4 .31E-9 
3 .3E4 
-1.22182E-

0 
1 
0.4 
lE-9 
0 .4558578 
0.3295356 
0 
-0.0220462 

7 
5.7E-9 

0.24U LOT = 10% 
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*AS = 0. 
-l-XJ 

-t-Kl 

-I-K3B 

-i-DVTOW 

-i-DVTO 

-l-UO 

-i-UC 

-l-AGS 

-l-KETA 

+RDSW 

+WR 

-i-XW 

LOT=10% 

-i-DWB 

-i-CIT 

-I-CDSCB 

+DSUB 

-I-PDIBLC2 

-i-PSCBEl 

+DELTA 

-I-PRT 
-I-KTIL 

-i-UBl 

-l-WL 

+WWN 

-l-LLN 

-l-LWL 

+CGDO 

-l-CJ 
-l-CJSW 

-l-CF 
-I-PK2 

3 ) 
* 

0625 AD = 0. 
= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 
^ 

^ 

^ 

= 
— 

= 

lE-7 
0.5682352 
7.7533083 
0 
2 .563266 

0625 

140.9289521 
-8.91515E-
0.1233926 
0.0178581 
1.135774E3 
1 
0 

2 . 07146E-8 
0 
0 
0.5321161 
3 .50679E-3 

11 

2 .954203E10 
0.01 
0 
0 
-7.61E-18 
0 
1 
1 
0 
6.86E-10 
1.902912E-
3.528079E-
0 
2.594623E-

3 
10 

•3 

PS = l.C 
NCH 
K2 
WO 
DVTlW 
DVTl 
UA 
VSAT 
BO 
Al 
PRWG 
WINT 
DWG 

VOFF 
CDSC 
ETAO 
PCLM 
PDIBLCB 
PSCBE2 
RSH 
UTE 
KT2 
UCl 
WLN 
WWL 
LW 
CAPMOD 
CGSO 
PB 
PBSW 
PVTHO 
WKETA 

) 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

PD = 1.0 
4.1589E17 
0.0153936 
lE-6 
0 
0.6405841 
2 .220478E-
2E5 
1.821486E-
4 .229708E-
0.0920205 
-6.201119E 
-1.988861E 

-0.1205224 
2.4E-4 
0.0800047 
1.2041469 
-lE-3 
5E-10 
3 .4 

-1.5 
0-022 

-5.6E-11 
1 
0 
0 
2 
6.86E-10 

0.99 
0.742351 
3.472969E-
5.417786E-

9 

6 
4 

-9 
-8 

3 
3 

VTHO 

K3 
NLX 

DVT2W 

DVT 2 

UB 
AO 
Bl 
A2 
PRWB 

LINT 
NPEAK 

NFACTOR 
CDSCD 

ETAB 
PDIBLCl 
DROUT 

PVAG 
MOBMOD 

KTl 
UAl 
AT 
WW 
LL 
LWN 
XPART 

CGBO 

MJ 
MJSW 
PRDSW 
LKETA 

= 

= 

= 

-0.5759177 

0 
lE-9 

= 0 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

-0.0948036 

-. lE-21 
0 .7577732 
5E-6 
0.7128931 
-0.3656425 
2 .708904E-8 
1.70E17 

1.1966741 
0 
-0.0761084 
0 
0.3910513 
1.9666661 
1 
-0.11 
4 .31E-9 
3 .3E4 
0 
0 
1 
0.4 
lE-9 
0.4685435 
0.3043641 
45.3499168 
-7. 101618E-
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