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TIME-VARIANT LINEAR TRANSISTOR MODEL 

~O BE USED IN SWITCHING CIRCUITS 

iv 

~e a1a of this thesis is to apply a time-variant linear large 

signal transistor model (15) to the Bipolar Junction Transistors 

(BJTs) and Vertical V-groove Metal Oxide Semiconductor Transistors 

(VVMOSTs),to analyse basic three transistor switching circuits by 

using this model,and to compare the results of analyses with the 

experimental results. 

The time-variant linear large-signal BJ'l' model includes the 

time-variant equivalent output resistance and capacitance and the 

D.C. voltage source "which represents the saturation voltage.ln this 

model the equivalent output capacitance is connected in parallel 

with the equivalent output resistance and the D.C. voltage source 

which are connected in series with one another. This model which is 

applied to the bipolar transistor is also used as the output side of 

the VVMOS transistor model beyond the saturation vo1tage.The input 

side of the VVMOS model includes only an input capacitance between 

the gate and the source.The related model parameters are determined 
I 

separately for the BJ'l's and VVMOS transistors. 

The equivalent output resistance and capacitance of the new BJT 

model are changed only in the transient regions as an exponential 

function. They are taken as a constant value in the other regions. 

In the VVMOS transistor model the equivalent output resistance 
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is considered as a function of input voltage in the resistive and 

pinch-off regions.For the turn-on de~ay and cut-off regions,the 

equivalent output resistance is taken as a constant value which is 

equal to the transistor maximum drain to source resistance. The 

equivalent output capacitance is considered as a function of the 

output voltage for all regions. 

The model related to the VVMOS transistors can also be used 

for the Vertical Double-diffused Metal Oxide Semiconductor (VDMOS) 

transistor. Useful formulas and necessary explanations for this purpose 

and the related model parameters are also considered as the subject 

of this thesi.S •. 

As an application, the analysis of three basic transistor 

switching circuits, switching circuits with resistive,resist1ve

inductive and resistive-inductive-capacitive loads,and the 

Complementary VDMOS (CVDMOS) inverter are done by using the·proposed 

models.The accuracy of the models is evaluated by a detailed 

comparison of simulated and measured switching characteristics on 

the experimental high-speed switching circuits. 

This new model which is applied to the~ansistor switching 

circuits can be considered as the best one which provides an optimum 

combinetion of accuracY,ease of parameter acquisition,simplicity, 

and less computational costs,so far. 



ANAHTARLAMA DEVRELERiNDE KULLANlLACAK ZAMANLA DEGi~EN LiNEER 

TRANZisTOR MODELLERi 

vi. 

Bn tezin gayesi. bipolar tranzistorlar iqin geli~tir1lm1~ modeli 

VVMOS tranzistorlara uygulamak,bu model yard~ 11e tranzistorlu 

tiq temel anahtarlama devresinin analizler1ni yapmak ve elde edilen 

analiz sonuqlar~n~ deneysel aonu~larla mukayese etmektir. 

Bipolar tranzistorun lineer zamanla de~en buyUk i~aret model1, 

zamanla deg1~en e~deger ~~~ direnq ve kapasitesi 1le doyma ger11i-

mini temsil eden bir dogru gerilim kaynag~ndan ol~ur.Bu modelde, 

e~deger q1k1~ kapas1tesi,seri olarak birb1rine baglanm~~ olan e~deger 

q~~ d1renc1 ve doyma ger1lim kayna~ 1le par.lel bag11 olarak 

dU~UnUlmu~tUr.B1polar tranzistor iqin gel~tirl1en bu model kollektor 

emetor doyma gerilim1 d~~~nda VVMOS tranzistor modelinin q1k2~ ~sm~ 

olarak da kullan~lm~~t~r.VVMOS tranziator modelinin giri~ k~am~ ise 

sadece tranzistorun kap~ ve kaynak terminalleri aras~ndaki giri~ 

kapasitesinden olu~mu~tur.ilg11i model parametneleri herbir tranzistor 

iqin ayr1ayr~ belirlenmi~tir. 

Bipolar tranzistorlar i~in geli~tirilen y~ modelin e~deger 

~~~ direnq ve kapasitesi sadece geqi~ bolgelerinde _tiatel fonksiyon 

- ~eklinde degi~tirilm:i.~ diger bolgelerde aabit olarak dU~UnUlmU~tUr. 

VVMOS tranzistor modelinde e~deger q~~ direnci direnqve 

geqi~ bolgelerinde giri~ geriliminin bir fonksiyonu olarak dU~Unul-

mU~tUr.Kesimde ise e~deger q~~ direnci maksimum tranz1stor savak-

kaynak direncine e~it olan sab1t bir deger olarak a11nm1~tJ.r.E~deger 
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v1k1~ kapasitesi ise tUm bolgelerde ~1k1~ geriliminin bir fonksiyonu 

olarak ifade edilmi~tir. 

VVKOS tranzistorlar i~in geli~tirilen model VDMOS tranzistor

lar~n modellenmesinde de kullan~labilir.Bunun i~in gerekli formUI ve 

a~~klamalar ile model parametrelerinin elde edilmesi bu tezin konu1ar1 

aras~ndad1r. 

Uygulama olarak tranzistorlu U~ temel anahtarlama devresi olan 

rezistif,rezistif-indUktif,rezistif-indUktif-kapasitif yUklU anahtar

lama devrelerinin ve CVDMOS eviricinin analizleri bu model yard1m1 

11e yap~Im1~t1r.Modelin dogrulugu,yuksek h1Z11 anahtarlama devreleri 

lizerinde ol~me~le ve teorik olarak da bllgisayar ~a11~mas1 sonueu 

elde edilen anahtarlama karekteristiklerinin teferruat11 bir mukaye

sesi 11e incelenm1~tir. 

Tranz:l.storlu anahtarlama devrelerinin ~al1~mas1nl. a~~klamak ve 

gostermek i~in geli~tirilen bu model ~imdiye kadar yap1lan modeller 

i~inde basitlik,dogruluk,parametre verBe kolayll.gl. ve devre analiz

lerinde daha az bilgisayar zamanl. gerektirmesi gibi hususlar1n en 

iyi birle~imini saglayan bir model olarak du~un~~bilir. 
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I. INTRODUCTION 

Most transistor models are aimed either toward portraying the 

interaction of the device With an external circuit or toward relating 

device behavior to device physics,and most models involve some degree 

of approximation.In the former case,the primary interest is the 

specification of performanceijust as it is sometimes convenient to 

use only the two-port parameters of an electric network to describe 

its terminal behavior,so it is sometimes conven~ent to prescribe a 

. particular set of terminal measurements as parameters which characterize 

transistor behavior.In the latter case,the primary concern is the 

analysis of device behavior in terms of physical processes. Either 

cass,when carried to its extreme,is unsatisfactory trom a model point 

of view.On one hand, the terminal properties,while conveniently measured, 

do not themselves elucidate the reasons tor device behavior.On the 

other hand ,consideration. of physical processes alone generally leads 

to cumbersome results which obscure dominant tendencies and inhibit 

qualitative interpretation ot the relationship betweeD processes and 

terminal behavior. 

An ideal model may be regarded as one which 

1) involves parameters which maintain a one-to-one correspendence 

with physical processes. 

2) lends itself well to analysis of circuit problems. 

3) involves a degree ot approximation sufficient to enhance qualitative 

understanding and interpretat10n while maintaining reasonable 

quaDtitative accuracy. 

4) cuts computer costs with sufficient accuracy for practical 

appl~cat~oD. 



2 

Large-signal models for transistors are necessary tools for 

the device engineer,who must specify device performance,and the 

circuj. t designer, who must be equipped, for both the analys:ls and 

design of transistor circuits. Over the past few years,a number of 

models have been proposed.The non-linear models which have received 

the most attention are the Linvill lumped model(l),the Beaufoy

Sparkes charge-control model(2),and the Ebers-Moll model (3),(4),(5). 

The classical method of analyzing high-power high-frequency 

transistor performance is to use the hybrid-lT model.To date , this 

model has been the mos~ popular high-frequency equivalent circuit 

for a junction transistor.Because this model does not include a 

collector-base diode,it can accurately represent operation in the 

ACTIVE reg1on,but not in the ON and OFF regions. 

Although each of the hybrid-TI model parameters varies with 

instantaneous signal level and time,they are normally assumed to 

have fixed values'Which'are a function of the average level of 

operation. With a judiciOUS selection of parameter values,this model 

can b·e adjusted to predict small and even medium signal performance 

quite well over wide frequency ranges.It does not predict very well 

the characteristics of a transistor driven heavily into saturation. 

That· s why a linear model more complete than the hybr1.d-lT type is 

necessary to represent and explain the operation of trans~or 

switching circuit. 

The purpose of th1.s thes:ts is to apply a time-variant linear 

large-signal transistor model (15) to the bipolar transistors and 

VVMOS-or VDMOS-transistors,to analyse basic three transistor 

switching circuits by using the Telated model,and to compare the 

results of analysis with the experimentel results. 

~n the second chapter the new linear large-signal transistor 
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model is introduced.At the beginning a genaral information is given 

about the non-linear models. Then the Ebers-Moll model is preferred 

as a favorite model within non-linear models .But high-computer 

costs are seen as a disadvantage in the Ebers-Moll model.The new 

linear model which is more simple than the Ebers-Moll model is 

developed and it is considered as a linearized version of the Ebers

Moll model. This model is proposed separately for the bipolar and 

VVMOS-or VDMOS-transistors.After the model is presented,the necessary 

formulas and explanations for the related model parameters are given 

separately for each one of the transistors. 

In the third chapter basic transistor switching circuits and 

their characteristics are explained and the analysis of all the 

switching circuits are made.For each one of the BJTs and VVMOST-or 

VDMOS-switching circuits only one analysis is made because they 

have the similar equivalent linear circuits when the proposed model 

is used instead of the related transistor.Then,as an application 

of the proposed VVMOST-or VDMOS-model,the analysis of a CVDMOS 

inverter is made.At the end of .the chapter,for all the analyses, 

the related flowcharts are given.A general idea tor the preparation 

of computer programs is alsO given. 

The last chapter is devoted to the experimental studies. 

Profitting by the related references and the measurement techniques, 

the values of the parameters required to characterise the model are 

conveniently obtained.The application of the proposed time-variant 

linear large-signal model to the basic transistor switching circuits 

to compute transient switching characteristics is illustrated and 

the accuracy of the model is evaluated by a detailed comparison of 

computer simulations with experimental switching waveforms. 



II. DESCRIPTION OF TIME-VARIANT LINEAR LARGE-SIGNAL 

TRANSISTOR MODELS AND THEIR PARAMETERS 

Transistor models are tools which are used to facilitate the 

optimization of transistor design and performance. The degree of 

complexity of a model is always a compromise between accurate 

4 

device representation and ease of analysis.Relatively simple linear 

models have traditionally been used to characterize high-frequency 

transistors with excellent results for low-signal levels.At large

signal levels,however,a transistor exhibit~ significant effects 

which can not be analyze"d by means of the simpler models. These 

effects are generally caused by harmonic components of the voltages 

and currents generated by non-linear mechanisms within the transistor. 

To date, many large-signal non-linear models have been used to 

represent these mechanism.! general information is to be given about 

the non-linear large-signal models at the beginning in this chapter. 

Our main interest in this chapter is to represent a new time-" 

variant linear large-signal transistor model which provides an 

optimum combination of accuracy,ease of parameter acquisition and 

simplicity, (15).Atter developement of the model which is constructed 

for the bipolar and VVMOS-or VD~OS-trans1.stors-,parameter evaluation 

for this model is presented. 

2.1. General Review to Non-Linear Models for Bipolar Transistors 

Of the many large-signal models which have been proposed for 

the bipolar transistors,three have received the most attention. 

These are the Linville lumped model(l),the Beaufoy-Sparkes charge

control model (2),and the Ebers-Moll model (3), (4), (5).Each represents 

a different approach to solution of the relations describing the 
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d~stributed base region or a diffused transistor. 

The Linville lumped model is obtained by solution of the 

continuity equation for current carriers at finite intervals in the . ~-. 

base. The form of the sol~tion leads naturally to a set of lumped 

elements which can be treated as a network.Tbe accuracy of the 

representation depends on the number of sections into which the 

base is divided.Of the three models,this type provides the most 

accurate physical description of the transistor.The resulting 

re'presentation,hotfever,is quite cumbersome to analyse,(l). 

The charge-control model focuses upon the relationship between 

the terminal currents and minority-carrier stored charge.The 

resulting equations can be represented by circuit elements.Although 

the elements are not the conventional type,they can be used in a 

circuit analysis,(2). 

The Ebers-Moll model is based upon the concept of superimposing 

normal and inverse transistors in wh~ch the collector-base and 

emitter-base junctions are represented by diodes shunted with 

capacitors. This model is the easiest of the three types to use 

because it can be represented by conventional circuit elements. 

The biggest shortcoming of the model is that it does not accurately 

include the effect of the carrier storage.However,the errors incurred 

by this lack depend upon the frequency of operation,(3),(4),(5). 

When these three models are to be compared with each other, 

the Ebers-MOll model is preferred as a favorite model because 

1) its elements have meaning as a result of familiarity; 

2) there is some easy way of getting data for the elements; 

3) temperature ~hanges and aging can be easily accounted in the 

modal; 

4) from past experience the model has given satisfied results; 



6 

5) the model provides insight to what is gOing on,(6). 

The Ebers-Moll model is explained in detail in Appendix A. 

It must be further emphasized that a non-linear model such as 

the Ebers-Moll model is not always the best choice for large-signal 

problems,too.Far simpler linear time-variant large-signal models 

may cut computer costs with sufficient accuracy.For this purpose 

a new time-variant linear transistor model is developed to represent 

and explain the operation of transistor switching circuits, (l5). 

2.2. A Time-Variant Linear Large-Signal Modeling of 

Bipolar Transistors 

A time-variant linear large-signal model for the bipolar 

transistors is developed in this section.This model,basically, 

includes the time-variant equivalent output resistance and 

capacitance and the D.C. voltage source which represents the 

transistor saturation voltage.In this model the equivalent output 

capacitance is co~ect.d in parallel with the equivalent output 

resistance and the D.C.-voltage source which are connected in series 

with one another.The complete model is shown in Figure(2.l}. 

The equivalent output resistance and capacitance of this model 

are taken as a constant value in the cut-off and saturation regions. 

They are changed only in the transient regions. For determining the 

variations of the output resistance and capacitance versus time. 

their time-variant functions must be datermined at the beginning. 

B.Y_means of the experimental studies it is seen that if their 

variations versus time are taken as an exponential function the load 

current and output voltage waveformS which are closer to the real 

waveforms are obtained.The variations versus time of the output 

resistance and capacitance are shown in Figures(2.2.a) and (2.2.b), 

respectively. 
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FIGURE(2.l) The new time-variant linear large-signal' model for BJTs 

In this model the number of calculating points within one period 

is considered a~~.One-step value within the timing range of one 

period is defined as 

DELT=TT/XN (2..2 •. 1) 

where TT is the operating period. 

In the turn-on and turn-off transient regions, the numbers or 

the equivalent output resistance and capacitance to be changed are 

considered 7 respectively,as 

R C 
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FIGURE(2.2) a) Variation of the BJT output resistance versus time 

b) Variation of the BJT output capacitance versus time 
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XNl = XN. (tron/TT) 

and 

XN2:: XN. (troff/TT) 

where tron and trotf are the rise and fall times for the 10ad current, 

respectively. 

In the consideration of the junction transistor as a sWitch the 

calculations must be made for five regions,separately~These regions 

can be defined as the turn-on delay region ,the turn-on transient 

region, the saturation re'gion, the turn-off transient region, and the 

cut-off region. 

For the turn-on delay and 'cut-off regions,the values of the 

equivalent output resistance and capacitance are Rmax' and Cmin, 

respectively.Their time-variant functions in the turn-on transient 

regions: are expressed as 

R(t)= Rmax.e [«t-tdon)/tron) .1n(RminIRmax)] 

and 

C (t) = Cmin. e [( (t-:-tdon) /tron) .In (Cmax/Cmin)] 

where tdon is the turn-on delay time. 

In the saturation regions,the output resistance and. capacitance 

have the constant values of Rmin and Cmax.In the turn-off transient 

region their time-variant functions are given by 

R(t) = Rmin.e [( (t-t2)/troff) .1h'(Rntax/Rmin~ (2.2.6) 

and 

'. C(t) = Cmax.e [«t-t2)/troff).ln(Cmin/Cmax~ (2.2.7) 



where t2 is the time passing up to the beginning of the turn-off' 

transient. 

2.3. Description of BJT Model Parameters 

For using the proposed time-variant linear transistor model 

9 

in the analysis of BJT switching circuits the model parameters must 

be determined at the beginning.The model parameters are tha switching 

times,the off impedance and the on impedance of the transistor.For 

determining the model parameters, the parameters of 

a} the forward common7emitter large-signal current gain,PF' 

b) the inverse common-emitter large-signal currentgain,~, 

c) the transistor saturation current,Is, 

d) the temperature at which the parameters are obtained,Tnom, 

e} the emitter ohmic resistance,R~, 

f) the collector ohmic: resistance,RCC' 

g) the base ohmi~ resistance,RBB, 

h) the emitter-base junction capacitance at VBE= O,CjeO, 

i) the.collector-ba~e junction capacitance at VBC=O,CjCO, 

j) the el!ll.tter-base barrier potEmtial, VZE' 

k) the cOllector-base barrier potential,Vzc, 

1) the emitter-base capacitance gradient factor,WE, 

III) the collector-base capacitance gradient factor,WC' 

n) the normal-mode intrinsic gain-bandwidth product,FD, 

0) the inverted-mode intrinsic gain-bandwidth product,F1, 

p) the emitter-base junction ohmic leakage resistance,RE, 

q) the collector-base junction ohmic leakage resistance,RCt 

r) the emission constant for emitter--base diode,ME, 

s) the emission constant for collector-base diode,Mct 
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must be determined at the beginning.The measurement techniques tor 

obtaining these 19 transistor parameters are given in the related 

references(5),(7).Useful formulas .and necessary explanations are 

to be given in detail in the following subsections. 

2~3.l. Theoretical Explanations and Formulas for s~tching Times 

The time required to change the operating point ot a junction 

transistor from the cut-off to the saturation,or vice-versa~1s 

clearly of primary importance.It 1s the purpose of this section to 

show h01f switching-time is related to transistor parameters and 

circuitconditions.The switching time is easily calculated in terms 

of the normal active-region parameters of the transistor.Large-signal 

switching time includes the turn-on and turn-off times to be used 

as the model parameters. 

a. Turn-on Time 

When an input pulse (forward bias to emitter-base junction) is 

applied to a practical transistor switch, the transistor can not 

turn-on ~ zero time.Turn-on time is the time required ~or the 

collector current to change to 90 per cent of its saturated value. 

The turn-on time is made up of two parts. 

(1) • The Delay Time 

The delay time is the time required for the collector current 

to change to its 10 per cent of its saturated value. 

When the transistor is swi tch'ed trom the OFF condition to ON 

condition,the emitter-base junction voltage must change from an 

applied reverse-bias vOltage,VBE(off),to the forward voltage,VBE , 

associated with the forward current being switched. The charge 
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associated with the emitter depletion l~er and corresponding to a 

change in emitter-base voltage affects the response time of the 

transistor.In part1culartemitter-ba~e transition capacitance gives 

rise to an additional response time(8). 

For determining the delay time,tdon,a linear model of' the input 

side o~ the bipolar transistor is developed and it is shown in 

Figure(2.3).In thi~ mOdel,RB(t) and CB(t) represent the base to 

emitter non-linear resistance and capacitance.RBT 1.s the series 

combination of the base resistance,RB,and the base ohmic resistance, 

RBB.e (t) is used for representing the input sqare-wave generator. s 

VG is the base to emitter cut-in voltage. 

FIGURE(2.3) Linear model developed £or the input side or BJ~s 

For the turn-on delay region,the model parameters can be 

expressed as 

and 

where EON is the positive value of the input square lrave,RBmax is 
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the maximum value of the base to emitter time-variant resistance 

and CBm1.n l.s the minimum value of the base to em1.tter time-variant 

capacitance.The model shown in Figure(Z.3) can be redrawn for the 

turn-on delay region and the base to emitter voltage can be 

B 

'---------'------oE 

FIGURE(2.4) Equivalent, circuit to be use~ in the calculation of tdon 

calculated by means of this new'model.The expression of the base to 

emitter voltage can be written as 

The calculation of ~BE must be repetead with the t1.me intervals ot 

DELT.Each time this equation is to be solved with the result of the 

previous calculation taken as the initial condition. The time which 

VBE is equal to the cut-in voltage,VG,is defined as the turn-on 

delay time,tdon~ 

(2). The Rise Time 

The rise time,tron,is the time required for the load current 

to increase from 10 per cent of the saturated load current,IL,to 

90 per cent of IL.lt can be saturated as (3),(4) 
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where Ib is the base current after step :l.s applied,Ie is the 

collector current at the edge of saturation region,o(N is the current 

gain,and tUNis the cut-off frequency. 

Turn-on time clearly depends on the amount of drive,current 

gain,and frequency response of the transistor. 

b. Turn-off Time 

The turn-off transient from the saturation region to the cut

off region differs materially trom the turn-on transient in that 

the junction transistor suffers from carrier storage. 

The succession of events during the turn-off transient (at the 

end of pulse) may be described as follows: 

The base current is reduced from a value corresponding to 

operation in the saturation region to zero,or possibly to a reverse 

emitter-junction current. The excess carrier density in the base 

layer decays until the minorit~ carrier density in the base layer 

at the colle~tor junction reaches nearly zero. During this initial 

stage of the turn-off transient,the collector junction is a low 

i.mpedance and the collector current remains very nearly constant, 

at a value determined by the external circuit resistance. When the 

minority carrier density in the base layer at the collector 

approaches zero,the collector junction rapidly becomes a high 

impedance.The turn~off transient,after the collector junction has 

recovered,is controlled by the normal active region parameters.We 

'see that for junct~on transistors the turn-off transient can be 

conveniently divided into two times. 

(1). The storage Time 

storage time is the time interval between the reduction of 
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base current to a zero,or reverse value,and the active response of 

the collector current.Storage time has been related to transistor 

parameters and circuit conditions from the fundamental considerations. 

The saturation delay time is given by (?)~(9),(10) 

where IBF is the forward base current,IBR is the reverse base current~ 

IeF is the forward collector current and Tsat is the saturation 

delay time constant. Lsat caD be determined easily with a measurement 

technique which is explained in the reference (7). 

(2) • Fall Time 

The fall, time is the time between the decrease of the load 

current,IL,from 90 per cent of IL{sat) to 10 per cent of IL(sat) is 

where Iel is the initial collector current. 

As shown in Figure (2 .. 2) ,all the switching times to be used in 

the analyses of sn tching circuits can be defined as 

tl = tdon+tron 

t2=TT/2+Ts 

t3 = t2+troff 

respectively. 
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2.3.2. Determination of Saturation Voltage and On and Off Impedances 

of Bipolar Transistors 

The voltage drop between collector and emitter in the saturation 

region can be written as (7),(11) 

k.T 
---In 

q 

As the model parameters, the value of VCES ' can be obtained from 

Eq. (2.3.12) by neglecting the voltage drop on the emitter and 

collector ohmic resistances(3),(11)' 

k.T 
VCES= .In 

q 

0(1 (l-Ic• (1- ot.. N)/IB.o(N) 

l+IcIIB·(l- 0(1) 

In this equation, since k.T/q= 0.0026 volt at room temperature this 

voltage can be as low as a few millivolts.As the collector current 

approaches ~N.IB ,this voltage approaches infinity,and the transistor 

goes from the saturation region into the transient region. 

For determining the ON and OFF 1mpedances~or Rmin,Rmax,C~, 

and Cmax,the A.C. impedance of the collector region in the closed 

condition,the emitter-base and COllector-base junction ohmic leakage 

r.esistances,and the emitter-base and collector-base junction and 

diffusion capacitances must be determined. 

The A.C. impedance in the collector circuit in the closed 

condition can be obtained from both of Eq. (2.3.12) and the related 

measurement technique together.It is given by (7) 

1 
Rc(Sat}=---

. Slope A 
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Vibere 

In this expression a correction is taken into account the effects 

of REE and the finite slope in the Ie versus VeE characteristics 

o 

~ Slope=l!Rc(sat) 

I IB4 
IB3 

IB2 
IBl 
I BO 

VCE 

FIGURE(2.5) Typical Ie versus VCE characteristics at constant IB 

in the saturation region,Figure(2.5).Minimum equivalent output 

resistance or ON resistance can be expressed as(12) 

For determining the maximum equivalent output resistance we 

can use the related common emitter hybrid parameter,hoe, 

or if the base current yere set to zero"the collector current 

which remains flowing through the transistor i~ the OFF state 

would be 

Ie= Ieo!(l-O<N)= Ies(l-eXNe o(I)/(l-~N) 

(2 .. 3.18) 

and 
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RMAX=V CC(l-O<N)/ICS • (l-"'N·o(r) 

There are two types of capacitances associated with the p-n junction. 

They are the junction and diffusion capacitances.Thejunction capacitance 

occurs as a consequence of the variation in the width of the depletion 

layer in a reverse -biased junction.An increase in reverse-bias causes 

majority carriers to move away from the junction and uncover fixed 

charges. This action causes a widening of the depletion region and because 

the charges moved from the depletion region must be pulled out of the 

diode terminals by the voltage source,the ef~ect is that ot a voltage 

variable capacitance. 

The emitter-base and collector-base junction capacitances are 

expressed in the follomng expressions as (7), (13) , (14) 

and 

c 
C' - JEO 
JE- (I-V IV )lle 

EB ZE 

where V
EB 

and VBe are the junction voltages (negative),VZE and Vze are 

contact potentials,and tie and Nc are junction grading qonstants. 

The di.ffusion capacitance exists across a forward-biased junct10n. 

~he following expressions for the emitte~-base diffusion capacitance 

CDE,and the base-collector diffusion capacitance,Cnc C'an be written as(5), 

( 7) 

q 
• [rEF +(IES/(1-O<N. o(r» ] e DE 2.11. ~.k. T. Fn 

and 

q 
• . [IcF-(Ies/ (1- 0( N- 0(1) J] CDC 

2 .rr.1.fC .k. 'r.F! 



where 

I EF = (IES/(l-~N·O<:I)· [exp (q.VEBIME..k. T)-l] 

ICF = (ICs/(l-O<N·O<:I ). [exp(q .VBclMc.k.T)-l] 

Is = o(I.ICS=o(N.IES 

18 

and Fn and Fi are the normal and inverted-mode gain-bandwidth products 

of the intrinsi~ transistor. 

In the cut-ofr region the equivalent output capacitance can be 

taken as a value which is equal to the value of the collector to base 

junction capacitance for VBC= -V Cav.Because no current nows through 

the junction and we can ~ot speak of the existence of the d~rfus1on 

capacitance.Here the value of VCav is considered as the average value 

of the output voltage for an half period (15).The value of the output 

capacitance in the cut-off region is defined as the ~imum equivalent 

output capacitance and it is given b,y 

C 
Co = JCO 

MIN (1+V . IV )NC 
Cav ZC 

For the saturation region the equ1va1e~t output capacitance is 

taken as the additions of the values of the emitter-base junction for 

VBE=VBE(sat) and the collector-base diffusion capacitance for ICF~ICav· 

The value of I~ is considered as the average value of the load current 
vav 

for an half period.As a result the value of the output equivalent 

capacitance is defined as the maximum eqtd.valent output capacitance and· 

it is equal to 
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2.4. General Review to VVMOS Transistors 

Vertical V-groove Metal Oxide Semiconductor Field Effect 

Transistors (VVMOSTs) uniquely cQmbine the advantages ot the power 

bipolar transistors with those of the MOSFETs·. The result is a high 

power,high-voltage,high-gain power transistor with no minority

carrier storage time,no thermal runaway and a greatly inhibited 

secondary breakdown characteristic,a11 of which are contributing to 

the spectacular rise in the popularity of the VMOS power FET (16) 

The vertical VMOS structure,like the power bipolar transistor, 

offers a large surface area for source metal and the entre backside 

of the chip for the drain. This is of great importance as it allows 

maximum current carrying capacity unavailable to a nonvertica1 

structure. 

Operationa1ly,VVMOST is unique among power transistors.Channe1 

conduction is proportional to gate vo1tage,not to any sort of 

injection current,typica1 of the bipolar transistor. Whatever input 

current that does exist beyond that attributed to leakage may be 

identified as the charging current necessary to overcome the input 

capacitance in very high-speed switching situations.Because the stea 

state gate current negligible, the familiar parameter,beta,is of litt 

impQrtance.Cons~quent1y,VMOS exhibits a high input resistance that 

makes it ideal for many logic control applications. 

In the consideration of VVMOS transistor as a switch the 

calculations must be made for the five regions, separately. These 

regions can be defined as the turn-on delay region,the pinch-off 

region (off to ~n),the resistive region,the pinch-off region (on to 

off) and the cut-off region,respective1y.For the turn-on delay and , -

cut-off regions VGS is below threshold, (VGS<VT',and the VVMOST is 



OFF.In the pinch-off region as VGS exceeds VT drain current begins 

to increase until Vns saturation is reached,or VGS-VT~vns.ln the 

resistive region Vns is saturated 'and no further change in In or 

Vns occurs. 

Useful explanations and the comparison of VVMOS transistors 

with the other transistors are given in Appendix B.A time-variant 

linear large-signal model for the VVMOS transistors is to be 

developed in the following section and the related model parameters 

and useful formulas according to them are given in section(2.6). 

2.5. A Time-Variant Linear Modeling of VVMOS Transistors for 

Sri tching Circuits 

A time-variant linear large-signal model for the VVMOS transistol 

is developed in this section.This model,basically,is similar to the 

.---.----n 
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FIGURE(2.6) A time-variant linear large-signal model for VVMOSTs 

proposed new BJT model.This model includes an equivalent input 

capacitance between the gate and source for the input side and the 

parallel combination of the equivalent output resistance and 

capacitance for the output side.The complete model is shown in 

Figure(2.6). 
The input side of this model consists ofa FET equivalent time-

variant input capacitance,CIN,only,that's why the D.C. input 
12 . 

resistance of a VVMOS power FET is in excess of 10 ohms. 



The output side includes a time-variant drain to source 

resistance and capacitance.For the turn-on delay and cut-off regions 

the equivalent output resistance,or drain to source resistance,is 

considered as a constant value which is equal to the maximum drain 

to source resistance,RDMAX.ln the pinch-off and resistive regions 

this resistance is a function of the input voltage. The equivalent 

output capacitance,or drain to source capacitance,is a function of 

the output voltage for all regions in the VVMOS transistors. 

For using this model in the analysis of the switching circuits, 

the VVMOS transistor model parameters must be determined at the 

beginning.Beyond the structural parameters, all the parameters can 

be obtained from the related DATA SHEETs. The structural parameters 

and related model parameters are explained in detail in the following 

section. 

2.6. Description of VVMOST Model Parameters 

For the VVMOST model to_be used in the switching applications 

a careful analysis of the VVMOST switching parameters is required. 

The related switching parameters are the ON-resistance,OFF-resistance, 

PINCH-OFF resistance and the device capacitances.Necessary explanations 

tor obtaining the switching times are given at the end of this section. 

2.6.1. ON-Resistance 

At low drain voltage and large-currents,the N-layer acts as a 

simple resistance in series with the drain of a conventional MOST. 
-

The resistance of the N layer is (17) 

where g -is the N-layer resistivity,z is the total channel w:1dth 
n 



of the device,d is the thickness of the N-layertand a is the half 

of the groove opening at the P-N.interface • 
.. 
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The total ON-resistance of the VVMOST is made up of the series 

combination of the channel resistance Rc,the N-drift layer resistance 
+ RN- ,and the N source and drain resistances as well as the metallization 

resistance.The channel and N-region resistances are the dominant 

resistances to the ON resistance,RDS(ON) ,which can be expressed 

as (17),(18) 

(2.6.2) 

where 

-~ L 
~ .---

r-.CO· z 

is a constant,L is the· channel length in the VVMOS device,~ is the 

surface channel mObility,Co is the effective gate oxide capacitance 

per unit area. 

2.6.2. OFF-Resistance 

For the turn-on delay and the cut-off regions the maximum 

drain to source resistance can be calculated by using the related 

transistor parameters, the zero gate voltage drain current,IDSS,and 

the maximum drain source voltage,VDSMAX.The expression for the 

maximum drain to source resistance is given by 

2.6.3. PINCH-OFF Resistance 

In the pinch-off reg10ns,an internal transconductance that 



initially rises with VGS but eventually saturates at a constant 

maximum value can be written as 
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(2.6.6) 

The presence of Riand RS results in the external pinch-off 

transconductance,g being reduced from its internal value.The drain m 

to source resistance for this region can be .written by using the 

external transconductance as 

(2.6.7) 

2.6.4. Device Capacitances 

Several capacitances affect the high-frequency and switching 

characteristics of the VVMOST.Figure(2.7) shows these capacitances 

schematically on the cross se~tion of ,the VVMOST.CGS' and CGD are 

MOS capacitances and Cns is a junction capacitance. 

An approximate expression for the maximum input capacitance 

o~ the VVMOST (neglecting overlap metallization on the planar non-

grooved regions of the device and space-charge capacitance under 

gate oxide) is (17) 

(2.6.8) 

where YG is the length of the groove,opening.To minimize the input 

capacitance YG must be kept as small as possible. 

More accurate expressions for the individual capacitances 

including o~erlap and space-charge capacitances can be obtained: 

from ,the geometry of the device.The gate to source capacitance 1s 
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made up of three components:a capacitance associated with gate 

overlap over the N source on the surface,and a gate to bulk 

capacitance component. The gate to source capacitance can be expressed 

as (17) 

CG· S = 1. 23' CO' XN' z + C • Y • z + C • L· z . on ov om (2.6.10) 

where Con is the capacitance per unit area of the field oxide over 

FIGURE(2.7) Capacitances associated with the VVMOST structure 

+ the N source,C is the voltage variable MOS capacitance of the channeJ om 

region,Yov is the gate metallization overlap over the field OXide, . 

and XN is the source diffusion depth.In order to reduce CGS,the 

overlap capacitance component must be minimized. 

The gate to drain capacitance at zero drain voltage is given 

by (17) 

Since this capacitance is directly over the accumulated N region, 
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little variation in CGD with gate voltage is expected.However,at 

higher drain voltages the increasing space-charge region in the 

N layer causes a reduction in this capacitance.In order to minimize 

CGD,the effective penetration of the groove into the N layer must 

be minimized. 

The drain to source capacitance is given by (17) 

(2.6.12) 

where Cd is the voltage variable space-charge region capacitance 

per unit area associated with theP-N-junction,A is the total area 

of the device within groove ,and Za is the area occupied by the 

grooves at the P-N-interface.To minimize CDS,Cd must be made as 

small as possible by using a high resistivitJ N-region. (1?).The 

expression of Cd is given by 

(2.6.13) 

where CDSO is the junction capacitance at VDS= O,H is the grading 

coefficient O.3<H<O.5,,0 is the junction potential (18). 

The VVMOST equivalent input capacitance,CIN,is a function of 

VGS and VGD.In the switching applications,it changes during transition 

from the ON state to the OFF state or vice versa. Typically the 

capacity characteristics specified on the pelated data sheet are 

given for a fixed bias condition.This may present a problem in 

trying to estimate CIN• 

Driving VVMOS from logic requires an appreciation of the gate 

drive power needed to actuate,or<turn-on,the VVMOS power transistor. 

Fi.rst, the driver must be able to deliver sufficient current during 

the transition (from OFF to ON) to adequately charge the input 

capacitor in the desired time.As the driving voltage ramps upward 



another phenomenon occurs called MILLER-EFFECT.Once the threshold 

vOltage of the VVMOS transistor is passed it begins to draw 

increasingly heavier drain current.As the drain current rises 
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rapidly to saturation. Concurrent with this rise in transconductance 

is a proportional rise in gain and once low feedback capacitance 

now swells to enormous proportions appearing as an addition to the 

input capacitance 

(2.6.14) 

where CISS is the common~source input capacitance,CGD is the gate

drain capacity,and Av is the voltage gain. 

The input capacitance,C1N,in the cut-off region is fairly 

constant.It corresponds to the common-source input capacitance, 

CISS,and is approximately equal to 

(2.6.15) 

In the pinch-off region,CIN increases because the VVMOST 

begins to turn-on andVDS begins to change,thus increasing the rate of 

change of VGD.The MILLER EFFECT on CGD causes CIN to increase.This 

effect stops after the device is fully ON and VDS ceases to change. 

The approximate capacitance in this region is (16) 

where Av is equal to 

Av 
VDS(ON)~VDS(OFF) 

VDS(ON) 

(2.6.16) 

(2.6.17) 

Substituting Eq.(2.6.17) into Eq.(2.6.16),CIN2 can be rewritten as 



27 

In the resistive region VDS is saturated at a low value and 

is no longer changing.The VVMOST channel is ON and CIN is higher 

than it is in the cut-ofr region,but not as high as in the pinch

off region.No MILLER occurring and it also corresponds CrSS,and it 

is approximately equal to (16) 

(2.6.19) 

As a result CINl and CIN3 corresponds to eISS and are 

approximately equal to the addition of the gate to source and gate 

to drain capacitances. They differ in magnitude because of the 

differences in VDG in the turn-on delay and the resistive regions. 

There is a large change in the bias on CGD.In the turn-on 

delay or cut-off regions the drain area under the gate is depleted 

of carriers, thus CGD is greatly reduced.In the resistive region the 

drain region under the gate is flooded with carriers because the 

device is ON,that is much greater. 

2.6.5. Switching Times 

By using the input side of the VVMOST model the related switching 

times can be calculated. 

A turn-on delay,tdon,occurs in the turn-on delay region while 

the gate is being charged up to threshold voltage,VTeThen turn-on 

of the VVMOST channel starts and is completed when VDS saturation 

occurs at VGS=VT+VDS(ON).This turn-on time is defined as the rise 

t1me,tr. 

Overdrive .is occurring in the resistive region. The exc'ess charge 
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in the resistive region causes a turn-off delay,tdoff.This delay 

occurs until VGS drops to the value of VT+VDS(ON).The turn-on and 

turn-off delays CQuld be decreased by pre-biasing .the gate to a 

VGS just below VT and by avoiding overdriving into the resistive 

region.This,however,would decrease the switching circuit noise

margin and would require closer control of the gate drive voltage 

and the threshold voltage of the VVMOST. 

For the value of VGS just below VT+VDS(ON),VDS begins to come 

out of saturation,and the VVMOST will be completely OFF when VGS 

drops below the threshold vOltage,VT.The time which is passed at 

this state is defined as the fall time,tf. 

Finally ON and OFF times can be calculated by using these 

definitions,respectively 

TON=- (TT/2-tr-tdon)+tdoff (2.6.20) 

and 

TOFF =- tdon+(TT/2-tdoff-tf) (2.6.21 ) 

Table(2.1) shows the approximate quantities to usa in the 

equation for determining the switching times (16) 

TABLE 2.1 Pertinent VVMOST switching relationships 

Interval 

Turn-on Delay 

Rise Time 

'l'urn-off Delay 

Fall Time 

Symbol 

tdon 

tr 

tdoff 

tf 

Gate Voltage Change 

VT-VGS(OFF) 

VGSONI-VT 

VGS(ON)-VGSON2 

VGSON2-VT 

Capacitance 



Capacitance values used are the average Values as V varies over 
GS 

the ranges shown for the time interval of interest.Appropriate 

VDS values must also be used to determine the capacitance.Key V
GS 

points are 

OFF state gate voltage prior to turn-on 

Threshold gate voltage 
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VGS corresponding to the peak value of drain current 

for capacitive or resistive loads or the value of 

drain current when the drain voltage enters the ohmic 

region for inductive loads. 

On-state gate voltage prior to turn-orr 

VGS corresponding to the value or drain current f10wing 

prior to turn-otf 

2.7. General Review to VDMOS Transistors 

Recent advances in processing technology and the introduction 

of new device structures have allowed dramatic improvements in the 

current,voltage,and power-handling capabilities of MOSFET devices. 

The impetus for much of this work is the faster switching ability 

of majority-carrier devices which do not suffer trom the minority-

carrier charge-storage problems inherent to bipolar transistors. 

A second primary motivation is the negative temperature coefficient 

of carrier mobility which greatly decreases problems Of thermal 

runaway,secondary breakdown,and current hogging,all of which play 

important roles in the design and application of power bipolar 

transistors.The recent commercial availability of a variety of 

discrete-power MOS transistors h~s made possible a host of new 

applications for these devices including switching power supplies, 

linear audio and high-frequency amplifiers,and power control devices. 



Two main changes in the basic MOSFET structure have been 

responsible for these advances.The first o'f these is the wide-spread 

use of double-diffusion techniques to achieve very short channels, 

although not all of the new power MOSFET's use double-diffusion. 

Sequential diffusion of p- and n-type impurities in a manner 

analogous to bipolar transistor fabrication processes yields channel 

lengths comparable in dimension to bipolar basewtdths.Historically, 

this process has been difficult to control because the threshold 

voltage of the device is determined by diffused impurity profiles 

rather than by bulk substrate doping levels.The wide-spread use of 

ion implantation has,however,largely eliminated this difficulty. 

The second major change in the basic MOSFET structure has been 

the incorporation of a lightly doped (usually n-) drif~ region 

between the channel and the n+ drain contact.This region largely 

supports the applied drain potential because its doping level is 

chosen to be much smaller than thep-channel r~gion.These new 

structures, therefore ,effectively separate the active portion of the 

device (channel) which determines device gain, from the region of 

the device which supports the applied voltage (drift region).This 

separation is exactly analogous to modern bipolar transistors in 

which a lightly doped collector region largely supports the applied 

potential and a narr~w,more heavily doped base region largely 

determines device gain. 

While most of the recently developed power MOS devices are 

based on these two principles,there" exists substantial variation in 

the structures used to implement them,(18).The topology of the 

vertical double-diffused power MOSFET (VDMOS) is attractive,since 

it combines excellent performance with a planar,high-yield fabrication 

pro~ess.The VDMOS structure is shown in cross section in Figure(2.8). 
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An enlarged cross-section of a s~ngle cell of the VDMOS 

structure is shown in Figure(2.9).The channel region is covered by 

an insulating oxide layer,and pOlycrystall1na silicon overlays this 

to form the gate electrode.The gate is insulated by a further oxide 

layer from the full surface-top metallisation which forms the source 

terminal and which contacts both the n+ source region and the p 

well on the top surface.The drain region is an n-n+ sandwich with 

an ohmic metal contact at the bottom surface. 

The path of conventional current flow through the inversion 

layer in the channel is shown on the left side of Figure(2.9). 

Current flows vertically from the drain through a drift region in 

the n- layer,then horizontally through a surface inversion layer in 

the act~ve channel and out of the source. The physical origins of the 

circuit elements in the model are indicated on the right side of 

S 

D 
FIGURE (2.8) Cross section of the high-voltage VDMOS device 

First,the D.C. aspect of the model is described.The non-linear 

voltage-controlled current g~nerator Id models the intrinsic field

effect action on channel conductivity.Rs and RD model the access 

resistances (extrinsic) to the source and drain from the external 

device terminals.RD is" the principal contributor to the FET source-



32 

drain 'ON' resistance,and consists of severa~ additive components: 

(i) the resistance of the lightly doped n- epitaxial layer drift 

region,(ii) a spreading resistance arising from the curvature of 

the current flow lines from vertical to horizontal, (iii) a resistance 

representing the pinching of current between adjacent p wells and 

(iv) a resistance corresponding to the surface accumulation layer 

which is formed in the drift region immediately under the gate 

(between the p wells),whose conductivity depends on the gate voltage. 

The latter two components are to some extent voltage dependent, 

however,in typical high-voltage devices which require low n- doping, 

the resistance of the epi-layer,including spreading resistance, 

dominates,and RD can be approximated by a constant resistance. 

Inherent in the VDMOS structure shown in Figure(2.9) is a parasitic 

n+pn bipolar transistor (between the source-channel-drain regions). 

p 

Cu;rl'nl ~ 
. flow I 

I 

, 90Urc:l' 

o Cos 

I N-

drain 

FIGURE(2.9) Cross-section of single cell of power VDMOS structure 

This transistor is kept inactive by shorting the base to the emitter 

directly on the die by means of the source metallisation which ~ 

overlaps the p and n+ regions on the surface.By appropriate ,design, 

the base resistance and ~ of the parasitiC BJT are minimised,so 
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that the transistor can not be turned on.Neverthless,a pn diode 

remains at the channel-drain junction. This diode is normally reverse 

biased (forming the collector junction of the parasitic BJT),but 

it may conduct current if the source is biased positively with 

respect to the drain.The presence of this integral reverse rectifier 

is represented by the pn junction diode in Figure(2.9). 

Next,the A.e. and charge storage aspects of the model are 

considered. The gate to source capacitance eGS comprises several 

components,as shown in Figure(2.9).CGSi expresses the fundamental 

intrinsic field control o·f charge storage in the inversion charge 

and space charge of the bulk channel region. The extrinsic component 

contributions to CGS are represented by the constant capacitances: 

CGSO which is due to the overlay of the source metall1sation over 

the isolated gate electrode,and eGSl which arises from the gate 

metal overlap onto the n+ source region.The drain to gate feedback 

capacitor CDG is a nonlinear element which arises from the effects 

of drain voltage on gate charge;it comprises an intrinsic element 

relating to charge storage at the drain end of the channel, together 

with a component owing to surface charge accumulation that can occur 

in the drift region directly under the gate between the P wells.· 

The drain to source capacitance CDS is a nonlinear element which 

models the deplet~on capacitance behaviour of the reverse-biased pn 

integral junction diode ,as well as the effects of drain voltage on 

the channel space charge,and any extrinsic interelectrode drain

source capacitance.It is assumed that the parasitic bipolar transistor 

in the device structure is~rendered inactive.so that its model 

elements are omitted (19) 

The time-variant linear VDMOST model which is to be used in the 

analysis of sWitching cir~uits is similar to that of VVMOS transistors 
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which is given in section(2.5).The model is associated with the 

VDMOS device structure.The model consists of only three elements 

whose parameter values are directly-determined from a series of 

D.C. and A.C. measurements. The description of the model parameters 

is given in the following section. 

2.8. Description of VDMOST Model Parameters 

For the VDMOST model to be used in the switching applications 

a careful analysis of the VDMOST switching parameters is required. 

The parameters required to characterise the model are the device 

resistances,the device capacitances,the threshold voltage,and a 

constant,B.All these parameters are conveniently obtained from D.C. 

and small signal measurements, (19) 

2.8.1. D.C. Characterisation 

The VDMOST D.C. characteristics are modelled by the resistances 

RS and RD. The relation between the external applied voltages VGS ' 

VDS and the internal controlling modes VGSi,VDSi is (19) 

(2.8.1) 

(2.8.2) 

The equations for ID in the cut-off,pinch-off and resistance regions 

are specified by 

I =0 D 
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where VT is the device threshold voltage and ~ is a constant.Here 

the channel-length modulation term which leads to a finite output 

conductance in the pinch-off region 'has been omitted for simplicity, 

since this effect is not important for switching applications. 

Power VDMOSTs have D.C. characteristics that deviate from the 

classical square-law equations in Eqs.(2.8.3)-(2.8.5),because of 

secondary effects in the short active-channel region.A more accurate 

D.C. model should incorporate mobility reduction , ow1ngto the normal 

component of electric field in the channel, scattering limited 

velocity saturation of carriers and nonuniform impurity concentration 

in the channel.In the pinch-of~ region Eq.(2.8.4) predicts an 

internal transconductance as 

13. (V GSi-VT)
2 

VDSi 

(2.8.6) 

whereas actual power VDMOSTs exhibit a transconductance that initially 

rises with VGSi but eventually saturates at a constant maximum value. 

This is because of the high electric field along the short channel 

length between drain to source which causes the carriers to reach 

a scattering limited velocity.In the resistance region,Eq.(2.8.5) 

predicts a channel conductance 

(2.8.7) 

whereas actual power VDMOSTs exhibit a.drain-source conductance 

that approaches a constant value at. high gate voltages.This is 

because of mobility reduction with normal electric field at high 

gate voltages.~ae reductions in the observed transconductance and 

output conductance at the device terminals are caused by a 

combination of the intrinsic secondary effects in thechannel,as 
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discussed above,and extrinsic effects due to the voltage drops in 

the parasitic source and drain resistances RS and RD-With respect 

to tha latter effect, the presence o'iRS results in the measured 

external pinch-off transconductance g being reduced from its 
m 

internal value gmi 

(2.8.8) 

By using this expression the pinch-off drain to source res~stance 

can be obtained as 

Similarly,the measured external drain to source output. conductance 

in the resistance region go is reduced from its interna1 value goi: 

(2.8.10) 

The ON-dra:1.n to source resistance can be obtained by using Eqs-. 

(2.8.7) and (2.8.10) as shown below 

(2.8.11) 

where the approximation VGSi =VGS-Id.Rs~VGS appl~es to large VGS 

and low V
DS 

in the resistance region. 

In the present modeling approach all the resistances and the 

expressions which provide a relat1.on between the cut-orf,pinch-off 

and res~stance regions require the determ1.nat1.on of only four 

parameters VT,B,Rs,Rn.This can be expressed as the very efficient 

data-aequisition and reduction procedure. 



a. netermination of VT and B 

In the pinch-Off region,using Eqs.(2.8.l) and (2.8.4),the 

drain current is given by 
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(2.8.12) 

For small RS and for In chosen in the low range 

1 

VGS= IT~+VT (2.8.13) 

A plot of VGS against ~ from measured characteristics in the 

pinch-off region for moderate In gives a straight line,for which 

the intercept gives V
T

, and the slope gives l/~. 

b. netermination of RS_ 

In the pinch-off region described by Eqs.(2.8.4),RS may be 

determined from 

VGS-VT 1 
R - ---.:::.=-..:... --;::==:::;-
S- In VP·.In' 

(2.8.14) 

A suitable (VGS,In) measurement must be substituted into Eq.(2.8.l4). 

An appropriate measurement point is one where In is moderate,so the 

In.Rs drop is significant,and which lies fairly centrally within' 

the total ID range to be modelled for the device. 

c. Determination of RD-

In the resistance region for low VDS the total drain to source 

resistance Rns(ON) is given in Eq.(2.8.1l).Hence RDmay be evaluated 

from this expression 

1 
(2.8.1.5) 
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The effective value of RD obtained from Eq.(2.8.15) depends on the 

measurement point used in the resistance region.Since a good fit 

is more important at the drive levels used in practice for attaining 

minimum device 'ON' resistance,the (RnSON,VGS) measurement is 

taken at high VGS values.The information for determining Rn can be 

taken from the data sheet. 

2.8.2. A~C. Characterisation 

The values and behavior of the capacitance elements in the 

power VDMOST model have been determined by making small-signal 

measurements over a range of bias pOints.Measurements were taken 

along various constant VGS contours over a range of Vns from zero 

to 25 V.,encompassing the cut-off,pinch-off and resistance regions 

of operatlon,from which the voltage dependencies of CDG,CnS and 

CGS were deduced.Conv~ntional small signal y parameters at one MHz 

were chosen for convenience,although some care is necessary when 

measuring the reverse parameters Y12 and Y22 in the resistance 

region where the drain-source resistance is low. 

a. Determination of CnG-

The characteristics of CGD are obtained from Y12 measurements. 

For low parasitic resistances RS,RD, and RG,the value of CDG is 

given by 

(2.8.16) 

The phase of Y12 corresponds nearly to a pure reactance,indicatlng 

a capacitance element consistent with the model.CDG has a single 

variable dependency,withthe drain to gate voltage VDG being the 
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controlling voltage.The CGD(VDG) behavior plays an important role 

in the switching characteristic. 

b. Determination of CDS_ 

The characteristics of the output capacitance CDS is obtained 

from Y22 measurements and is evaluated trom 

(2.8.17) 

This capacitance exhibits a typical pn junction depletion capacitance 
. ~ 

behavior associated with the integral reverse diode at the drain. 

Some departure from this is evident when the device turns on, 

especially in the resistance region for low VD5,owing to a 

contribution trom the intrinsic capacitance associatea with the 

" efrects of dra1m voltage on channel-space charge.However,CDS 1s 

well modelled by acco~nt1ng for the primary dependence of depletion 

capacitance on VDS,using an expression of the form 

(2.8.18) 

whene CDSO 1s the junction capacitance at V DS = 0, H is a grading 

coefficient O.3<:H<O.5, ¢ is the junction potential and Cp is the 

etray capacitance arising trom the mounting of the VDMOST on a 

heatsink. 

c. Determination of CGS-

The characteristic of the input capacitance CGS is obtained 

trom Y
ll 

measurements and is evaluated from 

Im[yU] 
CGS= - Coo 

W 
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The phase of Yll corresponds nearly to a pure reactance,indicating 

a capacitance element.The gate to source capacitance C is , GS' 

independent of voltage and may be modelled by a constant value. 

This behavior can be explained on a physical basis. With regard to 

the intrinsic channel region,when the VDMOST is in cut-off,there 

~s no inversion charge, however ,there is a charge:storage component 

Owing to space charge in the bulk-channel region~When the VDMOST 

enters the conducting region,either in the' pinch-off or the 

resistance reg1ons,the channel space charge stays fairly constant, 

however, the channel inversion charge rises approximately linearly 

with VGs .• This leads to a fairly constant overall intrinsic gate to 

source capacitance behavior, which is further linearised,in the case 

of the power VDMOST structure,by the presence of significant 

extrinsic constant capacitances CGSO (source metal overlay over gate) 

and CGS1 (gate metal overlap onto source). 

The model input capacitance can be obtained trom the gate to 

source capacitance,CGS,and the gate to drain capacitance,CDG,by 

using the related explanations and expressions which are given 

in section(2.6.4). 

d. Determinati'on of RG-

The value of the gate resistance is obtained by measuring the 

time constant of the step response of the gate voltage, when the 

VDMOS is operating in the cut-off region.The VDMOS is biased with 

a large drain voltage and a small gate pulse is applied from a 

generator with source resistance Rr.Under these conditions,VDG is 

large so CDGDas a constant small value given by the lower platean, 

and the time constant of the gate voltage response,ln cut-O!f 
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(2.8.20) 

From a measurement of this time co~stant,RG can be evaluated. 



III. BASIC SWITCHING CIRCUITS ANALYSIS-BY USING TIME-VARIANT 

LINEAR TRANSISTOR MODELS 
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The transistor is being used as a switch to connect and disconnect 

the load from the source. When a transistor is used as a switch,it is 

useful to.divide its operation range into three regions.Whether the 

transistor is in the ON condition,the OFF condition,or the transient 

region between OFF and ON,the behavior can be calculated with 

considerable accuracy. 

The junction transistor used as a nOD-regenerative switch,that 

is;a switch which can be maintained in an altered condition only by 

the continued application of sufficient control or stimulus can have 

a few hundred kiloohms impedance in the OFF condition and less than 

one ohm in the ON condition.The actual D.C. voltage across the 

transistor switch in the ON condition can be as low as a few hundred 

millivolts.Non-regenerative transistor switches can be switched from 

OFF to ON,or vice verca,in a relatively insignificant time. 

In the common-emitter configuration the input switching signal 

current or voltage,is small in comparison with the switched output 

current or voltage.Hence,the common-emitter configuration is the 

most generally useful for a bipolar transistor sWitch.In most bipolar 

transistor switching circuits,the input voltages can be relatively 

large.The base resistance,RB,must be large to limit base current to 

reasonable levels. 

The type of drive of a transistor affects the shape of the current 

in the collector circuit.Current drive and voltage drive have different 

effects on the output current of the transistor with both small and 

large si.gnals. 

The type of the load of a transistor affects also the shape of 
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the signal received in the output circuit.To enable us to form a 

complete picture of the possible uses of a transistor with rectangular 

signals,it is very important that the effect of the loads should 

be discussed(20). 

There are three basic types of load fora switching stage: 

1) a purely resistive load; 

2) an inductive and resistive load; 

3) a capacitive,indnctive,and resistive load. 

A resistive load involves the use of a pure resistance in the 

output circuit of the transistor.A purely resistive load is rarely 

met with in industrial circuits. The actual load of a transistor 

often consists of a system of diodes feeding connecting units 

associated with the inputs of the stages immediately ~ollowing the 

transistor under study.These different untts,diodes and transistors 

which make up the load,may act inductively or capacitively. 

In transistorized switching circuits the type of load which 

consists of an inductance and a resistance in series is often met. 

Tn order to determine the available energy at the output of the 

stage, the value of the collector current,or lOad current,and then 

the variations of the output voltage must be determined. 

An inductance stores energy and restores it. For this reason 

with inductive loads we must differentiate between the following 

three possibilities: 

1) under-damping 

2) critical condition 

3) over-damping 

These three cases have a very important effect on the shape of the 

signals received at the output circuit.AIl necessary analyses to 

be ,used :in the determ:1nation of the load current and output. voltage 



are to be made in this chapter. 

One of the most serious problem in the operation of a power 

transistor with an inductive load is burn-ont,which results in a 
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short circuit betw,een the collector and emitter. Born-out is usually 

produced when the transistor is suddenly cut-aff from its ON-condition. 

The secondary breakdown of the collector characteristics determines 

the susceptibility to this type of failure.The secondary breakdown 

~s greatly influenced by the reverse base current.The reverse base 

bias voltage and ±Mpedance affect the reverse base current in a 

predictive manner. 

For safe operation, the secondary breakdown current should be 

greater than the maximum operating current.When the reverse base 

current is minimized, the transistor is also protected.To protect 

against burn-out,it is also desirable to use transistors with lower 

breakdown vo1tage requirement, because lower voltage transistor 

absorbs less inductive energy(Zl).In switching circuits with inductive 

loads.the sw:l.tching response time is lengthened ~r the voltage surge 

from the inductance is limited.ln such circuits,lowering BVCEO of 

the transistor is not desirable. 

The operation of transistors which uses a resonant circuit 

formed from a resistance,an inductance,and a capacitance in parallel 

as load is also considered.The analysis to be made for this type 

of load is similar to that of the inductive-resistive load. 

The recent advent of the VVMOS transistors has been a significant 

development in the field of se~iconductor power-control devices.The 

reasons for this arise from the transistor. t s inherent features of 

high-speed response, voltage controlled drive,robust operation with 

absence of secondary breakdown and excellent thermal stabilitY,which 

is because of its fundamental mechanism as a field-controlled majority 
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carrier device. 

Freedom trom secondary breakdown limitations makes driving 

highly inductive or capacitive loads a natural application tor 

VVMOSTs.lnductive loads include transformers,solenoids or relays. 

High current inrush loads such as incandescent lamps,pulse torming 

networks,and motors also are generally handled easily.Some attention 

must be given to the load characteristics,however. 

In common with bipolar semiconductor devices,VVMOS transistors 

can be damaged" it their voltage rating are exceeded.Although their 

avalanche energy capability is much better than that ot bipolar 

transistors,it is not good design practice to have the VVMOST absorb 

inductive energy unless the part is rated for this type ot service. 

The spikes generated trom inductive loads may have tremendous energy 

content and usually some means ot limiting their amplitude must be 

provided.Highly inductive loads may generate significant power on 

turn-of~,whereas capacitive-like loads cause power surges on turn-on. 

Usually with inductive loads the peak voltage spike should be 

limited to a value below the breakdown rating ot transistor.The 

safest and least expensive limiting technique is to use a zener 

diode as a peak-clipping (16).Resistive and capacitive loads usually 

require no auxiliary circuitry. 

In this chapter the analyses ot the transistor switching Circuit 

with R-L-C load and CVDMOS inverter are made,separately.The linear 

equivalent circuits to be used in the analyses can be obtained by 

using the related time-variant linear large-signal transistor models 

which are presented in the second chapter. 

For the VVMOST switching circuit the output side of the equivalent 

circuit to be obtained is similar to that ot BJT.That's why the 

analysis which is made tor the BJT switching circuit with R~L-C load 
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in section(3.1) is used for the VVMOST switching circu~t.The 

expressions of the load current and output voltage of the VVMOST 

switching circuit can be obtained by using the parameters of R
DS

' 

CDS,Vris,and VDD instead of R,C,VC,and VCC and by equating VCES to 

zero. The input side of the VVMOST switching circuit is used for 

determining the gate to source voltage,the gate current, the related 

switching times,and the relations between the switching regions. 

The analysiS of the switching circuits with resistive and 

resistive-inductive loads can be obtained easily by taking the 

values of the load inductor and capacitor and the load capacitor as 

zero,respectively,in the expressions which are obtained as a result 

of the analysis which is given in section(3.l) 

The analysis of the CVDMOS inverter which is considered as an 

application of VDMOST model is made in section(3.2).The inverter 

consists of a p-channel VDMOST connected in series with an n-channel 

VDMOST (drain to drain) with the gates tied together and driven from 

a common signal-hence,the name CVDMOS (Complementary VDMOS).When 

the input signal goes positive the p-channel VDMOST is essentially 

off and conducts only IDSS(picoamperes).The n-channel unit 1s forward 

biased but since only I DSS is available from the p-channel,VnS is 

very 10w.Conversely,when the input goes low (zero),the p-channel 

device is turned full on, the n-channel device is off,and the output 

will be very near -VDD.Since the current (without a load) is 

extremely small-the inverter dissipates almost no power in either 

stable-state;the only dissipated power of consequence occurs during 

the switching transitions as capacitances are charged. 

For all the analysis,the related flowcharts are given in sectioD 

(3.3).Some general and necessary explanations for the preparation 

of ~omputer programs are given in this section,too. 
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3.1. Analysis of Switching Circuits with R-L-C Load 

For the BJT sn tching circuit with R-L-C load, a linear 

equivalent circuit which contains the initial conditions of the load 

inductor,load capacitor,and the collector to emitter time-variant 

capacitor is obtained by using the time-variant linear model which 

is given in section(2.2)tinstead of the bipolar transistor.The 

switching circuit and its linear equivalent circuit related to the 

output part are shown in Figures (3.1.a) and (3.1.b),reSpectively. 

VCC 

Cl 

R 
Ll 

VBB .r 
I01·Ll.Ht) 

L..-_.------J+ 
L-___ J-________ L-___ E 

(a) (b) 

a) A BJT switching circuit with R-L-C load 

b) The related linear equivalent circuit 

.' 

Similarly,a linear equivalent circuit of the VVMOST switching 

circuit with R-L-C load is obtained by using the corresponding time-

variant linear model instead of VVMOS transistor. This model is given 

in section(2.:-).The related switching circuit and i.ts equivalent 

circuit are shown in Figures (3.2.a) and (3.2.b),respectively. 

For the VVMOST switching circuit, the expressions of the gate to 

source voltage and load ~urreD.t can be obtained by using the input 

side of the linear equivalent circuit w~ich is shown in Figure(3.2.b). 

The'input side of the equivalent circuit to be used in this analysis 
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.--_--. ____ -r--___ __e v 0 

+ 
es(t) 

Rl 

Ll 

IOl_Ll. aCt) 
~--~~---L ____ L_ __ ~~ _________ S 

(a) (b) 

FIGURE(3.2) a) A VVMOST switching circuit with R-L-C load 

b) The related linear equivalent circuit 

fs shown in Figure(3.3). 

If the initial conditions of the equivalent cir"cuit input 

capacitance,CIN,is considered as the previous va~ue of the gate to 

source voltage, the expression tor the gate to source voltage can 

FIGURE{3.3) Input side of the equivalent circuit shown in Figure (3.2i 

be obtained as 

In this expression the value of CIN changes by depending on the 

operating regions.The expression for the gate current can 'be obtained 

easily 



VCES i 
s.R 

R 1 
c:s 
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Rl Ll.s 

I--l~r----i IOI .Ll/ (Rl +Ll. s) 

1----(-'). .Cl. 

L-----i l/Cl.s 
VCC/s 

FIGURE (3.4) The circuit obtained by using Laplace transform method 

and network theorems in the circuit shown in Figure(3.l.b). 

IG.= [es(t)-vGSo]IRG 

As shown in Figures (3 •. l.b) and (3.2. b) , the equivalent circuit 

of the BJT switching circuit with R-L-C load is similar to the output 

side of that of VVMOST.That's why only one ana1ysis.is to be made 

+ 
Va(s) 

FIGURE(3.5) The circuit to be used in the analysis 

for obtaining the output voltages and load currents of these two 

kinds of switching circuits. 

By using the equivalent circuit shown in Figure(3.1.b) a new 

circuit which contains the current equivalences .ot voltage sources 

and Laplace transforms of the circuit parameters is obtained and 

it is shown in Figure(3.4). 

By using the voltage equivalences of the current sources in 

Figure(3.4),a circuit to be used in the analysis is obtained and 

.it is shown in Figure(3.5). 
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The output voltage and load cur~ent of this switching circuit 

can be calculated by using the related equations which are obtained 

by the analYSis which is made in,this section. 

In this analYSis, the voltages of Va(s) and Vb(s) are defined as, 

respectively 

The load current of this circuit can be calculated like that 

VCC/s+Vb(s)-Va(s) 
IL(s)=--------------------~--

R + Rl+Ll.s 
l+s.R.C s2.Ll.Cl+s.Rl.Cl+l 

[VCC/S+Vb(s)-Va(s)] (l+s.R.C) (s2Ll.Cl+s.Rl.Cl+l) 

IL(s) s2(R.Ll.Cl+R.Ll.C)+s(R.Rl.Cl+R.Rl.C+Ll)+R+Rl 

By substituting Eqs.(3.1.3) and (3.1.4) into Eq.(3.1.6) ,and 

rearranging it according to the power of s,this expression can be 

obtained 

where 

s3.Al+S2.A2+s.A3+A4 
IL(S) ----~2-----------

s(s .A5+s.A6+A7) 

Al = R.Ll.C.Cl (VCC-V02-VOl) 

, A4 = V CC -v CES 
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A5= R.L1(C+C1) 

A6 = R .R1 (C+C1 )+Ll 

A7=R+R1 

There are two types ot solution of Eq. (3.1.7) by depending on the 

value of the load inductor which is equal to zero or not. 

3.1.1. Case ot Ll = 0 

If the load inductor·is not used in the circuit shown in Eigure , 

S2.A2+s.A3TA4 

s(s • .A6+A7) 

If the numerator and denominator of Eq.(3.1.15) are divided by A6, 

the expression of ~(s) becomes 

2 . 
s .A8+s •. A9+A10 

s(s+All) 

where 

A8 = A2/A6 

A9 =A3/A6 

A10=A4/A6 

Al1=A7/A6 

The output voltage can be obtained as 

R 
VO(s) ::.:IL (s)· + Va(s) 

l+s.C.R 

(3.1.16) 

(3.1.17) 

(3.1.18) 

For finding the solutions of these expressions in time-domain 
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once the partial fraction expansion of these expressions must be 

aChieved, the corresponding residues must be determined,and their 

inverse Laplaces must be obtained: by taking the inverse transform 

of each term in the partial fraction expansion. 

If the denominator of these expressions has simple roots the 

i-th residues,ki,can be obtained as (22) 

k i = (s-s. ).FCS)\ 
J. s= si 

where F(s) is a function in s-domain and si is a pole of F(s). 

If the denominator of these expressions has poles with 

multiplic1ties,the corresponding residues,Kij,can be obtained from 

the follOwing expression (22} 

1 

s= s. 
J. 

where i= l,2,3, ••• ,t and j=1,2,3, ••• ,ri .Here t is the number of 

pOles,ri defines the multiplicities.The expression in Eq.(3.l.23) 

is in its most general form, too. 

a. Determination of IL111 

By using Eq.(3.1.l6),the current of IL(s) can be written in 

the form of the partial fraction expansion 

Al2 Al3 

s+All 

The corresponding residues of Eq.(3.l.24) can be calculated 

by means of Eq.(3.l.22) and by using Eq.(3.l.l6) the residues, 

. Al2 and Al3,are obtained as shown below 
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S2.A8+s.A9+A10 
Al2 

AlO 

s+A1l s=O All 

S2. A8+S.A9+AlO Al12 .A8-All.A9+AlO 
A13 - -

s s=-All All 

B,y us~ng the correspond~ng residues,Al2 aDd Al3,the value of 

the load current in t~me doma:1n can be calculated eas~ly .The inverse 

Lap1ace transform of I L(s),Eq.<3.i.24),can be calculated as 

~ (t) = A12. u (t )+Al.3. exp (-All. t) 

b. Determinat~on of V oill 

Subst~tut:1ng Eqs.(3.1.3) and (3.1.24) into Eq.(3.1.21),the 

expression of Va(s) can be obtained as 

A12 A13 R V V01.CR 
V (8) = (_ + . ). + CES + --:..::=---
e s s+A11 l+sCR s(l+sCR) l+sCR 

The expression can be written in the form of the partial traction 

expansion for taking the inverse Laplace transform 

A14 Al5 Al6 A11 AlB A~9 VOl 
Vo(s)=--+ + + +-++-""'"""--

s s+l/Re s+All s+l/RC s s+l/RC s+l/RC 

The corresponding res~dues of Eq.(3.1.29) can be calculated by us~ng 

Eq.(3.1.22) and (3.1.28) and they can be written as 

Al2 
A14=---- = A12.R 

C(s+l/RC) s=O 

A12 
A15= = -A14 

C.s s=-l/RC 
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A16 -" 
A13 

IS=-All 

Al3.R 
(3.1.32) 

C(s+l/RC) l-All.RC 

A13 
Al7 =-A16 (3.1.33) 

C(s+All) s=-l/Rc 

VCES 1 
AlB • =v (3.1.34) 

RC s+l/RC 8=0 CES 

VCES 1 
A19= .- =-Al8 (3..1 .. 35) 

RC s s=-l/RC 

If the terms having a denominator with s and s+l/RC are added 

separately,their additions become 

ATl=. A14+A16 

AT2 = A15+A17+Al9+V 01 

respectively.Finally VO(s) becomes 

. ATl AT2 A16 
Vo(s)=--+ +---

s s+l/RC s+All 

The inverse Laplace transform of VO(s) is equal to 

v (t) = ATI. u( t)+AT2. e-
t

/ RC+Al6. e_All • t o . 

3.1.2. Case of Ll:;fO 

If the load inductor is used in the switching circuit shown in 

Figure(3.5),Eq.(3.l.7) can be used for obtaining the expression of 

the load current in time-domain. 

If the numerator and denominator of Eq.(3.l.7) are divided by 

A5,the expression of IL(s) becomes 



where 

AAl.=Al/A5 

AA2=12/A5 

AA3=A3/A5 

AA4 =A4/A5 

ABl= A6/A5 

AB2 =A7/A5 

~.AA1+s2.AA2+S.AA3+AA4 

sCs2+s.AB1+AB2) 
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The denominator of Eq.C3.l.~O) is a third order polynomial and 

~ts roots can be found like that 

2 

Here 

Depending on the value of~ ,there are three types of solutions. 

1) L=o 

For this case,there are three real roots.Two of them are equal 

each other.The roots can be obtained as 
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Here,there are three roots.On1y one of them is real,the others 

are imaginary.They can be written as 

sl=O 

-AB1+j\/4. AB2-AB12 

2 

-AB1-j\/4.AB2-AB12 

2 

(3.1.-54) 

There are three different real roots of the polynomial. Their 

roots can be obtained as 

sl= 0 

-AB1+\!AB12-4 e AB2 

2 

-AB1- VABi2_4.AB2 

2 

Now, these three. 'cases will be studied in detail and their 

analyses will be made,separate1y. 

a. The Case of 6.= 0 

For this case the load current of IL(s),Eq,(3.l.40) can be 

written as 

and the output vOltage,VO(s),is shown in Eq.(3.l.21).For finding 
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the solutions of these expressions in time-domain,the.method which 

1s explained in section(3.1.1) is used here. 

(~). Determination of In(t) 

By using Eq.(3.1.59),the current of IL(a) can be written in 

the form of the partial fraction expansion as 

Bl B2 B3 
IL(s)=-+ +-----:-

s s+ABl/2 (StAB1/2)2 
(3.1.60) 

The corresponding residues of Eq.(3.1.60) can be ca1culated by 

means of Eqs. (3.1.22) and (3.1.23) and by using Eq. (3.1.59) • The 

residues,B1,B2,and B3,are obtained as shown below 

Bl= 
~.AA1+s2.AA2+S.AA3+AA4 

(s+ABl/2)2 

4.AA4 

s=O AB12 

d ~ .AA1+s2 .AA2+s.AA3+AA4 
B2 =_. (----------) 

ds s 
(3.1.62) 

s=-AB1/2 

B2= 
-AAl.AB13+AA2.AB12-4.AA4 

AB12 

B3=-------------------1 
s s=-AB1/2 

B3= 
AA1.AB13-2.AA2.AB12+4.AA3.ABl-8.AA4 

4.AB1 

By using the corresponding r~sidues,Bl,B2,and B3,.the value of 

the load current in time-domain can be calculated easily.The inverse 

Laplace transform of I (s),Eq.{3.1.60),can be obtained as L . 
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IL (t)= B1.u(t)+B2.e 
AB1.t 

2 (3.1.66) 

(2). Determination ot Voiil 

Substituting Eqs.(3.1.3) and (3.1.60),into Eq.(3.1.21) the 

expression of VO(s) can be obtained as 

.11 
VO(s)= l/C. (Bl+VCES!R) -+ B2/C. + 

s(s+l/RC) .0 (s+l/RC). (s~ABl/2) 

I VOl 
B3/C -------~ + ------

(s+1/RC).(s+ABl/2)2 s+l/RC 

This expression can be rewritten in the form of the partial traction 

expansion tor taking the inverse Laplace transform. 

BAll BA12 BA21 BA22 BA31 
Vo(s)=--- + + + + + 

s s+l/RC s+l/RC s+AB1/2 s+l/RC 

BA32 BA33 VOl 
+ . 2 + 

s+ABl/2 ( s+ABl/2) st-l/RC 
(3.1.68) . 

The corresponding residues ot Eq.(3.1.68) can be calculated by 

using Eqs.(3.1.22),(3.1.23),and (3.1.67) and they can be written as 

I 
BAII= l/C. (Bl+VCES!R) = Bl.R+VCES s+l/RC s=O 

1 
BAl2 = l/C.(Bl+VCEs!R).- = -BAll 

s s=-l/RC 

1 2.R.B2 
BA21 = B2/C· = 

s+ABl/2 s=-lJRCABl.R.C-2 

(3.1.69) 
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1 
BA22 = B2/C· = -BA2l 

stl/RC s=-ABl/2 

1 4.B3.R2.C 
BA31= B3/C· 2 - ----~ 

(s+AB1/2) s=-l/RC (ABl.R.C-2)2 

BA32 =~. [ B3/C 1 j = -BA3l 
ds (s+l/RC) s=-ABl/2 

1 2.B3.R 
BA33=B3/Co-

s~l/RC s=-AB1/2 2-AB1.R.C 

If the terms having a denominatar with s+l/RC and S+ABl/2 are 

added,separately,the1r additions become 

BBl = BAl2+BA2l+BA3l+V 01 

BB2 =BA22+BA32 

respectively.Finally VO(s) becomes 

BAll BBl BB2 BA33 

VO(s) =---;- + stl/RC + s'f"AB1/2 + (stABl/2)2 

The inverse Laplace transform of VO(s) is equal to 

t ABl.t ABl.t 

V (t) =BAll.u(t)+BBl.e R.C +BB2.e 2 +BA33. t.e 2 o 
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b. The Case of 6<0 

FOr this case,the current of IL(s),Eq.(3.1.40),can be written as 

and the output vOltage,VO(s),is shown in Eq.(3.1.21).For finding 

the solutions of these expressions in time-domain, the method which 

is explained in section(3.1.1) is used here. 

(1)'. Determination of It(t) 

By using Eq.(3.1.80) the current of IL(s) can be written in 

the form of the.partial fraction expansion as 

By means of Eqs.(3.l.80) and (3.1.81) and using Eq.(3.1.22) the 

corresponding residues of IL(s) can be calculated like that 

is.l= 
s3.AA1+s2.AA2+s.AA3+AA4 

(s-s2)·(S-82 ) s=o 

AA4 
(3.1.82) 

Here s2 and s2 are the roots of the denominator polynomial and 

they are defined in Eqs.(3.l.54) and (3.1.55).Substituting them 

into Eq.(3.l.82) 

AA4 
K ---
II- AB2 

can be obtained easily. 



s'.~A1+s2.AA2+s.AA3+AA4 

s. (s-st) 
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If this expression is solved and its real and imaginary parts 

are separated from each other, K12 can be obtained as 

Cl.AAl~3.AA2+C5.AA3+AA4+j(C2.AAl-C4.AA2+C6.AA3) 

~=. C7-j.C4 

where 

CO=l/2.V 4.AB2-ABl
2 

. Cl =ABI/2. (3/iB2-ABl2 ) 

C2 =CO. (ABl2-AB2) 

ABl2 
C3 --- -AB2 

2· 

C4 = CO.ABl 

C5=-ABl/2 

C6=CO 

AB12-4.AB2 
C? 

2 

(3.1.88) 

and then multiplying the numerator and the denominator of K12 by 

the complex conjugate of its denominator pOlynomial,Kl2 is 

rewritten as 

Kl2 = C13+ j . Cl4 

where 

C8 = Cl.AA1+C3.AA2+C5.AA3+AA4 
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.C9 = C2.AA1-C4.AA2+C6.AA3 

C10 = C72+C42 

C12 = C? C9+C4. c8 

C13 = Cll/C10 (3.1.100) 

C14= C12/C10 

can be determined easily~. 

By using the correspo~ding residues,Kll ,K12 ,and ~13,Eq.(3.1.8l) 

can be written as 

Kl1. (Cl3+j.C14).(S-S~)+(Cl3-j.C14).(S-S2) 
--=- + ------------------------------------~=-s (S-S2)' (s-S!) 

In this expression,if the values of s2 and s2 are substituted, 

Eq.(3.l.l03) can be written as 

Kll s(2.C13 )+C13.ABl-V4~AB2-AB12i.C14 
~=-+ ----------------------------------s2+AB1.s+AB2 S 

Finding the roots of the denominator polynomial of the second term 

in Eq;(3.l.l04) and rearranging this term, the current of IL(s) becomes 

2.C13(s+ABl/2) 2.C14.l/2.\ /4.AB2-ABlc 
Kll V 

------+----:--:---:-=-~---=-2- . 
(s+ABl/2)2+ 4.AB2-ABI (sTABl/2)2+ 4.AB2-AB1

4 

s 
4 4 



Taking the inverse Laplace transform of this expression we can 

obtain the load current in time-domain as 
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AB1. t AB1. t 
I L(t)=AA4/AB2.u(t) + 2.C13.e 2 .Cos(CO.t)-2.C14.e 2 .Sin(CO.t) 

(3.1.106) 

(2J.' Determination of Voill 

If Eq.(3.l.3) and (3.1.105) are substituted into Eq.(3.1.21), 

the expression of Vo(s) can be obtained as 

1 ~t AA4 2. C13 (s+AB1/2 ) 
V (s) =l/C.--- --- + AB :AB12-

o .~s-l/RC AB2.s (sTAB1/2)2+ 4. 24' 

VCES 1 (C13.AB1)/C- C~4\14.AB2-AB12~ 2Cla·S 
V (s)- (--- + -). + . 2 
o - C.AB2 R.C s(s+l/RC) (s+l/RC). [(S+AB1/2)2+ 4. AB2:ABl J 

AA4 

VOl 
+ --=---- (3.1.108) 

s+l/RC 

The partial fraction expansion of this expression can be 

achieved easily and it is expressed as 

CAl CA2 CBl CB2.s+CB3 VOl 
VO(s) = + + +, + 

s s+l/RC s+l/RC s2+AB1.s+AB2 s+l/RC 
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The eorrespondi.ng residues of Eq. (3.1.109) can be ca1culated by 

means of Eq.(3.1.22) and by using Eq.(3.l..108).They can be written as 

AA4 VCES 1 AA4.R 
CA1= ( +). + V

CES C.AB2 RoC s+l/RC s=O AB2 
(3.1.110) 

AA4 Vcgs 1 
CA2=( + ).- = -CAl 

C.AB2 R.C s s=-1/RC 
(3.1.111) 

CBl= 
. I 2' C13 ..AB1-cJ.4 0 V 4. AB2-AB1 +2. C13. s 

C. [<S+ABl/2)2+ ~.AB~AB1fj ,(3.1.112) 
s=-l!RC 

. 2 
Cl3.R.(ABl.R.C-2)-2.C14.R oC.CO 

2 2 AB2.R .C -AB1.R.C+1 
CBl (3.1.113) 

CB2.s-CB3 
s=-AB1/2+j.CO C. (a+l/RC) s=-AB1/2+j. co 

C.(s+l/RC) s=-AB1/2-j.CO 

These residues CB2 and CB3 can be calculated from Eqs.(3.1.114) and 

(3.1.115) as 

CB2=-CBl (3.1.116) 

2.CO.C14.R(RC.ABl-2)-4.R2C.C02C13+AB1.CB2(AB2.R2C2-ABl .R.C+1) 
CB3 ..... 

2. (AB2.R2 .C2-AB1.R.C+1) 

(3.1.117) 



It the terms having a denominator with ~-l/RC are added,their 

addition becomes 
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CC = CA2+CBl+V 01 (3.1.118) 

Using all the residues which are calculated above, the expression of 

the output voltage in time-domain can be written by taking the 

in~erse Laplace transform of VO(s) whieh is to be obtained by 

rearranging Eq.(3.l.109).The new expression of VO(s) becomes 

CAl CC CB2.s+CB3 
V (s)=- + + ~-__ ___ 
Os' s+lIRc s2+AB1.S+AB2 

and 

t t: CB2. sTCB3 
VO(s)"':"'CAl.u(t)+CC.eR:'C'+ ( ) (3.1.120) 

s2+AB1.s+AB2 

The inverse Laplace transform of the term of 

CB2.s+CB3 
( ) (3.1.121) 

can be found like that 

At the beginning Eq.(3.1.121) can be written in the torm of the 

partial fraction expansion by determining the roots of the denominator 

polynomial and it becomes 

CB2.s+CB3 

------------+ ------------
(s+ABl/2+j.CO).(sTAB1/2-j.CO) s+AB1/2+j.CO s+AB1/2-j.CO 

(3.1.122) 

The corresponding residues of Eq.(3.1.122) can be calculated by a 
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similar way which is used before and they. can be written as 

CB2.stCB3 
X11=-----

s+AB1/2-j.CO S=-AB1/2-j.CO 
(3.1.123) 

CB2 1 
X1l= + j (CB3-1/2.AB1.CB2) 

2 2.CO 

CB2.Si"CB3 
X12= 

~+ABl/2+j.CO s=-AB~/2+j.CO 

CB2 1 
X12 = - j (CB3-1/2.AB1.CB2) (3.1.126) 

2 2.CO 

By using the corresponding residues'X11 and X12,Eq.(3.1.122) 

becomes 

. . 
1 . 1 

CB2/2+j.2.C'O (CB3-1!2.AB1.CB2) + CB/2-j.2.'CQ (CB3-1/2.AB1.CB2) 

s+AB1/2+j.CO s+AB1/2-j.CO 

By taking the inverse Laplace transform of Eq.(3.1.127} and 

substituting it into Eq.(3.1.120),this expression can be obtained 

-tIRe -(!ID:.+jCO)t 
VO(t) =CAl.u(t) + CC.e +[CB2/2+j 2:CO(CB3-l/2.AB1.CBZ)] e 2 . 

-(~ - jCO)t 
+ [CB2/2-j 2:CO (CB3-1/Z.AB1.CB2)] e 2 

By rearranging Eq.(3.1.128),the load voltage becomes 

(3.1.128) 
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. -t/RC -(AB1.t)/2 
v 0 ( t) = CAl. u ( t) + CC. e + CB2. e .• Cos ( CO • t ) 

ABl.CB2 -(AB1.t)/2 
-1/00. ( 2 - CB3).e .Sin(CO.t). 

c. The Case of 6>0 

For this case,the current of IL(s),Eq.(3.l.40),can be written as 

~.AAl+s2.AA2+s.AA3+AA4 
IL(s)=--------------------

s.(s-S2)·(s-s3) 
(3.1.130) 

Here s2 and s3 are the roots of the denominator pOlynomial and they 

are defined in Eqs.(3.l.57) and (3.l.58),respectively. 

·The output voltage,VO(s) ,is shown in Eq.(3.1.2l).For finding 

the so1utions of these expressions in time-domain,the ~ethod which 

is explained in section(3.1.1) is used here. 

(1). Determination of IL(t) 

By using Eq.(3.l.l30) the current of IL(s) can be written in 

the form of the partial fraction expansion as 

DBl DB2 DB3 
IL(S) =-~-- or --- + ---

s s-s2 s-s3 

The corresponding residues of Eq.(3.l.l3l) can be calculated by 

means of Eq.(3.l.22) and by using Eq.(3.l.l30).The residues,DB1, 

DB2,and DB3,are obtained like that 

3 2 . S .AA1+s .AA2+s.AA3+AA4 AA4 
DBl -.--

By using Eqs. (3.1.57) and (3.1.58), 



can be found easily.From Eqs.(3.1.132) and (3.1.133) 

DBI = AA4/ AB2 

can be obtained. 

DB2= 
s3.AAl+S2.AA2+s.AA3+AA4 

s.(s-s3) s=s 2 

DB2 -
(Dl+D2).AAl+D3.AA2+D4.AA3+AA4 

D4.D5 

where 

Dl = AB1/2. (3. AB2-AB12) 

D3 = ABl. 2 /2-AB2-ABI. DO' 

D4 = -ABI/2 + DO 

D5= 2.00 

DB3 = 
8 3 .AAl+s2 • AA2+s.AA3+AA4 

s. (s-s2) 

DB3=-
(DI-D2).AAl+DA2.AA2+DAl.AA3+AA4 

DAl.D5 

where 

DAl = -ABl/2-DO 

DA2 = ABI 2/2-AB2+ABI. DO 
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By using all the residues which are calculated above, the 

expression of load current in time-domain can be written by taking 

the inverse Laplace transform of Eq.(3.1.13l) as 

substituting Eqs.(3.1.5?) and (3.1.58) into Eq.(3.1.147) the load 

current in time-domain becomes 

D4.t DU.t 

\ 

IL (t) = DB1.u(t)+DB2.e +DB3.e (3.1.148) 

(2). Determination of Valli 

If Eq.(3.1.3) and Eq.(3.1.13l) are substituted into Eq.(3.1.2l), 

the expression of VO(a) can be obtained as 

DBl 1 DB2 1 DB3 1 
V (s) -= -.----- + -.------- + -.-------

. 0 C s. (s+l/RC) C (s~s2). (s+l/RC) e (s-s3). (s+l/RC) 

VCES 1 VOl 
+ -..;= .... ----- + -------

R.C s.(s+l/RC) s+l/RC 

The partial fraction expansion of this exprQssion can be achieved 

easily and it is expressed as 

DC11 De12 DC21 DC22 . DC3l DC32 DC41 
V (8)=-+ + +-+ +-+-+ 
o s s+l/RC s+l/RC s-s2 s+l/RC s-s3 fa 

0042 VOl 
--- + ------- (3.1..151) 
sTl/Re S+l/RC 

The'correspOnding residues of Eq.(3.l.l5l ) can be calculated by 
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means of Eq.(3.1.22) and by using Eq.(}.1.150).They can be written as 

DOll. = DB1~R 

0012= -DCl1 

DB2.R 
DC2I= - -----

1+R.C.D4 

DC2Z=-DC21 

DB3.R 
0031= - -----

1+DA1.R.C 

DC32=-DC31 

DC41 = VCES (3.1..1.58 ) 

DC42 = -DC41 . 

If the terms having a denominator with sand s+l/RC are added , 

their additions become 

DDl = DCll+DC4l 

DD2 = DCl2+DC2l+DC31+DC42+VOl 

respectively. 

By ~ing all the residues which are calculated above and the 

related expressions,the expression of the output voltage in time-domail 

can be written by taking the inverse Laplace transform of VO(s) 

which is obtained by rearranging Eq.(3.1.15l).The new expression 

of VO(s) becomes 

DD1 DD2 DC22 DC32 
VO{s)=-+ +-+-

s s+l/RC s-s2 s-s3 

and 

-t/RC D4.t DAl t 
Vo(t) =DD1.u(t)+DD2.e +DC22.e +DC32.e • 

(3.1.163) 
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3.2. Analysis of Complementary VDMOS Inverter 

By using the time-variant linear models of the n-channel and 

p-channel VDMOS transistors in the complementary VDMOS inverter 

circuit which is shown in Figure(3.6) ,an equivalent circuit which 

contains the initial conditions of the gate to source and the drain 

to source time-variant capacitors of the n- and p- channel VDMOS 

transistors :is obtained and it is shown in Figure(3.?). 

~:r~ I . 
RG ] °v . OUT 

~ 
-

FIGURE(3.6) A complementary VDMOS inverter circuit 

~v 
DD 

FIGURE(3.7) Equivalent linear model of the CVDMOS inverter circuit 

A new circuit which is shown in Figure(3.8) can be obtained 

by using the current equivalences of the voltage sources and Laplace 



transforms of the circuit parameters of the output side of the 

circuit which is shown in Figure(3.7). 

e (t) 
s 

+ 

FIGURE(3.8) Equivalent circuit which is obtained by using the 
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Laplace transform method and netwark theorems in the circuit shown 

:In Figure(3.7) 

In the above circuits the meanings of the circuit parameters are 

explained in Table(3.1). 

TABLE 3.1 Explanation of CVDMOS inverter equivalent circuit parameters 

Parameter Explanation 

N-channel VDMOS'l' dra:ln to source resistance 

P-channel VDMOST drain to source resistance 

N-channel VDMOST drain to source capacitance 

P-channel VDMOST drain to source capacitance 

N-channel VDMOST previous drain to source voltage 

P-channelVDMOST previous drain to source voltage 

By using the voltage equivalences of the current sources at the 

output side of the circuit which is shown in Figure(3.8) the circUit 

to be used in the analisis is obtained and it is shown in Figure(3.9). 



In thi.s circuit,the voltages of VC(s) and VE(s) are defined as 

and 

respectively. 

+ 
VC(s) 

1 
VC(s)=CA·VA ---

l/RA+CA·s 

1 
VE(s)= CB·VB ---

l/RB+CB·s 

l/CA·s l/Cfes 

RA i RB 

::J V .' 

f 
+ 

FIGURE(3.9)' The circuit to be used in the analysis 

Vnrf's 
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The drain to source current and voltage of the n-channel VDHOST 

in this inverter are defined as the load current and output voltage, 

respectively.The expressions of the load current and output VOltage 

in time-domain areobta1ned by means of this analysis. 

The load current .of this inverter can be calculated like that 

Vnn/s+VE(s)-VC(s) 
InN(s)=--~--~~--~----

_---=l=--_ + _---=l=--_ 
l/RA+CA·s 'l/RB+CB·s 
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If Eq.(3.2.1) is rewritten,the expression of VC(s) be~omes 

If the denominator and numerator of Eq.(3.2.5) are divided by RA.CA , 
this expression can be obtained 

Similarly,the expression of VE(s) can be written as 

In Eqs.(3.2.6),(3.2.7),and (3.2.4) some abbreviations are used and 

they are given below. 

Al = l/(RA .CA) (3.2.8) 

A2 = l/(RB.CB) (3.2.9) 

A3= CA .. RA.RB+CB.RB.RA (3.2.10) 

A4 =RA+RB (3.2.11) 

A5 = C A .RA+CBoRB (3.2.12) 

A6 = CA. CB • R A • RB (3.2.13) 

A7=A4/A3 (3.2.14) 

Substituting the abbreviations which are defined in Eqs.(3.2.8) 

to (3.2.14) into the related expressions,the load current can be 

written like that 
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-. 
By rearEanging Eq.(3.2.l5) and by using the related abbreviations 

for the constant terms,the expression of the load current can be 

obtained as 

where 

DO = BO/A3 

Dl = Bl/A3 

D2 =B2/A3 

D4.S4+D3.S3+D2.s2+Dl.s+DO 

s.(s+Al).(s+A2).(s+A7) 

B2 = VDD• (l+A2.A5+Al.A5+A1.A2.A6)+VB(1+Al.A5)-V A (1+A2.A5) 

D3 =B3/A3 

B3 = VDD • (A5+Al. A6-t-A2.A6)+VB• (A5+Al.A6)-V AO (A5+A2.A6) 

D4 = B4/A3 

(3.2.21 ) 

(3.2.26) 

By means of Figure(3.9),the expression of the output voltage for 

CVDMOS inverter can be written as 
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If Eq.(3.2.27) is rewritten, the expression of the output voltage 

becomes 

3.2.1. Determination of IDN(t) 

Using Eq.(3.2.l6) the current of IDN(s) can be written in the 

form of the partial fractio~ expansion as 

Fl F2 F3 F4 
IDN(s)= - + - + - + --

s s+Al s+A2 s+A 7 

By means of Eq. (3.2.16) and Eq. (3.2.29) and by using Eq. (3.1.22) 

the corresponding residues of IDN(s) can be obtained as shown below 

Fl = DO/(AI.A2.A7) 

D4.Al4-D3.A13+D2.Al2-Dl.Al+DO 
F2 

F3= 

F4= 

AI. (Al-A2).(A7-Al) 

D4.A24-D3.A23+D2.A22-Dl.A2+DO 

A2.(A2-Al).(A7-A2) 

D4.A74-D3.A73+D2.A72-Dl.A7+DO 

A7.(A7-Al).(A2~A7) 

Using all the residues which are calculated above,the value of 

t~e load current in time-domain can be determined easily.The inverse 

Laplace transform of IDN(s) can be obtained as 

I () ( -Al.t -A2.t -A7.t 
DN t = Fl.u t)+F2.e +F3.e +F4.e 
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3.2.2. Determination of VO(t) 

If Eqs.(3~2.6) and (3.2.16) are substituted into Eq.(3.2.28), 

the expression of VO(s) can be obtained as 

D4.s4+D3.~+D2.s2+Dl.S+DO 1 
VO(s)= + VA-----CAes.(s+A1).(s+A2).(s+A7).(s+1/(RA·CA» s+l/(RA·CA' 

By using the related abbreviations in Eq.(3.2.35),the expression of 

VO(s) becomes 

+ 

where 

EO =DO/CA 

El.=D1/CA 

E'2=D2/CA 

E4=D4/CA 

Eq.(3.2.36) can be rewritten in the form of the partial fraction 
. ' 

expansion for taking the inverse Laplace T~ansform. 

HI H2 H3 H4 H5 VA 
V (s)=-+-+ +-'+-+-
o s sTAl (s+A1)2 s+A2 s+A7 sTAl 

The corresponding residues of Eq.(3.2.42) can be calculated by using 
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Eqs.(3.1.22) and (3.1.23) and Eq.(3.2.36).They are obtained as shown 

below 

EO 
Hl= 2 (3.2.43) 

Al .A2.A7 

A16.~4-2.Al5.E4.(A2+A?)+A14. [E3.(A2+A?)+3.E4.A2.A7-E2] 
H2=------------------------------------------------

H3= 

H4 

H5= 

+2.Al.EO.(A2+A?)-E0.A2.A7 

[Al. (AI-A2).(A?-Al)] 2 

E4.Al4-EB.A13+E2.Al2-El.Al+E0 

Al.(AI-A2).(A?-Al) 

E4.A24-E3.A23+E2.A22-E1.A2+EO 

A2.(Al-A2)2.(A2-A7) 

E4.A74-E3.A73tE2.~72_E1.A?+EO 

. A7. (AI-A7)~(A7-A2) 

If the terms having a denominator with s+Al are added, their 

addition becomes 

H6 =H2+VA 

Finally VO(s) becomes. 

Hl H6 H3 H4 H5 
VO(s)=-+-+ 2+-+--

s s+Al (s+Al) s+A2 s+A7 

The inverse Laplace transform of VO(s) is equal to 

-Al.t -Al.t -A2.t -A7.t 
_ VO(t)=Hl.u(t)+H6.e +H3.t.e +H4.e +H5.e (3.2.50) 
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3.3. COMPUTER PROGRAM DESCRIPTION 

The time-variant linear large-signal BJT,VVMOS,and VDMOS models 

and model parameters have been explai~ed in the second chapter. The 

analyses of the transistor switching circuits with RLC load and 

CVDMOS inverter which are driven by the square wave signal source 

have been done for obtaining the expressions related to their load 

currents and output voltages in the third chapter. 

By using the proposed transistor models,the model parameters, 

and the related expressions,one-period variations of the load currents 

and output voltages _of the circuits which are expressed above can 

be calculated by changing the corresponding model elements with the 

time intervals of DELT as depending on the operating regions.At the 

beginning of all the calculations,the initial conditions which are 

related to the transistor parameters and circuit elements must be 

determined-. The expressions of the load current and output voltage 

which are obtained in the third chapter and are used by putting DELT 

instead of t,can be solved each time with the results of their 

pre"4ous- calculations taken as the initial conditions.The linear 

equivalent circuits of the transistor srltchi.ng circuits whi.ch 

include the corresponding transistor models are the same formally in 

all the operating regions beyond the values of the model elements. 

The number of calculations is equal to the number of points 

taken during the switching time. During the calculations one-step 

±Dtegrat1oD error must be controlled.If the error is high. the time 

interval ,DELT, must be reduced,if not, by increasing the time :lnterval 

time wasting can be prevented. 

For determining the output voltage and load current of the BJT 

switching circuits the corresponding switching times and model 



parameters which are expressed in sections (2.3.1) and (2.3.2), 

respectively,must be determined at the beginning.For all the 

operating regions the time-variant functions of the BJT output 

resistance and capacitance are given in section (2.2).One-period 

variations of the load currents and output voltages of the BJT 

switching circuits can be calculated by using the expressions of 

the model elements and the switching times corresponding to the 

every operating region. 
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For determining the output vo~tages and load currents of the 

VVMOS and VDMOS switching circuits the corresponding transistor and 

model parameters which are explained in sections (2.6) and (2.8), 

respectively,must be determined at the beginning.The input side of 

the model which is developed for the VVMOS and VDMOS transistors in 

section (2.5) is used for determining the operating regi9D and the 

value of the drain to source resistance beyond the cut-off region. 

The variations of the load currents and output voltages can be 

obtained for every regton,separatively,by using the adequate values 

of the model elements. 

For determining one-period variations of the drain to source 

currents and voltages of a CVDMOS inverter both of the n- and p

channel enhancement mode VDMOS transistor' models are used together. 

The drain to source voltage and current expressiong have been 

obtained in section (3.2).The computer program description is similar 

to that of VVMOS-or VDMOS-switching circuit in general. 

The switching times of the VVMOS-or VDMOS- switching circuit 

and CVDMOS inverter can be calculated. easily from the time values 

at which it passes from one region to the other region within one

period int~val.. 

In the computer p~grams,only resulting curves or both the . 
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related values and curves can be obtained at the output as depending 

on the state o~ switch,SW,which is used for this purpose. 

The flowcharts related to the computer programs o~ the BJT and 

VVMOS-or VDMOS- switching circuits-and CVDMOS inverter are given, 

separately,in the following sections. Flowcharts for the subroutines 

are not prepared but all subroutines are given in Appendix-C together 

with the computer programs.' 

3.3.1. Flowchart Related to the Computer Simulation of BJT 

Switching Circuit with RLC Load 

TT,tron,ts,troff 

CBMIN,CMAX,CMIN 



CALCULATION OF V BE 

I=l,T =0 

11=12=13=14= 0 

CALCULATION OF t1,t2,and t3 

'TURN~ON DELAY REGION' 

CALCULATION OF Rand C 

3 }-------+-----l 
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CALCULATION OF AIOl 

CALL BJTRLCA 

CALCULATION OF ~ 

Yes CALL BJTRLCC 

Yes 

No 

CALL BJTRLCB 

CALCULATION OF A~,VC 

~--~------------~1 



84 

No 
>--~---I2 

No 

~_es~'TURN-ON TRANSIENT 
REGI.O :-~N:.....' __ _ 

Yes 

No 

Yes 

'TURN-OFF TRANSIENT 
REGION' 

Yes 

'DELT,tdon,tl,t2,t3' 

CALCULATION OF R,C 



3.3.2. Flowchart Related to the Computer Simulation of VVMOS and 

VDMOS SYri. tclrlng Circul t wi th RLC Load 

I=2,T = 0 

11 to I5=0 

CALCULATION OF CIN! and CIN3 

DETERMINATION OF INITIAL VALUES 

'TURN-ON DELAY REGION' 

CALCULATION OF RDS and VGS 

No 
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>---~---1CALCULATION OF AIG 

Yes 

CALCULATION OF AIG 
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CALCULATION OF Cns 

Yes 

CALCULATION OF AID g V DS 

CALCULATION OFAIOl 

CALCULATION- OF AID g VDS 

No 

CALCULATION OF AID g Vns 

CALCULATION OF AID g VDS 

r-----------~--------~l 

CALCULATION OF VOl g V02 
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>---~------~ 2 

Yes 

CALCULATION OF tf 

'RESISTIVE REGION' 

CALCULATION OF RDS ~ VGS 
'PINCH-OFF REGION' 
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Yes 

CALCULATION OF Ton tdo f 

'PINCH-OFF REGION' 
'RESISTIVE REGION' 

CALCULATION OF R C V DS' IN2' GS 

CALCULATION OF RDS, VG 

tdon,tf,ToN,tdOff tr T , 'OFF 

CALCULATION OF F 

PLOTS FOR 

VDS,AID,VGS,AIG,RDS,CDS 

CALCULATION T 

'CUT-OFF REGION' 



3.3.3. Flowchart Related to the Computer Simulation of CVDMOS 

Inverbr 

RELATED PARAMETERS 

RA= RDSN 

HB = RDSP 

CA = CDSN 

C
B

= C
DSP 

VA = VDSN 

VB = V DSP 

CALCULATION OF RGTN and RGTP 

CALCULATION OF ~Nand 'p 
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CALCULATION OF CIn and CIN3 

1=2 

11 to 18:0 

DETERMINATION OF INITIAL VALUES 

Yes 

No 

tdon,tf,TON ' 

tdOff, tr, TOFF , 

CALCULATION OF CA,CB 

'THIRD REGION' 
'P-CHANNEL VDHOS: 
CUT-OFF REGION' 

Yes 

Yes 

CALCULATION OF RB g VGSP 

Yes 
.;:;---r----+2 

No 

Yes 
>--7-""--=--t 3 

>--~--G) 
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'FIRST REGION' 
'P-CHANNEL VDMOS: 
RESISTIVE REGION' 

CALCULATION OF RB [< V GSP 

9 ~----~----~ 

>-~-~ CALCULATION OF AIGP 

No 

CALCULATION .OF AIGP 

Yes 

No 

Yes 

'N-CHANNEL VDMOS: 
RESISTIVE REGION' 

'N-CHANNEL VDMOS: 
PINCH-QFF REGION' 
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'SECOND REGION' 
'P-CHANNEL VDMOS: 
PINCH-OFF REGION' 

'FOURTH REGION' 
'P-CHANNEL VDMOS: 
PINCH-OF:..:!F;.Jl~~""'-

TOFFP~T-(trp+tdoffp) 

tdonp=T-TT!2 

CALC. 

'FIFl'H REGION' 
'P-CHANNEL VDMOS: 
CUT-OFF REGION' 

tfp= T--( tdoffp+trp+TOFFP) 

TONp:T-(trp+TOFFP+tfp> 

'THIRD REGION' 
'P-CHANNEL VDMOS: 
C UT-OFF RE-:;:G:.;:I."......~ 
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'N-CHANNEL VDMOS: 
CUT-OFF REGION' 

No 

Yes 

trN=~-(tdonN+ttN+TONN) 

~OFFN=TT-(tfN+TONN+trN) 

8~~~--------~-------' 

IN-CHANNEL VDMOS: 
PINCH-OFF REGION 

No 

Yes 

TONN .. T-(tdonN+tfN) 

tdo fiN= T-TT/2 

"2>-..=....::;~...., CALCULATION OF AIGN 

CALCULATION OF AIGN 

ALL 

93 



94 

IV. COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS 

4.1. Introduction 

For controlling the validities of BJT and VVMOS-or VDMOS -

transistor models which are developed in the chapter two for practical 

switching applications, wave form measurements is taken and compared 

with the computer simulations.For this purpose experimental waveforms 

of BJT switching circuits are photographed in the laboratory.Some 

practical measurements related to the VDMOS switching circuit with 

a resistive load are taken from a research paper,(16). 

In all the measurements and computer simulations,the operating 

frequency is 1 MHz. 

To obtain the experimental measurements of the switching circuits 

a transistor whi.ch is adequate to the switching applications is chosen 

initially.By using the data sheets the values of the circuit elements 

are determined.F1nallY,experimental measurements are taken. 

The analysis of the BJT, VVMOSand VDMOS switching circuits and 

CVDMOS inverter were made in the chapter three.To run the computer 

simUlations which are to be compared with measurements the elements 

and parameters of the transistor model must be determined initially 

by using the. transistor parameters.The expressions which are given 

in the chapter two is used for this conver~ion. 

In this chapter the measurements and computer simulations of 

BJT and VDMOS switching· circuits are given together.In the BJT 

switching circuits,the comparisons are made for the resistive, 

resistive-inductive,resistive-inductive-capacitive loads,separately. 

But in the VDMOS switching circuit, the comparison is made only for 

the resistive load.For the VVMOS switching circuits and CVDMOS invertj 

only computer simulations are presented. 
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4.2. Verification of the Validity of the BJT Modeling Procedure 

In order to verify the validity of the BJT model for practical 

switching applications,waveforms are photographed trom a CRT screen. 

The bipolar switching transistor 2Nl7ll is chosen.The parameters 

which is necessary for this transistor are given in Table 4.1,(5). 

A l2V collector supply voltage is used and a square wave of which 

ON an.d OFF voltages are 4V and -2V ,recpectively ,is applied to the 

input of the circuits from a HP8007B pulse generator with 50~ source 

impedance and pulse transition time of 2 ns.Waveform measurements 

were taken on a Tektronix oscilloscope with 250 MHz bandwidth. 

TABLE 4.1 ~N.l711 bipolar switching transistor parameters 

RBB 1.63.10-2 Jl 

REE 6.2 10-2 Jl. 

Ree 6.2 10-2 Jl 

RE 2.5 104 Jl 

Re 8.15 103 JL 

rES 1.845 10-1.2A 

les 2.8 10-12A 

~ 1.1 

Me 1.1 

TEMP 270
0

K 

NE 0.5 

Ne 0.5 

BN 100 

Br 1 

VZE 1.511 

Vze 1.OV 

FN 70 MHz 



7.5 MHz 

92 pF 

B3 pF 

BO pF 
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The switching circuit with RLC load is set up as shown in 

Figure(4.l).For the resistive load the values of the load inductor 

and capacitor are taken as zero.In the computer simulation the same 

method is used. 

A termination resistor of 47Jlis placed at the end of the 

coaxial cable.At the input of the switching circuit ON and OFF 

values of the square wave were EON=2V and EOFF=-lV,respectively. 

The values of the circuit elements are chosen as RB=lKB,Rl= 330~, 

Ll=l7.5~H and Cl=lO pF by looking at the safe operating conditions 

of 2N171l from the data book.Two capacitors of lOnF and 100nF are 

used as the bypass capacitors. 

!he circuit is set up on the printed circuit instead of the 

breadboard to avoid the stray capacitances of the breadboard at 1 MH2 

Pulse 
Gen. 

Rl 

Current 

Current probe 

!FIGURE(4.l ) BJT switching circuit and measurement set-up 



The measurable terminal waveforms comprised the collector to 

em:ltter v'oltage V C and the load current ILeThe load current waveforms 

are obtained by using a P6042 Tektronix current probe. 

--'" , 
I 
I 

1 
r 

FIGURE(4.2) Oscilloscope measurements of the switching waveforms 

related to the BJT switching circuit with resistive load 

Vertical sCales,VIN:2V/diVe,Vc:5V/div.,IL:lO mAldive 

1 • .1OE+Ol'~, Vc (\/) 

:: 
9·3S£~t 

! 
6.77E+O~! 

· · · 4. 15E+OO7 
, . 
'1 

2. 77E-02l 
; . . 

1.9SE-02 t 
, 

1. 19E-02 f 
· . 

l·:S4E+oo.t->'-==!:I=~~~=~---+-_,-=--+---+t~c.se~t). 3. 96E: t 
~~~. ~==~---__ ~_1_~1~~~====~== 

9.vOE-·)S .i:.70E-j; 4.:soE-v7 6.3OE-vi s.lOE-)7 

a)Output voltage b)load current 

FIGURE(4.3) Simulated switching waveforms of the BJT sw:ltching 

circuit with resistive load 

. 
The values of the model parameters, tron'''-S,trOf'f, VCES,RM!N' 

RMAX,CMIN,and CMAX,can be determined by substituting the calculated 



98 

base and collecto~ current andvcltage values and the transistor 

,parameters which are given in Table(4.l),into Eqs.(2.3.6),(2.3.7), 

(2.3.8),(2.3.l3),(2.3.l6),(2.3.l7),(2.3.27),and (2.3.28),respectively. 

For the computer simulation of the BJT switching' circuits the 

model parameters are taken as tron=O.28J<sec,T~O.06J<sec,VCESo.2V, 

troff=O.14j<-sec ,RMINfO.9J2. ,RMAX;;;4 lo7Jl. , CM1N= 32.6 pF ,CMAX= 620 pF, 

CBM1N=80 pF,and VG=O.7V. 

FIGURE(4.4) Oscilloscope measurements of the switching waveforms 

related to the BJT switching circuit with resistive-inductive load 

Vertical sCales,VIN:2V!dive,Vc:5V/div.,IL:lOmA/div. 

, ~ \}c (\}) 
1.84E+1.11 f 

, · · · 1. 44E+Ol ~ 

· ! 
1.03E+01 r 

· 
0.28£+00 t 

.i:.24E+OO .. 

,-., -~------.---.-----~-

~.O)·:'E-Of' 2.70£-':'7 4.50)E-07 6.30E-07 9.10£-07 ".90E-07 

a)Output voltage 

2.~2E-o;: ~ 
i 

1.70E-o., " 

b)Load current 

FIGURE(4.5) Simulated switching waveforms of the BJT switching 

circuit with resistive-inductive load 
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For the BJT switching c~rcuits with resistive,resist~ve-1Dductlve 

and resistive-inductive-capacitive loads the output voltage and 

load current, "experimental waveforms- are shown in Figures (4.2), (4.4), 

and (4.6),respectivelY.The related computer simulation_-results are 

FIGURE(4.6) Oscilloscope measurements of the switc~ng waveforms 

related to the BJT switching circuit with RLC load 

Vertical scales,VIN:2V/div.,Vc:5V/d~v.,IL:lO mAldive 
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a)output voltage b)Load current 

FIGURE(4.7) Simulated switching waveforms of :the BJT swit.ching 

circuit with RLC load 

shown in Figures (4.~),(4.5),and (4.7),respectively,for direct 

comparison with measurements under the same conditions.A good 
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agreement is seen between the detailed oscilloscope photographs and 

the simulations based on the present model. Waveform details,such as 

the change of slope in V C and IL during their transitions.', the 
-.. 

ringing and smooth Vc and IL shapes show a goodcorrelation.The 

simulation results match the experimental results to within 9 per 

cent.Calculated and measured peak values of the overshoots,VCMAX ' 

are given in Tab1e(4.2). 

TABLE 4.2 Comparison of theoretical and measured ringing frequencies 

and overshoots 

Parameters RL load RLC load 

Calculated 6.66 MHz 5.83 MHz 

Simulated fn 6.34 MHz 5.42 MHz 

Measured 6.9 MHz 6.0 MHz 

Simulated 18.4 V 17.8 V 

Measured 
VCMAX 18.1 V 18.0 V 

In this modelling procedure only the output side of the bipolar 

transistor is modelled.This procedure affects partially the accuracy 

of the model.In spite of this situation,there is an agreement between 

the measured and simulated waveforms as shown in Table(4.2). 
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4.3. Verification of the Validity of the VVMOS and VDMOS Modeling 

Procedure 

In order to verifY the valid~ty of the VVMOS-or VDMOS-model 

for practical sWitching circuits,VVMOS and VDMOS switching circuits 

which were given in Ffgure(3.2) are simulated,separately.For the 

VVMOS switching circuits only theoretical waveforms are obtained. 

Simulated waveforms of the VDMOS switching circuit with resistive 

load are compared with the measured waveforms which are taken from 

reference paper (16) under the same circuit conditions.In addition, 

VDMOS model is applied to a complementary VDMOS inverter and the 

simulated results are also shown at the end of this section. 

4.3.1. VVMOS Transistors 

To control the VVMOS modelling procedure the VVMOS transistor 

whose parameters are given in Table(4.3),is applied to the switching 

ci.rcuit with RLC loads.The element values are Rl=820Jl ,Ll=47.flH, 

and Cl=15 pF.A l2V drain supply voltage is used and a square wave 

whose ON and OFF voltages are EON=5V and EOFF=-5V was applied to the 

gate terminal through a resistance of 2200Jl. 

TABLE 4.3 VVMOS transistor parameters (15) 

z 

L 

35 nF/cm2 

12 nF/cm2 

1.85 cm 

2 rm 

2.2 ~m 

2 ;tm 

8~m 

38 pF 

20 pF 



<rDSO 

¢ 

gn 
. d/a 

RDSON 

VGSON 

A 

Za 

15.10-9 pF.em-2 

0.9 V 

0.5 

2.5 V 

5.7 Jl 

190 em2/V.s 

5 Jl.em 

7.8 

5.85 Jl. 

3.5 V 

6.75.10-3 em2 
. 2 

1.5.10-3 cm 
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For the VVMOS switc~ing circuits with resistive,resistive-

induct1ve,and resistive-inductive-capacitive loads the simulated 

terminal waveforms comprised the gate to source voltage VGS,the 

gate current I G, the drain to source voltage VDS" the drain current 

I D, and the drain to source capacitance CDS. Waveforms are shown in 

-5.SZE-v4~ 

~ 

" S.91E-OS' 2.67E-07 4.4~-O7 6.24E-07 S.OZE-07 9.SOE-07 

,~ I 
8. 91E-OS 2.o7E-07 4. 45E-07 . 6.24E-07 S.02E-07 9.8OE-O~ 

a)Gate to source voltage b)Gate current 

FIGURE(4.8) Simulated switching waveforms related to the input 

side of the VVMOS switching circuit with resistive load 
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c)Drain to source capacitance 

FIGURE(4.9) Simulated switching waveforms related to the output 

side of the VVMOS switching circuit with resistive load 

Figures (4.8) t (4.9) ,(4.10) ,and (4.11) • Figures (4.8) and (4.9) show 

the gate to source voltage,gate current,the drain to source voltage, 

drain current,and drain to source .capacitance waveforms,respectively, 

for the resistive load. The turn-on part of the switching cyele begins 

with a short delay,while VGS rises rapidly to the threshold voltage. 

This is followed by a plateau phase,where VGS is approximately 
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Hse 
(. --.---l--_. __ --1. 

,. 8.91E-08 2. 67E-07 4.4~E-07 6.24E-')7 8.02E-07 >.ZOE-O: 

-----------_.----
b ) Drain current 

~ 
-t(sec.) 

~-<-~----1~_,---1~.-=l_-~-.J-~-'1 

c)Drain to source capacitance 

FIGURE(4.~0) Simulated switching waveforms related to the output 

side of the VVMOS switching circuit with resistive-inductive load 

constant as the transistor passes through the pinch-orf region,with 

VDS falling and ID rising.Finally the device enters the resistance 

region and VGS continues to charg~ towards the gate drive voltage, 

while VDS remains small and attains the value corresponding to the 

ON-resistance,RDSONoA converse behavior results during the turn-off 

phase as the VVMOS is driven initially from the resistance region 
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into the cut-off state.The output capacitance is a drain to source 

voltage dependent junction eapacitance as shown in Figure (4.9.c). 
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a)Drain to source voltage 
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. , , 
3.~-11t 

. 
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b)Drain current 

c)Drain to source capacitance 

FIGURE(4.ll) Simulated switching waveforms related to the output 

side of the VVMOS switching circuit w1t~ RLC load 

For the RL and RLC loads, the 'output voltage,load current,and 

drain to source capacitance waveforms are shown in Figures (4.10) 

and (4.11),respectively.Waveform details,such as the change ot slope 

in Vns and In during their transitions, the ringing and smooth Vns 



and ID shapes,show a good correlation with the desired waveforms. 

The simulation ringing frequencies and the values of the output 

voltages and load currents of the switching circuits With RL and 

RLC loads during ringing correlate to within 4.8 per cent of the 

theoretical calculations. The overshoots of the drain to source 
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voltages are seen in the drain to source capacitance waveforms 

because of their Vns dependent junction capacitance characteristics. 

Calculated and simulated ringing frequencies and switching waveform 

transition parameters of particular interest,such as '10 per cent to 

90 per cent risetime and fall time are given in Table(4.4). 

TABLE 4.4 Simulated and calculated VVMOS switching characteristics 
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4.3.2. VDMOS Transistors 

In order to verifY the validity of the VDMOS model for practical 

switching applications,waveform measurements were taken for the 

transistor switching a resistiveload,As the VDMOS switching 

transistor,IRFl39 MOSFET which is an n-channel enhancement transistor 

is chosen.The parameters of this transistor are given in Table(4.5). 

A 20V drain supply voltage was used,so the switched current was 4A 

because of the resistive load of 5Jl,and 12V pulses were applied to 

the gate ter~na1 from an HP2l4B pulse generator with 25.fl. source 

impedance and pulse-transition times of 11 nsec.Waveform measurements 

were taken on a Tektronix oscilloscope with 250 MHz bandwidth. 

TABLE 4.5 VDMOS (IRF130) Model Parameters (16) 

RS 0.005 Jl 

. RD 0.07..n. 

CGD 600 pF 

CGS 550 pF 

CDSO 1100 pF 

¢ 0.9 V 

H 0.5 

VT 3.4 V 

B 1.1687 

RG 4.5 Jl. 

RDSON 0.14 Jl. 

VGSON 10 V 

Cp 80 pF 

The measurable terminal waveforms comprised the gate to source 

voltage VGS the gate current IG,the drain to source voltage VDS ' 
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and the drain current I D.Resu1ts are displayed in Figures (4012) and 

(4.l4).Figures (4.12.a) and (4.l4.a) show detailed oscilloscope 

photographs of the actual waveforms during the turn-on transition 

of the VDMOS transistor while Figures (4.12.b) and (4.14.b) show 

corresponding waveforms for the turn-off phase.The variations of the 

a)Turn-on part b )Turn-off part 

FIGURE(4.l2) Oscilloscope measurements of VGS and IG waveforms 

related to the VDMOS switching circuit with resistive load 

Vertical scales,VGs :2V!div.,IG:O.lA/div. 
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a)Gate to source voltage b)Gate current 

FIGURE(4.l3) Simulated switching waveforms related to the input 

side of the VDMOS switching circuit with resistive load 

switching waveforms are similar to those of VVMOS transistor that's 

why the explanation given in section(4.2.l) is also valid for the 
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a)Turn-on part b )Turn-off part 

FIGURE(4.l4) Oscilloscope measurements of VDS and In waveforms 

related to the VDMOS switching circuit with resistive load 

Vertical scales,VDS:5V/div.,ID:lA/div. 
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•. 8.91E-08 2.67£-07 4.4~-Q7 6.24E-07 8.02£-07 9.80£-07 8.91E-08 2. 67E-07 ' 4.4:1£-07 6.2'1£-07 6.02£-07 9.avE~ 

a)Drain to source voltage b)Dra:in current 

FIGURE(4.l5) Simulated switching waveforms related to the output 

side of the VDMOS switching circuit with resistive load 

the VDMOS switching waveforms. 

Computer simulation results using the VDMOS model with parameter 

values given in Table{4.5) are shown in Figures (4.13) and (4.15) 

for direct comparison with measure.ments under the same circuit 

conditions. A good agreement is seen between the experimental waveforms 

and predictions based on the present model. Waveform deta1ls,such as 

the VGS plateau,the change of slope in VDS during its transition, 
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the smooth ID shape as well as the timing relations between the 

various voltages and currents,show·very good agreement.The VGS 

plateau does not seen in the simulated waveform perfectly because 

oscilloscope measurements are made separately for the turn-on and 

turn-off transients with 20 nsec/div.However,simulated waveform 

shows complete waveform within one period of 1 MHz. The ringing in 

VDS or ID owing to the presence of the drain inductor under 1 MHz 

operating frequency is not seen in the simulated results because the 

model does not include any inductor because of its simple characteristic 

Switching waveform transition parameters,risetime tr and falltime tf, 

are compared to measurements in Table(4.6). 

TABLE 4.6 Comparison between measured and simulated VDMOS switching 

characteristics 

Waveform 

Turn-on VGS: tr 

vDS : tf 

ID tr 

IG peak 

Turn-off VGS: tf 

VDS : ;tr 

ID tf. 

IG peak 

Measured Simulated 

122 nsec 116 nsec 

31 nsec 29 nsec 

36 nsec 33 nsec 

0.3 A 0.35 A 

108 nsec 107 nsec 

44 nsec 35 nsec 

44 nsec 33 nsec 

-0.35 A -0.27 A 

It is seen that the simulation correlates the experimental data 

and a good agreement for all the switching waveforms verifies the 

accuracy of the modelling procedure. 
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4.3.3. Complementary VDMOS Inverter 

An n-channel enhancement VDMOS transistor,BST18,whose parameters 

are g~ven in Table(4.7),(2i),and ~ complementary p-channel VDMOS 

transistor are used for CVDMOS inverter which was shown in Figure 

(3.6).A 10V supply voltage was applied to the source of p-channel 

. transistor and lOV pulses were applied at, the gate terminal from a 

pulse generator with 100Jl sOurce impedance. 

TABLE 4.7 N-channel VDMOS transistor (BST?8) parameters (24) 

RS 0.05 JL 

RD 0.7 Jl 

RG 4.5 Jl 

eGS 75 pF 

C"GD 5 pF 

CDSO 100 pF 

¢ 0.9 V 

H 0.5 

V~ 3.4 V 

RnSON 15Jl 

VGSON' ',·10 V 

ton <10 nsec 

tOft (100 nsec 

In the CVDMOS inverter the simulated terminal waveforms 

comprised the n- and p-channel transistor gate to source voltage, 

gate current waveforms,n":,,channel transistor drain to source voltage 

and drain current waveforms.These waveforms are shown in Figures 

(4.16),(4.17),and (4.16),respectively,for every transistor.Here the 

n-channel transistor drain to source voltage and drain current are 
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FIGURE(4.l6) Simulated switching waveforms related to the n-channel 

transistor in CVDMOS inverter 
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FIGURE(4.1?) Simulated switching waveforms related to the p-channel 

transistor in CVDMOS inverter 

t~e output vOltage,VA,and supply current,IDN,Of the inverter.The turn

on part of the output voltage or supply current begins with a short 

delay while VGSN and VGSP rise rapidly to the threshold voltage.As 



1.00E+Ol ~.11E-02r 

1 . . 
2.4~-o2~ 

i 
i 

1. 73E-02 f 
-4 

1.04E-:02T 
• t 

113 

,;,. v'JE-O~· ;':.70£-'-'7 4. ";;('E-vI o.30E-vi B.10E-07 :. ~OE-07 

H.se 3.46£-03 i 
~~==~==~~======~ 
~.00E-08 2.70E_07·'4.~:.o7-'6:30£-o7 8.10£-07 '~.9OE 

a) Output voltage b) Supply current 

FIGURE (4.18) Simulated switching waveforms related to the CVDMOS 

inverter 

the transistors pass through the pinch-off region VA ralls and IDN 

rises.Finally n-channel transistor enters the resistance region 

while p-channel tran'sistor enters the cut-off region, and V GSN and 

VGSP continue to charge towards the ON and OFF gate drive voltages, 

respective1y,whi1e the output voltage remains small and attains the 

value corresponding to the n-channel transistor ON resistance.Iii the 

pinch-off region, supply current attains the maximum value but in 

the resistive region it has a small value again because of the p-

channel MOS OFF resistance.A converse behavior results during the 

turn-off phase of the inverter 

Waveform details,such as the change of slope in VA during its 

transition, the spikes in IDNduring the pinch-off region and very 

small values in the other regions, the variations of the gate to 

source voltage and gate current waveform~,as well as the timing 

relations between the various voltages and currents show very good 

correlation.If the switching waveform transition parameters which 
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TABLE 4.8 Simulated CVDMOS inverter switching characteristics 

Waveform Simulated 

Turn-on VGSN: tr 31 nsec 

VGSP: tf 31 nsec 

VA tf 18 nsec 

100 tr 9 nsec 

Turn-off VGSN : tf 31 nsec 

VGSP: tr 31 nsec 

VA :. tr 27 nsec 

IDN . tf 9 nsec . 

are given in Tab1e(4.8) are compared to the transition times which 

are given in Table(4.7) it can be seen that there is an agreement 

between the values.As a result,all of these explanations verifY the 

accuracy of the modelling procedure. 
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v. CONCLUSION 

Large-signal models for transistors are necessary tools ~or 

device engineer and circuit designer.Over the past few years a 

number ,Of models have been proposed.At large-signal levels a 

transistor exhibits significant effects which can not be analyzed 

by means of the simp1er mOdels. These effects are generally caused 

by harmonic components of the voltages and currents generated by 

non-linear mechanisms within the transistor.The non-linear model 

which has received the most attention is the Ebers-Moll model.But 

high computer costs are seen a disadvantage in the Ebers-Moll model. 

That's why it is needed to develop a new model to overcome the high 

computational complexity of the Ebers-Moll model. 

In this thesis a newly developed time-variant linear large

signal model (15) is applied to the bipolar and vertical VMOS-or DMOS

transistors in the switching circuits.This model can be considered 

as the best one which provides an optimum combination of accuracy, 

ease of parameter acquisition,simplicity,and less computational 

complexity. 

In the time-variant linear large-signal BJT model only the 

output side of the transistor is modelled assuming that the input is 

driven by a square wave.In the vertical MOS transistors channel 

conduction is proportional to the gate voltage.That's why a complete 

model is developed for the vertical MOS transistors.A rigorous 

criterion for the accuracies of the models was set by evaluating the 

closeness of simUltaneous matching between measurements and simUlations 

for all the accessible waveforms o'f the devices.The simulated 

switching characteristics are obtained by changing the corresponding 

model elements with a determined time-interval within one period.In 

this case the previous calculations are taken as the initial conditions, 
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In the new BJT model the output resistance and capacitance 
~ 

which represent the transistor are changed exponentially in the 

transition regions. This method is very adequate for obtaining the 

collector voltage and current waveforms which are closer to the real 

variations.The model parameters have physical origins within the 

device and they are readily obtained from the data sheets and static 

curve-tracer measurements. This leads to a particularly fast and simple 

model definition.The accuracy of the linear large-signal BJT model 

was verified by detailed comparisons of simulated and measured 

switching characteristics pertaining to a practical high-speed 

switching circuits.Such simulations have direct applications to the 

eValuation of switching performance.The agreement between predicted 

and experimental waveforms confirms the validity of this modelling 

procedure. 

In the vertical VMOS or DMOS transistor model the transistor is 

represented by an input capacitance and an output resistance and 

capacitance.The output resistance is a function of the gate to 

source voltage beyond the cut-off region. This relation is used for 

developing a complete model.The output capacitance,however,is a 

function of the drain to source voltage. This model parameters have 

also physical origins wi thin the transistor and they are obtained 

from the data sheets. This model has also fast and simple model 

definition.The accUracy of the model is verified by the good correlatio~ 

obtained between detailed simulated and measured switching 

characteristics on the experimental high-speed switching circuits 

and complementary VDMOS inverter •. 

This new time-variant linear model which is developed for the 

BJT and VVMOS-or VDMOS-switching circuits approaches the ideal model 

on the basis of physical processes,facility of analysis,ease of 



117 

parameter acquisition and offers less computational costs. 

In the B~ modelling procedure,modelling only the output side 

of the transistor affects partially the accuracy ot the model.But 

as a complete model the VVMOS-or VDMOS-transistor model has a good 

accuracy. 

This proposed model is developed for only the switching circuits. 

That's why it is very useful for the analysis ot high-speed transistor 

switching circuits and class-E amplifiers in which transistor is 

used as a switch.But it should not be used for amplification purposes. 
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APPENDIX-A 

EBERS-MOLL MODEL 

The voltage applied to the junctions of a transistor establishes 

given minority-carrier concentrations at the edges of the depletion 

regions.In the saturated (ON) mode of operation,both the emitter and 

collector junctions are forward-biased.Figure(A.l) illustrates the 

excess minority-carrier density distribution for an idealized P-N-P 

uniform-base transistor operating in this mode. 

P-type emitter 

Densit 

n (eKVEB-:'lY --
eo 

N-type base 

----p (eKVEB 1) bo . 

P-type collector 

KV . 
----n (e CB-l) co 

V ~--~---L~~----~----~--L-~~--~z 
~ y=O x=O x=w z:O 

FIGURE(A.l) Excess minority-carrier distribution 

The total hole density at the emitter edge of the base pb(O) can 

be expressed as follows. 

(A.l.l) 

where pbO is the equilibrium hole density,VEB is the emitter to base 

. voltage, and K = q/k. T. Therefore, the excess minor! ty-carrier density (over 

the equilibrium density) .pb' (0) ,is given by 

(A.l.2) 

By a si.milar reasoning process,the excess minority carrier density 

at the collector edge of the base,pb'(w),can be defined as follows. 
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(A.l.3) 

The excess minority-carrier concentrations in the p-type collector and 

. emitter regions are given by 

and 

(A.l.5) 

Eq.(A.l.l) is accurate provided the majority carrier concentration 

on the injecting side of the p-n junction is not increased by high level 

effects •. For narrow base transistors, the emitter junction will generally 

be described by (A.l.2) and (A.l.5).Ho~ever,in deep saturation, (A.l.3) 

and (A.l.4) may not be rigorosly true. This has been suggested to be a 

possible limitation to this model. 

The emitter and collector currents can be expressed in terms ot 

the excess minority-carrier density gradients as follows. 

dne' 
-Dn.--- (A.l.6) 

x=O dy 

and 

[

. dpb' dnc' 
Ie = A.q Dp. -Dn. 

dx x=w dz 
(A.I.?) 

where A is the cross-sectional area and Dp and Dn are the hole and 

electron diffusion constant,respectively. 

Assumption of a linear gradient in the base (the key simplification 

ot the Ebers-moll model) leads to the following express~ons: 

dpb' pb' (O)-pb' (w) 
(A.l •. 8) 

dx x=O " 



120 

dpb' 

dx x:O " 
and 

dpb' dpb' 
(A.l.lO) 

dx x~w dx x:O 

In the em~tter and collector regions, these expressions become 

dne' -ne'(O) -neO -----a (exp(K.VEB)-I) 
Le 

(A.l.ll) 
dy Y.,=O Le 

-and 

dnc' -nc ' (0) . 
(A.l.12) 

dz z::O Lc 

When (A.l.9), (A.l.lO), (A.I.ll) ,and. (A.l.12) are substituted into (A.l.6) 

and (A.l.?) and the constants are considered,the emitter and collector 

currents are given by 

IE=All(eK.VEB~1)+A12(eK.VCB-l) 

Ie=A2l(eK.VEB-l)+A22(eK.VCB-l) 

(A.l.13) 

(A.l.14) 

In their paper,Ebers and Moll defined the constants in these equations 

in terms of the following measurable parameters. 

I EO :the saturation current of the emitter junction with zero 

collector current. 

Ieo :the saturation current of the collector junction with zero 

emitter current. 

o(N :the transistor current gain with emitter and collector 

performing only their prescribed functions. 

o(I :the transistor current gain with the emitter and collector 

performing inverted functions. 
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\¥ben, the constants 1D (.1.:1..13) and (A.1.14) are expressed in ter ... of 

these definit10ns t the standard Ebers and Moll relationship results. as 

follo\18'. 

and 

(A ... l.16) 

(A.l.l?) 

These equations can be interpreted by a fairly simple electrical diagram, 

as 111ustrated in Figure(A.2). 

FIGURE(A.2) Circuit representing equations 

This equivalent equivalent circuit not only accurately represents 

the large-signal equationstbut also provides a physical.description of 

the action taking place within the device.The emitter current IE can 

be conceived of as being composed of two components:a component IEF 

produced by the minority carriers imjected from the emitter into base, 

and a component o(I.ICF that results from a collected component of the 
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curreDt injected from the collector into the base.The ~ollector current 

IC also consists of emitted and co~lected~components. 

::t:t is important to note that,even though these relationships "ere 

developed for large-signal operation,they are general and valid for all 

junction bias conditions.When both junctions are forward-biased,the 

transistor i~1n the (ON) saturated modejwhen the emitter is forward

biased and the collector reverse-biased,the transistor is in the ACTIVE 

mode;and when both junctions are reverse-biased,the transistor is in 

the OFF mode.For reverse collector bias,the Ebers-Moll equations reduce 

to those normally used to describe operation in small-signal applications. 

It is possible to obtain a more complete Ebers-Moll model with the 

addition of bulk resistances,leakage resistances,and capacitances to 

include high-frequency effects.Thismodel is shown in Figure(A.3).The 

characterization of a transistor according to the model shown in 

Figure(A.3) can be divided into two segments:a D .. C. portion and an A.C. 

portion (1). 

CJE CJC 
.....-----1 I------.----i 1-1 ---I 

I1 = IEF o(I· ICF 

I 2 :; ICF I:)(N-IEF B 

FIGURE(A.3) Complete Ebers-Moll model 
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APPENDIX-B 

VVMOS (VER'l'ICAL V-GROOVE MOS) TRANSISTORS 

I. INTRODUCTION 

Until several years ago,Field Effect Transistors have been useful 

"only at low « 1 W) power levels •. Whi.le possessing many theoretical 

advantages over their bipolar counterparts,the practical l~tations 

in manufacturing high power devices precluded FET's competing with BJT's 

and SCR's in power applications.A major limitation was that FET's were 

"strictly horizontal devices,so their current densities were much less 

than the bipolar's (which utilized vertical current flow).For a given 

current, then, the FET chip area had to be considerably larger,which meant 

a lower yield and a resulting higher cost.Medium power FET's" were 

therefore much costlier to fabricate than the bipolar counterparts,and 

high power FET's were even more impractical. 

A new FET technology has recently been developed to increase current 

density and allow production of high voltage,high aurrent FETts.This 

technology-VVMOST,or Vertical V-groove Metal Oxide Semiconductor 

Transistor-exploits a diffused channel and vertical current flow to achieve 

its high power capabilities. Voltage and current levels compared to those 

of power bipolar devices are now feasible. 

II. GENERAL REVIEW TO VVMOS TRANSISTORS 

Figure(A.4) shows a cross section of a VVMOST channel.The substrate, 

which eventually becomes the drain and provides a low resistance current 
+ " 

path,is N material.An N epi-layer increases the drain to source breakdown 

voltage by absorbing the depletion region from the drain-body junction, 

which is 1!10rmally reverse-biased.Also,the epi-layer greatly reduces the 

- + 
feedback capacitance since the gate overlaps N rather than N material. 
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FIGURE(A.4) Cross section of a VVMOST channel 

In operation, both the gate and drain are positive with respect to 

the source (and body).The gate produces an electric field wb1crh induces 

an N-type channel on both surfaces of the body facing the gate,allowing 

electrons to flow from the source,through the N-type channel,and epi, 

and into the substrate(drain).Because current flow-in the form of electrons

is entirely through N-type material, the VVMOST is a majority carrier 

device.A greater gate. vo;ttage enhances a deeper channel,.s.o the current 

path from the drain to source is wider and current flow is increased. 

As a result, the structure of the VVMOST has the high density advantage 

and it offers (23) 

1) A high channel width per unit area due to the contribution of both 

sides of the groove; 

2) A constant transconductance above pinch-off due to velocity 

saturation; and 

3) The devices operate in the enhancement mode and have very low on-

resistance and are thus suitable for both amplification and switching 

applications. 

Disadvantages of the structure are a fairly complex process involving at 

least five masking steps and the possibility of saturation current decrease 

with increasing drain to source voltage. 
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III. COMPARISON OF VVMOSPOWER TRANSISTORS WITH MOSFETS 

Figure(A.5) shows a conventional horizontal MOSFET.The N+source and 

drain are simultaneously diffused into the p-type substrate,which also 

serves as the body.Current flows horizontally from source to drain 

through the channel, which is induced on the top surface of the substrate. 

Substrate and Body 

FIGURE(A.5) The cross section of a conventional MOSFET 

The vertical structure of VMOS gives it several important advantages 

over conventional MOS (16) 

1) The length of the channel is determined by diffusion depths , which 

are much more controllable than the mask spacings used to define the 

channel length of conventional MOS,eo the width/length ratio of the channe1 

-which determines current density-is greater. 

2) Each V-groove creates two channels,so current density is inherently 

doubled, for each gate stripe. 

3) The substrate forms the drain contact,so drain metal is not needed 

on top of the chip. This further reduces chip area and keeps the 

saturation resistance low. 

4) The high current density of VVMOST results in low chip capacitance, 

especiallly the feedback capacitance (gate-drain) since the overlap 
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of the gate and drain are kept to a minimum.Extra gate-drnn overlap 

must be allowed in conventional MOSFET's to guard against mask-

m1salignment,which increases the source-gate and gate-drain 

capacitance. 

5) The VVMOST epi-layer ,absorbs the depletion region from the reverse 

biased body-drain P-N diode,and therefore greatly increases the 

breakdown v01tage while it has only a minimal effect on other device 

parameters (other than adding a series resistance).To fabricate a 

high voltage MOSFET the body region must be lightly .doped so it 

can absorb the depletion region. The lightly doped material is very 

sensitive to oxide contamination and good long term stability is 

hard to achieve.Also,the gate oxide must be thick enough to withstand 

the entire gate-drain voltage so a high voltage standard MOSFET 

lacks transconductance. 

The output characterisLics o~ VVMOST are similar to a conventional 

HOSFET with several exceptions.The output conductance is low because o~ 

the buffering effect of the epi-region,and the gmis constant above a 

definite current.VVMOST has a very short channel where,as the drain-

source current flow increases, electron velocity saturation results.The 

constant gm is one o~ the consequences resulting from this velOCity 

saturation. The others can 'be expressed as:The output characteristi.cs 

assume a constant current plateau, the forward transconductance saturates, 

and most important,a linear transfer characteristic results.The gm of 

a conventional (long channel) MOSFET is proportional to the gate voltage; 
2 . 

drain current is therefore proportional to (VGS ). 

IV. COMPARISON OF VVMOS POWER TRANSISTORS WITH ~s 

VVMOSTs uniquely combine the advantages of the power bipolar 

transistor with those of the MOSFET.The result is a high-power,high-

voltage,high-gain power transistor with no minority-carrier storage time, 
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no thermal runaway and a greatly inhibited secondary breakdown 

characteristic,all of which are contributing to the spectacular rise in 

the popularity of the VVMOS power FET. 

During the initial phase of construction VVMOST closely resembles 

the double-diffused epitaxial power bipolar transistor. Both begin with 
+ - . an N substrate and an N epitaxial into which is first diffused a P and 

+ then an N layer forming a four-layer structure.One distinguishing feature 

o~ VVMOST,as shown in Figure(A.6),is the anisotropically etched V-groove 

cut normally to the surface that extends through both the N+,P and into 

the N-epitaxial region.By virtue o~ this V-groove an oxide-insulated 

gate overlays the P-channel.providing fail-safe control over the current 

path. This current path is established in an identical fashion to that of 

any. enhancement-mode MOSFET·~A positive gate potential inverts the P-channel 
+ and the resulting electron-enhanced N-channel,extending from the N source 

to the N-epi,offers an interrupted,low resistance current path devoid of 

the thermal problems associated with the typical power bipolar transistors. 

The vertical VMOST structure,like the power bipolar transistor, offers 

a large surface area for source metal and the entire backside of the chip 

for the drain. This is of great importance as it allows maximum current 

carrying capacity unavailable to a non-vertical structure. 

or the advantages that VVMOST has compared to bipolars,many are 

well known in small signa~ applications but many others are apparent 

only at higher power levels.They include: 

1) High input impedance-low drive current.The !tbeta" of a VVMOST device 

(the output current divided by the input current) is therefore over 

l09.S1nce the resultant drive power is negligible. 

2) No minority carrier storage ttme.VVMOST is a majorit~ carrier device

its charge carriers are controlled by electric fields,rather than 

the physical injection and extraction (or recombination) ot minority 

carriers in the active region. The Switching delay time is small 



and is caused primarily by external parasitic elements. 

3) No failure from secondary breakdown or current hogging.Since the 

temperature coefficient ot the VVMOST drain to source ON voltage 
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is positive (a bipolar's is negative),VVMOST draws less current as 

the device heats up.If the current density were to increase at one 

particular point of the channel, the temperature rises and the current 

decreases. The current automatically equalizes throughout the chip, 

so no hot spots or current crowding-which eventually leadB to failure 

in a bipolar,can deve10p.Similarly,current iB automatically shared 

between paralleled devices so no ballasting resistors are needed. 

B E 

p 

c D 

FtGuRE(A.6) A comparison of a four-layer bipolar transistor with VVMOST 

Operationally,VVMOST is unique among power transistors. Channel 

conduction is proportional to gate voltage,not to any sort of injection 

current,typical of the bipolar transistor.Whatever input current that 

does exist beyond that attributed to leakage may be identified as the 

charging current necessary to overcome the input capacitance in very high

speed switching situations.Because the. steady-state gate current is 

negligible,the familiar parameter,beta,is of little importance. 

Consequently,VVMOST exhibits a high input resistance that makes it ideal 

for many logic control applications. 
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APPENDIX C 

COMPUTER PROGRAMS" 

r n'~IGn,\tl G.JT {B.)T • OUT PUT. T ~;r: E5=B.JT . TAF[6=OUTPlJT ) 
I) IWOIF.\I)1l r (300) • 'IC (:;00) ,AILISO':.; • R (,300) ,C (300) 
''''''<: "",:.p:"'~"~ ~;C; :0" "'~.,.. ~ p.4>i ... .p:;.~ !c:~~o.:,:,,,,;~ ~~,,*o.:":'~':c:.~ :e:";'~!cf~~;a:'~~ 

Atlr,L',SIS OF Il.JT SW\ TCHJt~G CIRCUITS 
WITH 

f?ESI:3 rrVE··IIIOIICTI'.'E-CAPACIT I'v'E LOAD 
BY USItKi 

TII1E-VARIAfH LIt·IEAR B.JT 1101lFI. 

" 
" 

~~~~~*~<~~~~~~~*~~~~~W~~~*~~~~*~~~~~~~~W*MM~* 
:~'~~~~~~~~.~~~<~~~~~~ DATA ¥~~~*~~~~~~.,~~~~~* 
~~~~~~~~~~~~~*~~~~~~*~~~M*~<~~~~~~:e:*~~~M~~~*~ 
1111 EI,ER X tl 
[1;',1,'0 n. TROtI. TS, TROFF/I. E-6, 2. 8E-7, O. 1'-6,1. 4E-7i 
DATA EON,VG,RI3T.CBMIN/2.,. 7,1801. ,8.E-III . 
DA1A VCC,VCES,RMAX/12.,.2.4.E71 
Oil rll RtlIN, CMIIX, CI1HI/. 9, 6. ;~E-\(l, 32. 6C-121 
O,\TII rU.Al.I,C1. XtU:3:30. ,0. ,1) •• 1001 
[v.rr-\ nl ~j""'-lpr::l, XII/·:::·;:O • • 17.5E-6,O ... 10()i 
O/,It, RI.AL I,CI,XtIl330., 17.5['6, 10.E-12.100I 
DFI. r= rT I XU 
~:c'····"'~~~~:<";t:~;O:M GEr~Er.:AL EXPLAtJATIOtJ'2; ~~~:o:!*~~~** 

~~*~~~~~M~~~~W~~~~*~~~*~*M*~~~*~*~*****~M~~~~ 
FUtJCTION OF SW, 
I) IF S~J~l., RELATFll VALUES ~. CURVES ARE ro BE 

OBTr, I tJI:O AT THE I)U rrUT 
2) IF SW HAS A D1FFEREtH VALUE-ONLY RELATED 

CURVES Am" TO BE OI3TAINED· AT THE ourpUT 
SW-l. 

" .... ~"'"'''' CALCULATlotJ OF OELAY TIME ""~"' .. """"" 
¥~~~~~~M~~~*~~~~~X~*M~~**.M~.**.~M~***~**~*~~ 
1~t 

rl 1) ~I). 

VBE~O. 

2 VBE-IEON-VBE)"II.-EXPII-I •• DELT)/IRBT~CBM1N») 
$>V(;E 

1FIVEE.GE.VG) GO TO I 
I ~ I >1 
l(I)~TII-I)+OELT 

GO lei :2 
fIj(lN~TII) 

~~~~~*~*~****~~~M* PROGRAM ~~~~~~.~~~~~**~~.~ 
¥*~*~w**~~~~*~~~~~~.x~.***~***~~:O:**M~~**~**~* 
I~I 

11-0 
I2~0 

13=0 
I4~0 

rl 1)=0. 
VOI=VCC 
V02-=1). 
AIOI=O. 
f1 ~T[)ON+rRON 
T2=TT/2.+TS 
T3~r2'TROFF 

~*:';:o:*¥i~*~*~* TURN-ON DELAY REGION **.* •• ~*~** 
****~~~~*************~**********.*********.** 
IFISW.EQ.I.) GO TO 100 
GO TO 200 

1')0 WUTEI6,3) 
WRlTEI(,,4) 
WRlTEI6,5) 
IIRITE(6,(,) 

21)0 COtH INUE 
15 RIl)=RMIIX 

CI I )=CMlN 
20 COltr ltllJE 

IFIALI.EO.O.) GO TO 7 
GO TO 8 

7 com ItJUE 
CALL BJTRCII,VCC.VCES,VOI,V02,R,RI,C,CI,AII, 

$A12,A13,A16,AT1,AT2) 
AilII)~AI2+AI3~EXP(-I.*AII*OELT) 

'IC( I )=ATI +AT2'<EXPI -I. "'I 1.1 IRI I )"'C( I» ) ~OEL Tl > 
.AI6.EXPI-l •• AII-OELT) 

GO TO 16 
8 cornINUE 

IFiRI.EO.O) GO TO 9 
AIOI=IV02/RI)"II.-EXPI-I.*IRI/ALI)l'OELT»+ 
IAIOI~EXPI-I •• IRI/ALI).DELT) 

GO TO 10 

C 
C 

C 
C 

9 AIOI~(V02/ALI).DELT+AIOI 
10 CONTINUE 

CALL BJTRLCA(I,VCC,VCES,VOl~V02,AIIJ1~R.Rl.C~ 
$CI, ALI, ,\AI, AA2, AA'3, AA4, Alll, A(32) 

DT=AI3I*.2.-4.*AB2 
IF(OT.LT.O.) GO TO II 
IF(DT.GT.O.) GO TO 12 
CALL Bd rRLCB I I, VCES, VOl, R, C, IIAI, ,\Ae~, AA:3, ,\,\4,11[:\ • 

$Bl.B2,B3,BAll,BA33.BB1,BB2) 
A ILl I ) =BI+ I B2+B3"DEL TP'EXPI -I." I AIlI Ie:'. HUE!. r I 

VC I I ) =BA II +13131 "EXP I -I. '" I 1. / I R I I ) <or: I I ) ) ) »[lIT 1 H 
$1 llB2+BA3:3"OELTl "EXPI-I. "IABII2. ) "DEL Tl 

16 CotHltJIJE 
IF(SW.EQ.l) GO TO 300 
GO TO 400 

300 WRITEI6,13)TC1),VCII),A1L(I).RII),(:II),VOI,V02. 
MIOI,DT 

400 VOI~VCII) 
V02~VCC'-VC I I ) 
I~1+1 

TII)=T(I-I)+DELT 
IF(TII).GE.TDDN) GO TO 14 
GO TO 15 

11 CALL 1l~ITRLCCI I. VCES, VOL, R, C, AAI, 1\112, AA:3, AM, 
$Alll,AB2,CO.CI3,CI4,CAI,CB2,CB3,CC) 

AILII)=IAA4/AB2)+2 •• CI3"EXPI-I •• (AI3I/2.)"OCLT) 
$_COSICO"DELT)-2."CI4"EXPI-I."IABI/2.).OELr) 
..SItH CO "DEL Tl 

VCI I )~CAl+CC"EXPI-I. "I I. / IRI I) "CI I» )"OELT )+CK'< 
$EXP I -I. "(A131/2. ) "OEL Tl "COSI CO"DEL Tl-I I. :CO i" 
$1(ICB2"ABI)/2.)-CB3)"EXPI-l •• 11I1l1/2. )"DEL1) 
$"SItI!CO~DCLf') 

1313 TO 16 
12 CALL BJTRLCD( I. VCES, VOl, R, C, AI\I, 11,\2, AA:3, /V. 1 , 

$ABI,AB2,D4.DAI,DBI,OB2,DB3,DC22,DC32,DDI,D02) 
AILII)=DBI+DI32.EXPID4"DELT)+OB:3"EXPIDAI-OFLT) 
VCII)=DDI+DD2"EXP(-I •• II./IRII)"C(I»).UFl.r) • 

$OC22"EXPID4"DELT)+DC32"EXPIDAI"DEl.T) 
GO ro 16 

14 CDN] INIJE 
IFIT(I).GE.TI) GO TO 17 
"""""""""" TURN-ON TRANSIENT REGll'n ",o.~,.",,,,,,,':( 
.~*:e:~*,*~*******!D;**~***~***~*:O:***~*;c.:~~~'~: ~:.~", *;c:;>": ~ 
I1=I1+1 
IF( II.E,~.I) THEN 
G13 TO 500 
ELSE 
1313 TO 600 
ENDIF 

500 CONTINUE 
IFISW.EQ.I,) GO TO 700 
GD TO 6130 

700 WRITEI6.IS) 
WRITEI6, (9) 
WRITE(6,S) 
WRITE(6,6) 

600 RI I )=RMAX"EXP I I I T( I )-TDON) /TRON) "ALDI) I RtlIrJ/kt11\~) , 
CII)=CMIN"EXPIIIT(I)-TDON)/rRON)MALOGICMAX/CMIN) ) 
GO TO 213 

17 CONTINUE 
IFITI1i.GE.T2) GO TD 21 
*~*,*~~~~*~**!D;* SATURATION REGION ~~*~~*~~~~~~ 
*~**~~*~~**~****~~***~***~******** •• *~~~~~<~~ 
12=12+-1 
IFII2.EQ.I) THEN 
GO 10 :300 
ELSE 
GD TD 900 
ENDIF 

800 CONTINUE 
IF(SW.EO.I.) GO TO 1000 
GD TO ';>00 

1000 WRIlEI6,22) 
WRITEI6, 23 ~ 
WRlTEI6,5) 
WRITE I'S. 6) 

900 RI I )=RMIN 
CI Il=CMAX 
GO TO 20 

21 COtHItJUE 
1FiTII).GE.T:3) GO TO 24 



13 '13~1 
IF ([8. EP. lJ THErl 
GO ro 11(10 
[I.:=:E 
GO ro 120t) 
Er'I.IF 

1100 CClrHINIJE 
IF{St-J. EO.!.) GO TO l~:OO 

GIJ TO 12(10 
131)0 WnrTE(6.25) 

1-11< I r[ (6.26) 
I-Jr<TTE(6.5) 
I-JRIIE(6.6) 

1200 R( I )~RmN"EXp( «T( I )-T2)/TROFF)"ALOG(R~IAX/RMIN» 
CIl)=CMAX.EXPIIITII)-T2)ITROFF)"ALOGICMIN/CMAX» 
GO TO 20 

24 COtHHIUE 
IF(l(I).GE.Tf) GO TO 27 

C ",,"~:;'-~~.':C::: .. B··~~id'~~:c:;~;c:;:e::o: (Uf--OFF REGION ~:c:~~*:<:;;e;*~;c.:~*:.,;~ 

C ~~~~~~~~~~~~~~M.~~~~~M~*MM~~~MMM~M~*~~MM.*~~.~~ 

l'l~I4H 

IFII4.EO.l) THEN 
GO TO 1400 
ELSE 
131) ro 151)0 
EtIIlIF 

1400 COIHINIJE 
IFISW.E').l.) GO TO 1600 
GO TO 1500 

1600 WRITEI6.2r::) 
WRI 1 E( 6. 2;') 
WRITEI6,5) 
WRIIE(6.6) 

1500 RII)~RI'IAX 
C( Il~CmN 
GO TO 20 

27 CGtITIIIUE 
C *:t;::e-.:c:~*,o:~.:O;~~i.G:. TINIt"lG CALCULATION 9:~:C:~~:P:**~M.*:!': 

C ~~~~*.*~**~***M**~**~******M****.***~** ••• *.*** 
WRITE(6,30) 
I-JRI TE(6,31) 
WRIIE(c,.32) 
WRIIE(6,:33) 
WRITE (6,34) DEL T, mOrl, Tl, T2, T3 

C """",," CALCULf,TION OF DAr1PING FREQUENCY""""""" 
C *.~~~~~~.*~***.*~~ •• *~~.*~.**.**.*~~.* •• *.**~~* 

PI~3.1' -
CT' cr'l ItJ<-C 1 
TO~SC1Rf(ALl ;,en 
IF(TD.EO.O.) GO TO 35 
F~( 1. 1 (2. "PI "SORT< AU "CTl » 11.E6 

C RELATEU DAMPItlG FREQUEflCY IS CALCULATED orlLY 
C Af THE CUT-OFF REGION AS MEGAHERTZ 

WRITE(6,36) 
WRITEI6, 37) 
WRITEI6,38)F 

35 COIHINUE 
C **~~**~*~*~***~* RELATEO CURVES ****~***~****** 
C *********~*****~*******************~*********** 

WRITE(6,39) , 
WRITEI6,40) 
CALL PLOT(111,46,T,VC,XN,O,'''') 
URIIE(6,41l 
WRITEI6,42) 
CAU_ PLOT( 111,46, T, AlL, XN, 0, '''') 
WRITE(6,43) 
WRI IE(6, 44) . 
CALL PLOT(111,46,T,R,XN,3,'''') 
WRITE(6,45) 
WRITE(6,46) 
CALL PLOT( Ill, 46, T, C, Xf-1,3, ',.') 
WRITE(6,47) 
WRI TE(6, 48) 

C *9.-:a:****p.-*****~B** FORI"IAT SECTION **:1=:************ 
C ~~~*******************~***~*****~************** 

3 FORM",TII, 12X,'THE TUHN-ON DELAY REGION:') 
4 FO~MAT(12X,"""f'I'IIIIIII""""""'f""'I"""" ""'1') 

5 FORMAT(/,15X,'T(SECOND)',2X,'VC(VOLTS)'.2X, 
,'tL(AMPFRE)',2X,' R(OHMS) '.2X,' C(FARAD) • 
4?X. 'J')1(VUL1S) '.J(~ V02(VOL1S)',2X, 
,-'IOIIAI-Ii'HIE)- .2X.-- DT ') 

6 FORMAT(15X,'**.******',2X,~*~***~~~~ ,2X. 
$'w*******M*',2X,'*****.**M',2X.'**~~~~~~~* 
$2X,'w*~*~*****',2X,'******~~**',2X, 

$'~****~**:a:**',2X,'**~*~****~') 
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13 FORMAT(15X,E9.4,2X,E9.4,2X~El0.4,2X,E9.4,2X, 
'El0.4,2X,El0.4,2X,EI0.4.2X,El1.4,2X.El0.4) 

18 FORI1AT (I ,12X, 'THE TURN-ON TRANSIWT REGIOrl:') 
19 FORMAT(12X,~II'III'llllltl'I""""I'""""I'I"'II'l'I"'II"llr"~) 
22 FORMAT II ,12X, 'THE SATURATION REGION: -') 
23 FORMAT(12X,'·III' •• I.IIIII •• I'II ••• I"II"'III.II.II.1II') 

25 FORMATI I, 12X, 'THE TURN-OFF TRANSIErn REOIOtJ: -') 
26 FORMAT(12X,'IIIII'II •• I.I ••••• 'I'IIIIIIII.' •••••• I •• I.11111111 ••••• 11111') 

28 FORMA TI I, 12X, ' THE CUT -OFF REG I ON: -' ) 
29 FORMAT(12X,'II •• IIII'I,tllll.III •• IIH'IIIII.ttlt,,) 

30 FORMATl/,12X,'THE TIMING CALCULATION:') 
31 FORMAT(12X,'**~**~*******~*~~**~*~~r) 
32 FORMAT(/,28X,'OELT=TT/XN',6X,' TOON ',5X, 

$'-Tl =TDON+ fRON' , 4X, 'T2~ rT 12 ~ TS' ,4X. ' T8~ r2 ~ IROFF-' ) 
33 FORMAT(28X,~··IIIIIIIIIIIII'IIII',6X.'II'tll'I'O"I'" ',5X, 

$'II.IIOIIO.IIIOIIIIIIIOII',4X,'III •• Olllolotl •• Olll',4X,'I.'III." •• ' •• I ••••• , •• ~ 

34 FORMAT(28X,El0.4,6X,E8.3,5X.EI2.6,4X,EIO.4,4X,[1 I.~· 
36 FORMATII,48X,'THE RELATED DAMPING FREQUEtICY-') 
37 FORNAT(48X"~~***~~~~**~***~**M~~~*~~~¥~¥~) 
38 FORMAT( I, 39X, 'F~I. 1 (2. "PI "SORT(ALll,( Cr1IrHCl ) ) ) ~-' 

$E11. 5, 'MHZ') 
39 FORMATII,25X, 'RELATED CURVES FOR A BJT SWITCIUI·IG 

$'CIRCUIT WITH RESISTIVE-INDUCTIVE-CAPACITIVE LOI\D' 
40 FORMAT(25X,'~********~******~**~******~*~****~*', 

. $' :a:***~***~*******************!o:**!o:***:o:(e;*~***;1::"*",",~~ ~." 
41 FORMAT(/,60X,'CURVE OF VCII) VERSUS TIl)') 
42 FORMAT(60X,"IIIIIIII'IIIIIIII"llllltIIIIIIIIOIIIII'"11111 •• 1") 

43 FORMATII,60X,'CURVE OF AIlIIl VERSUS TIl)') 
44 FORMATC60X,"OIIII.'IIIII'11I'IIIIIOI.IIIIOIIII.,IIII'1111111'1"") 

45 FORMA TI 1 ,60X, 'CURVE OF RLOG II) VERSUS TI Il .' ) 
46 FORMAT(60X,'III'IIIIIIIIIIIIIIIIIII'IIIII'HI"III'tO" "tlol'I"IIO~) 

47 FORl1ATII,60X,'CURVE OF CLOG(Il VEIlSUS TII)~) 
48 FORMAT(60X,',IIIIIIIII".I'III.lllllllllll.".'I'I.IIO I"I'I""I"'~) 

STOP 
END 



c
C 

c 

" 

,~ 

c 

c 
c 
c 

,:,1J8HOIJT ltJE B.JTRCI I. vee. VCES. VOl, V02.R.RI.C .CI. 
SAII.AI2.AI3.AI6.ATI;Ar2) 

HII:,' ~,lJl'R(lUl IUE IS USEll FOR THE CASE 'JF ALI=O. 
~~~~~~~~~*~*~~**~****~~*~*M**~~~~.~.*~.~~***~* 
I.JIMENSIOU RI3(0).CI300) 
A2=RI I )~RI",C( I ) ",C1>HVCC-V02-VOI ) 
A3=HII)~CII).IVCC-VOI)'HI.CI.IVCC-V02-VCE8) 
AlJ ~vcc --VCl~'3 
A6=RIII.RI"ICII)+CI) 
t'\}-:H( 1:' I HI 
f\':::-,'\2/{ItE. 
A'.;I-A''3/lt/:', 
Al 0:-1\ iJ. I A''; 
AII-A7/A'$ 
A] 2=,\] (l/All 
AI3~-l ."'( I All ""2. ) .A8--All ",\9+AI0) IA11 
AI '1-,'12><RI I) 
AI5=-AI4 
A16=AI3"RII)/ll.-All"RII)"CII» 
AI7=-AI6 
A18==\'CES 
1\1 ?~-A l:3 
AT J =1\1 t1.'~\J 8 
Ar2-A15'AI7+AI?'VOI 
nr-rumJ 
EltO 

:3U[:ROU rItJE B.Jl RLCA( I. vce. VCES, VOl. V02.AIOl,R. 
$f(I. C. Cl. All. AAt. AI\2. AA3, AA4, ABl, AB2) 
~~~*~~~~**~~~*~*~**~**~*~*********~~***~~*~*~ 
DrnErJ~;IOtJ R (300), C(300) 
AI=lll I) .,AI_l"CI I) "Cl"(VCC -VOI-V(2) 
A;~=R( I) o;RI.(:( I) "CHHVCC-V02-VOl) +ALl "Cl'H V(:C 

c 

c 
C 
C 

-t.-- ')02-VCE'3) +A 10 1 ~R ( I) *ALl ~c (I) C 
A3=R I I ) .. c ( I)" (VCC-VCI! ) +R 1 "Cl" (VCC-V02-VCES) + 

otAIOI'>ALI 
f\'l-:\,,'CC-t,/(ES C 
A3=R(I).ALIM(C(I)H=I) C 
A6=RII)'Rl,,(C(I)+Cl)+ALI C 
A7-o!« I) 'Rl 
'\1\1=-~,1Ii\5 

AA:?-A21 (.5 
AfI'::'.:=:/\3/t"\5 
{,,'\/I-':"'1\'1/.-\5 
Anl~1I6/1I::; 

AB2~A7/A5 

nEHJRtI 
END 
**~*~~~~~~~*~~****~~*~********~*****~~*~***~** 
~3UDRourtNE B.JfRLCB( I, VCES. VOl. R, C, AA1, AA2, AA3, 

$AA'l,ABl, BI, B2,B3, BAil, BII33 , BBI ,BB2) 
TillS :"UBROUflNE IS U:3ED FOR THE CASE OF 

DT=(IIBl"*2.-4.~AB2)=O. 
:o-"","-w:~~:::~p:*~:e.:**~~*:a:*~:o::a:~~*:e**~:a::p:~;o:~~¥:~~*~:p.*~***¥: 

llIMENSllJH R(300),C(300) 
[:1~(4.M~1I4)/(ABI •• 2.) 
B~~_~(-1."(ABI""3. )"Alll+(A[lU'''2. "'AII2-4.*AII4)/ 
SIABIN~2.) _ 

B3=«ADI •• 3.).1I1I1-2.·(ABI".2.)"AII2+4 •• IIB1.AII3 
$-8 •• 11(14)/(4.~ABI) 

BlIl]=R(I).Bl+VCES 
BAI2=-E'.\11 
P,1I21~(2.~n(I)"[:~)/(ABl"R(I).C(I)-2.) 

[:t,~<;'~-BA.:' I 
BII31~1~."B3"(R(I) •• 2. )nC(I»/(IA[lI.nII)~C(I)-2.) 

BI\3;~~-Bi\31 
BII33=12 .• B3-n(I)/(2.-ABI"R(I).C(I» 
OBI ~BA l·.:~' BA-;!1 +B1I31 +VOI 
[:[-:2:-Bt\.:!~:·'i 131\32 
FE TURN 
EIH' 

131 

~*~~~*~~~~~**~*****~*~**~***~~~~~*~~~**~*~***~ 
SUI3ROU rr NE B,JTRLCC ( I • VCE'3 • VI) I , R, C. I\A I , (lA2. t.A': . 

$AM,ABI.AB2,CO,CI3,CI4.CAl,CB2.Cl!3.CC) 
THIS SUBROUTWE IS U:oED FOR TilE C(,:3E OF 

DT=(ABl""2.-4 •• AB2)<O. 
~*~~~~~~*****~****~****~*****~*~*~**~~**:a:**~~~ 
DIMENSION R(300),C(300) 
CO=ll./2.).SQRT(4.MAB2-IABI."2.») 
CI=(ABI/2.).(3."AB2-(AB1""2. ) 
C2=CO"IABI".2.-AB2) 
C3=(AB1~*2.)/2.-AB2 

C4=CO"ABI 
C5=-I.,,(AB1I2. ) 
C6=CO 
C7=«ADI""2. )-4."AB2)/2. 
C8=Cl*AAl+C3*AA2+C5~AA3+AA4 
C?=C2"AIII-C4.AA2+C6"AA3 
CI0=C7."2.+C4""2. 
Cll=(:S<>C7-C9"C4 
C12=C9~C7+C8*C4 
CI3=CII/CIO 
CI4=CI2/CI0 
CAl=(AI\4/AB2)~R(I)+VCES 

CA2=-C';1 
CB1=1 (CI3"FH I) "dABl"RI I )>iC( I )-2. )-(:14" 
$(R(I)*~2.)?C(I)"2."CO)/(AB2~(!«I)~~2.). 
$(C (I) ""'2. )-ABIMR( I) "C( I) +1. ) 

cB,,=-r81 
6Bi=(~ •• CO~CI4"R(I)"(R(I)"CII)"ABI-2. )+4 •• IR(I)-K2.! 

$"C( Il"(CO""2. ) "CI3+ABI"CB2"(AB2HR( I) ""2. ) <'(CI I) ,,'<::>. 
$-ABl"R(I)"C(I)+I.»)/(2."(AB2"R(I)~*2."C(I)""2.~ 

~ABl·R(I).C(I)+I.» 
CC=(:A2+CBI+VOl 
RETURN 
END 
~***W~~~~MW~~.M* ••• ~ •• ~* •••• *~*~**~ •• *~MW~~~~~ 
SUBROU T WE B.JTRLCD ( I , VCES. VO 1 , R. C, AA I , AA2 •• \1\'3 • 

$AA4. ABI ,AB2. 04, OAl, DBI, DB2, OB3, OC22, OC3;:> , 0[11,1.1[';') 
THIS SUBROUTINE IS USED FOR TilE CI\:3E OF 

OT=IABI""2.-4."AB2)~(I. 
*MM~~~~~~.M*~*~*~~M*W*******~*~.**~*.~~~~~~~~~ 
OlMEflSIOll FH3(10) , C(300) 
DO=( 1. 12. ) "SORTIABl."2. -4. "AB2) 
DI=(ABI/;:>.)~(3."AB2-ABI>iM2. ) 
D2=(ABI""2.-AB2).00 
D3=(ABI,,"2.)/2.-AB2-ABl"DO 
04=-I.*(ABI/2.)+DO 
D5=2."00 
DAI=-I."(ABI/2. )-00 
DA2=IABl""2.)/2.-AB2+ABl"OO 
DBl=AM/AB2 
0[:2=«DI+D2)"AA1+D3"AA2+D4"AA3+AII4)/(04,,[l5) 
DI33=-I.*(IDI-D2)>iAAl+DA2*AA2+0Al"AA3+IIA4)/ 

$ IDAI"(5) 
[lCll=DBI~RI I) 
DCI2=-DCll 
DC21=-I."(DB2"R(I»/(I.+R(I)"C(I)"D4) 
OC22=-OC21 
OC31=-I."IDB3"RII»)/(I.+DAI"R(I)"C(I») 
00::32=-DC31 
OC41=V(:ES 
OC42=-OC41 
[1[11=[1(:11+[1(:41 
DD2=DC12+[lC21+0C31+DC42tVOl 
RE1URtl 
END 



<·IJUWIJrIt·IE PLU r( IX. 1'(. X. Y. n. tlL. IPLl 
C IX LEI·IOIIIOF X A,({::, 
I.. Ii LEHGrH OF Y AX [:=' 

:( X AXI·'. 
C Y Y AXIS 
C N NLII'I[;ER or PorrHS 
c 
c 
c 
c 
c 
c 
c 

Nt 
~.., ~:o: 

(I 

2 
3 

X ,;XIS Y AX 1:=' 
~~~;.-;~~ '~~'~~*:at 

tJOr;~IAL NORI1AL 
LOG LOG 
LOG IWnMAL 

NUI(MAL LOG 
C ~~~~~~~~~~M~~***~~~6*~~R~~*~~~~~~~~~****MWM 

Dlr"~jSION X1500).Y(500).U(III).V(56).D(12),E(12) 
C~ARACTER -I A(56,111).F(III).I.IPL_I 
REAL Mltl.MINI.MAX.MAXl. INCX. INCY 
DO 796 I=l r 56 
DO 796 .J= I, II 1 
A{ I"J)=' .. 

796 COIHIIIUE 
IFIIX.GT.IIl.OR.IX.LT.2) IX=III 
lPIIY.GT.56.0R.IY.LT.2) IY-56 

·IF(NL.EQ.I.OR.NL.EQ.2) THEN 
[I1j :37 1=1 ~ tJ 
i« I ) -ALoe; 1 (I ( x ( I ) ) 

,,'I COllI !tlilE 
EUD IF 
IFIUL.EQ.1.0R.NL.EIJ.3) THEN 
00 :3? I:::::l,tJ 
YII)=ALOGIOIY(I» 

:39 CONfINUE 
Elm IF 
DO 12 1=1. IX 
F«()="-' 

12 CONTINUE 
DO 22 I=I.IX.IO 
F( 1)="+" 

22 COlHINIJE 
MIll-XII) 
rloU-X(I) 
MINl=Yll) 
rr,\XI=Y( I) 
DO 50 I=I.N-I 
IF(X(I+I).GT.MAX) rrAX=X(I+I) 
IFIXII+I).LT.MIN) MIN=XII+I) 
IFIYII+I).GT.MAXI) n,;Xl=VII+I) 
IFIYII'I).LT.MINI) MIUI-YII'I) 

50 C(ltH INIJE 
I!leX=lrrAX-MIN)/1 IX-I) 
lIIC'(= Cl1AX I-MUH ) I ( IY-I) 
U( I) ~tlItI 

VI I 1=111NI 
DO 100 I=I,IX-l 
IJII+I)=U(I)+INCX 

100 CONTINUE 
DO 110 I=I.IY-l 
VII+I)=VII)+INCY 

110 COIH INUE 
DO 70 1=I,N 
11=1 
DIFF-ABSIXII)-UII» 
DO 80 J=I,IX-I 
IFIABS(XII)-UIJ+I».LT.DIFF) THEN 
DIFF=ABS(XII)-U(J+I» 
M=.J+I 
END IF 

80 CONTINUE 
L=! 
DIFF1=ABSIYII)-V{1» 
DO 90 J=l,IY-l 
IFIABSIYII)-VIJ+l».LT.DIFFl) THEN 
DIPFl=ABSIY( I )-VIJ<-ll) 
L=.J+l 
EIlD IF 

90 cornIWJE 
A(L. 11) =IPL 

70 CONTIllUE 
L2·=t) 
L3=O 
DO 150 I=l,IY,5 
L2=-L2+1 
IF(NL.EQ.!.OR.NL.EQ.3) D(L2)=10 •• V(I) 
IFWL.tlE.1.AND.NL.NE.3) DIL2)=V( Il 

150 cOIn INUE 
DO 160 I=I,IX,IO 
L3=L3+1 
IF (tIL. FI~. I. or,. NL. EP. 2) EIL3)= 10 .. "U ( 1 ) 
IFINL. t·IE. I. AND. tlL.IIE. 2) EII.3)=UI I) 

11~.O (1'111 r ftllJr: 
11'; III.. E('. t.nn.tlL.r:n.::!) THEN 
[10 489 1=1. tl 
Y I r) ...:::1 (\:::;':":,y r T' 

489 COrl1 ltlUE 
EIID IF 
IFINL.EQ.1.0R.IlL.EO.3) TIlEll 
DO 490 I=t,N 
Y(I)=LO""YII) 

490 cmHItUJE 
EtW IF 
K7=lllY-l)/5)~5'1 
IP=llX-L)/IO+l 
PRttH 3(1) 
[10 120 l=IY,l.-1 
IF 11. Ec!. K71 THEN 
K7=1:7-5 
L=!l5~1 J I IX) 
PRIIiT 200. DIL),IAII,J), = , 
GO TO t20 
EUD IF • 
PRItn 300, IAII,J) .J=I, IX) 

120 CONTINUE 
PRINT 400,IFII),I=l,IX) 
PRINT 450,IEII),I=l,lP) 
RETURN 

800 FnRMATI1Hl,/) ) 
200 FCIRMATI3X,lPE10.2,lx,'+',lllAI 
300 FORMATI14X,'I',llIAl) 

132 

400 FORMATI15X,lllAl,/) ~ 
450 FORMATIIIX,llllPE9.2,IX),lPE9.~,/) 

END 



'., ,-
,-
e 
( 

c: 
c 
C 
C 

r' 
C 

(: 

c 

r' 
C 

r'Jilu-,r';{\M ' .... MI)S ~ \It'IO'::;. OU rPIJT , T I\PE5;-Vr-!O~;. 1 AF'E.';,:::OUTPUT 
nIIH~H::IOH T( :3(1), VGS(300), AIG(300), ':O':,(?-OO). 

t/ilili. 30f)). RDS(.30(J" CTJ-=;( 3(0) 

MlIiL'fSIS OF VVI'10:,:T S~IITCHWG C If<CUITS 
\HTH 

RESIST IVE-ItWUCTIVE-C';PACITIVE U:'';O 
BY IJSItJG 

TI~IE"'VARlf\lJT L ItJE,\R VVt10ST NC'DEL 
~~~~~~~~~~~~M~*MM~M~~*M •• ~~.*~~~~~~~~~~*~~~*~~ 
~~~¥~~~~~.~~M~~*~Mh DATA ~~~~~~~~¥~~-~~~~¥*.~ 
~¥~~~~~~~~*~*MM**M~*~***~~~***~~.~~~~~~*M~**~ 

ItHEGEI\ Xt~ 

V'IIA VDO,EOtJ,EOFF,RG/12.,5.,-S.,2200.1 
O(,TA rT, RDt1AX/I. E-6, 5. E71 
DATA CGS.CGD,RDO,VGSO/3S.E-12,20.E-12,5.85,3.S1 
or,I" Fl,H,VT.O:OSO/.9, .5,2.5,15.E-91 
DATA A.ZA,RN/6.5E-3,1.5E-3.5.71 
[lM'f, IU.';L1.CI, XtU:3;~0. ,0. ,0 . • 1001 
on1A Rl,AL1.CI.XN/820. ,47.E-6.0 •• 1001 
DArA RI,ALI,CI,XN/820.,47.E-6.15.E-12.1001 
DFl.r~rr/XrJ 

~'" C"-:t;~~:~*r::e::*:O:- GFNEHAL E1.F'LAtJl'llIOtlS "*<&"':~~.;,,e~~~:o:'CO 

~~~~.~~~**~*MM~****~*MM******~~.***~~~**.~**M 
HJtJCTlrrtJ OF S~I, 
I) IF SW~ I •. RELATED VALUES ~, CURVES ARE TO BE 

',"HAINED AT TilE OUIPUT 
211F '"W Ht,'3 A DIFFEI1ENT VALUE. ONLY RELATED 

r:URVES (,RE TO IlE OBTAItlED AT THE O'JTPIJT 
'3~J~ 1. 
~~~~~~*~~~~~MM*~~* PROGRAM ~*~~~~~~.~~~***~~~* 
~~**M~*~*W*M**.*M*****~~**~* •• M~.*~~*~.*M~~*** 
I=:.2 
[1 ~~) 
I;'~O 

1;'==(\ 
I4~O 

{::;-=o 
TC I-!l-O. 
TC 1)=0. 
TI~O. 

B1 -I.I «RDO-mn "(VGSO-VTl) 
(: Itll-=COS+Ct3D 
C J ll'::=CGs+con 
\.'I.Y3( 1-1 ):0. 
A10CI-I)=CEON-VGSII-I»/RG 
V ("3 I I-I )-VDD 
AIDI I-I )-0. 
PL",: I I-I ) =f10MAX 
CDSll-l)=ICDSO/lll.+VDSII-I)/FI) •• H».IA-ZA) 
t}Ol =VtlD 
V02=O. 
AI01~O. 

;c;~:::O:~::o:~**M~*;o:!D! TURN-ON DELAY REG lOti ¥i~M.*.*~*M* 
~~~~~~~~~M**.***~**~******~~**~*~~*~~~~***~~** 
lFISW.EO.l.) GO TO 100 
GO ro 200 

100 Wf1ITEI6.1) 
IJHITE!6.2) 
Wf<ITEI6,3) 
WF<I TE I 6. 4 ) 

200 CotH INUE 
17 RIlSI I )=RONAX 

VGSII)=IEON-VGSII-I»*II.-EXPII-I.*ITII)-TI»1 
$1f1G;.;CIN1»)+VGSll-l) 

Tl=TI Il 
20 CUNTIWJE 

IFITII).GE.TT/2.) GO TO 5 
AIGCl)=IEON-VGSCI»/RG 
GO TO 6 

5 AIGII)=IEOFF-VGSII»/RG 
6 CnSII)=ICDSO/Cll.+VDSII-I)/FI) •• H».IA-ZA) 

IF ((.1. I. 10(1. (I.) GO TO 7 
GO TO 8 
CONTItJI.IE 
CAl.! ~10':;RCI I. VDIJ. VOl. V02. ROS. Rl. CDS. Cl. All. A12. 

$AI3.AI4.AI6.AT) 
AIDII)=AI2+AI3*EXPI-I.*AII*DELT) 
VD9II)=AI4>AT.EXPI-l •• II./IRDSII).CDSII»). 

$DEl.T)+AI6"EXPI-I •• AII"DELTl 

133 

GO ro 500 
::: CorHINUE 

IFIRI.EQ.O.) GO TO 9 
AlOI=(V02/RI).II.-EXPC-I.~CRI/ALt)nDFL1 »' 

IAIOloEXPI-l •• IRI/ALI).OELT) 
GO TU 10 

9 AIOI~IV02/AL1)"DELT+AIOI 
10 COtlTItlUE 

CALL NOSRLCAI I. VDD. 'JOI. V02, AIOI. RDS. Rl. CD:3. 
$Cl.ALI,AAI,AA2.AA3.';A4.AB1.A82) 

DT=ABI •• 2.-4."AB2 
IFIOT.LT.O.) GO TO II 
IFIOT.GT.O.) GO TO 12 
CALL MOSRLCB ( I, va 1, ROS, CDS . tV'" 1 , l\f\2. tH'3, 1\(,"1. 

$ABI.Bl.B2,B3.BAII.BA33.BBI.Bl'2) 
AID I I ) =81 +1 B2+B3>'DEL Tl "EXPI -I. :; ((,13 I / '2. ) • (:1=1_ r) 
VDSII)-BAII+BBINEXPI-I •• II./IRDS!I).CDSII)). 
$DELT)+(BB2+BA33·0ELT)~EXPI-I •• \ABI/2.).DELT) 

500 CONTI NUE 
IFISW.EO.1) GO TO 300 
GO TO 400 

300 WRlTEI6.(3)Tll),VGSII).AIG(I),VDS(I).AJIJII), 
$RDSIII,CDSII).VOI,V02,AI01,DT 

400 VOI=VOSII) 
V02=VDD-VD:3II) 
1=1+1 
TIl)=TII-I)+DELT 
lFIT(I).GE.TT/2.) GO TO 14 
IFIIVGSII-I)-VTI.GE.VDSII-I» GO 10 15 
IFIVGSII-I).GE.VT) GO TU 16 
GO TO 17 

II CALL ~tOSRLCCI I. VOl. RDS. CIJS,AAl, AA2, AA3:AA4. 1\1" • 
$AB2,CO.CI3.CI4.CA1.CB2.CB3.CC) 

AIOII)=IAA4/AB2)+2."CI3.EXPI-I.NIABI/2.)MOELT) 
$"COSICowOELT)-2 •• CI4-EXPI-I.NIA81/2.).UFLI) 
$"SIrHCO"DELTl 
VDSII)=CAI+CC.EXPI-I."II./IRIJSII)KCDSII»)~DU 1 I 

$CB2"EXP I -1. "'I AB1/2. ) :'OEL Tl "'COS ( CO~IJFL f) .. ( 1./CO)" 
SIIICB2"AB1)/2.)-CB3).EXPI-I."IABI/2. ).DELT) 
$"SINICO"OELTl 

GO TO 500 
12 CALL MOSRLC[)I I, VOl. ROS. CDS. AAI. MI:=!. r,t.3, ,'M. t.r:1 . 

$AB2. 04. DAI. DBl, DB2, 0133 .• OCll. DC;;>;~. OC32. PD) 
AID ( I ) =DBI+DB2.EXP( D4 .. 0EI. TJ +OB3<'E xr- (['AI < I'n 1 ) 
VDSI I) =OCll +DD"EXPI -I. l« 1.1 IRO'3( I ) "',:[1',;( I) , ),-:'WI 

$+DC22MEXPID4l<OELT)+OC32-EXPIDAI"DELT) 
GO TO 500 

16 CONTINUE 
C *~JBHH~*~*~*~~~ PIUCH-OFF REGIOt~ <:o;:-;:c:~.,.-:.:c::r:l":":;'-::-::~::':-:"'. 

C ***~~*:e:;':**(eI:*************;O;**iaI:*:a:-~:..;*~;c:~.:r:: "e;:II::C:*-'.~ "!:".,. .~ ...... 
I1=Il+1 
IFIll.EQ.I) THEN 
GO TO 600 
EL,:;E 
GO TO 700 
ENDIF 

600 TDON=TC I ) 
IFI:3W.EQ.l.) GO TO 800 
GO TO 700 

800 WRITEI6.18) 
WRITEI6.19) 
WRIIEI6,3) 
WRITEI6.4) 

700 RDSI I )=VDS( 1-1)/ 1131"1 IVGse I-I )-VT) >1<2. ) )+nu 
CIN2=CIN1+ABSIIIVOSII-I)-VDSII-2»/IVGSII-II-

$VGSII-2»)*CGD) , 
VGSII)=IEON-VGSII-l»"II.-EXPII-I •• DELI)/IRG~ 

$ClN2»)+VGSII-11 
GO TO 20 

15 C01HINUE 
C **~*~********* RESISTIVE REGIOU **~**~:e:~:c,;t::c·~X.l;~ 
C *:p:~~*~*********~*~:a:"~~**~!JI:***~:C: ?::):*~:~:C;**!D'-~*:O:':=.'e::::"PO 

12:""12+1 
IFCI2.EQ.l) THEN 
GO TO 900 
EL'3E 
GO TO 1000 
ENDlF 

900 TF=TC Il-TDON 
IFISW.EQ.I.l GO TO 1100 
GO TO 1000 

1100 WRITEI6.21l 
WRITE'16.22) 
~JR[ lEI",. 3) 



win 'II. (6.4) 
1 (.00 111""=; ( I ) ~ \ • 1 (BT" (V')'; ( I -1 ) -VT) ) IRtl 

'Jl;,;', 1 l'~ (EOIJ-:,JG'3 ( I-I ) Hd I. -EXP ( (-1. "DEL l) 1 (RG" 
'~"1t131» .VI]S( I-I) 

GO lU 20 C 
I'. "'-'ll I lilliE C 

C .,: <:~:",~ .. ~~~:~..,.c:.<:~ ",' ;O:~iI=; ~=,r:(:lJru) PAR r ~~: "":C:~o':C::<":~!,>:):.;:--:~):.;~*~ 

C *~~~~~~~~*M~~~~.~~~~~~~~~**~w~*~*~~~~~*~~~~~~~ 

IF(T(I).GE.TT) GO TO 23 
If: ~ '.'t3S( I-t}. LE. V r) GO ro 24 
IF(!VGS(I-l1-VT).LE.VDS(I-l» GO TO 25 C 
X~~~¥~~~~~~~~~ R(~SISrlvE REGION .*~~~~~~~~**~~ C 

13~(8H 

IF(D.EO.I) THEN 
(iO ro 1200 
ELSE 
130 ro 1300 
EIWIF 

L:~O') COl If II,IUE 
IF(';U.EO.l.) (11) TO 1-100 
no TO 1300 

140V Wf~1IE(6,21) 
URI rE( 6, 22) 
WRI rE(6,:3) 
WRlrE(6.4) 

1300 RDS(I)nl./(8T:«(VGS(I-l)-VT»'RN 
'm:,! I ) = (EOFF-VGS ( 1-\ ) );00;( I. -EXP ( (-1. "VEL r) 1 (RGl>. 

$CIN3»)+VGSII-I) 
GO ro .~o 

2'5 CClIHIUUE 
C ~~~~~~~~~~*~~~ PINCll-OFF REGION ~*~*~~~*~~***M 
I: ~~~~~~~ •• **~~~*~~<~~~~***~***~.***~.~~**.~**~~ C 

c 14'-(~+1 

IF(14.EO.I) THEil 
GO TO l~Of) 
EL:;E 
GO ro 1600 
FII1J1F 

I!"iCII) rUN=T< I ) - lTOOII+TF) 
muFF: r( I) -'I T 12. 
IF(SW.EQ.I.) GO TO 1700 
131] TO 1600 

171)0 WHIlE(6, 18) 

WRnE(6,19) 
~mITE(6.3) 
I,JlH 11::(6.4) 

1600 RDSII)nVDSCI-1)/(BT.CIVGSII-I)-VT)""'2.»+RN 
CIN2~CIN1+ABSIIIVOS(I-1)-VOSCI-2»/(VGS(I-1)

$\'GS(I-2»)!p:CGO) 
• VGS( I )=IEOFF-VGS( I-I) ) '0,( 1. -EXPI I-I. >'DEL Tl 1 (RG" 
$CItJ~<») tVOS( I-I) 

Gtl TO ::!O 
2'. CON I (NUE 

C *~K~~~~~.*~~~*M CUT-OFF REGION ~~*~~~M~~M*~*** 
C ~*:e:~~;c;;**~:o;*:o:***:::;**:---,:o::e:****11':1********:c?;c;**:e;***:O:*~* 

1!5~15+1 

IF(I'5.EO.l) THEN 
GO TO 1800 
EI_SE 
GO TO 1900 
EIUHF 

1800 TR~T(J )-lTOOIl+TF"TOIll 
rOFF= rT- (TF FTON tlR) 
IF(~,~J.EO.l.) GO TO 2000 
GO TO 1900 

2(1)0 wrn lE (c'p 26) 
~IP( IE(6.271 
Hfll'lEI6.3) 
WlH IE(6,4) 

1-;/0(1 RU:::-.( I )::RUHl'IX 
VOSII)=IEOF~-VGSII-I».(I.-EXP«-I.~OELT)/IRG" 

$Cllll»)tVGSII-I) , 
GO TO 20 

2:3 COtJfINUE 
c: ",:""'~'c.~~~*i":rc;~:o:.~:o: TltlINrt CALCULATION ;";**!b:*****M-~* 

C **~~**:o:*~**~****~**~~~*****~**.***.*~******~*. 
~Jr<!l E(6. 28) 
IJr< (IEI6.2'?) 
Wf.: I 1[(/:'. ~:(I) 
IJr<11E(6,31) 
IJr;Il E C ".32) 11lON. 1 F. Totl, TDOF!', TR, Tor!' 

e *:O:::;*~* CALClJLATll)I·1 UF DAf1Plf.11.3 FREOIJEHCY ***:a;;E.;a;. 

C *~~~~~~~***:o:~~.**********~~**w~**~~¥~***~***~~ 

FI~3.I'l 

LI~C(":;( ('-I He1 
ro=:,'~R T I AL U'CTl 
[FITD.EO.D.) GO TO 33 
F=(I./(2.~PIMSORT(ALI.CT»)/I.E6 
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RELATED DAt1PING FREOUEIlCY I~, CIILCUU\TEIJ OIlL ( 
AT THE cur-OFF REOlor~ A::;: I1EOr,IIERIZ 
WRITEI6,34) 
IJRITEI 6,:35) 
~JRITE I 6, 36) F 

33 CC'tH JI~UE 
.~M~~~~~~M**~** RELATED CURVES *~~**~~~**~~~~~ 
~~*M~~~**M*~~**~*M~****~~~~~~'~~~~~~'~~f~~~~~~~ 

WRITEI6,37) 
WHITE(/;,38) 
CALL PLOTllI1,46,T,VDS,XN,O.'.') 
WRITE(6,39) 
WRITEI6,40) 
CALL PLOTlll1,46,T,AIO,XN,0.'.') 
~IRITE(6.41 ) 
~IRITEI 6, 42) 
CALL PLOTI111,46,T,VGS,XN,O. 'M') 
1,IRIlE(6.43) 
WRITEI6.44) 
C(,LL PLOT(111,46, T,AIG,XN,O, ""') 
WRITEI6,45) , 
WRITEI6,46) 
CALL PLOTII11,46,T,RDS,XN,3.'~') 
~JRITE(6, 47> 
~IRITE I 6. 48) 
CALL PLOTlll1,46,T,CDS,XN.3.'M') 
WRITEI6,4;') 
WRIlEI6.50) 
*~:e:~;o:~:~***~:o:OG'** FORf1AT SECTlor~ :o:**~;.:;:e::t":;.::<:~~:;.t::c:;";~: 

~~~*~~~~~*~*~**~**~***~K~*~*~*~~~*~X~~XX~~~~~~ 

I FUflI1ATI/, IX, 'THE TURN-ON DELAY REGIOIl:') 
2 FORMAT(lX,··.**~*.***ft*~*****~*~*~**~') 
3 FClRt1I1TI/,3X,'TISECOND)',2X,'VGSIVDLTS)'.2X. 
$' IGIAtlPERE)", 2X, 'VOSIVOLTS)", 2X,' IDIA~lrERE) 
$2X,~ RDS(OHMS) ',2X,'CDSCFARAD)',2X, 
'V ')01 IVOLTS)', 2X, 'V02(VOLTS)', 2X,' 101 IAI1I'ERE) , • 
$2X,~ or "') 

4 FORMAT(3X,"'***~~~~**',2X:'***~.*~~~*',2X. 
$'M***~*****',2Xp'*.M.**.***',2X,'**~ •• **~~~' 
$2X,"'*.*.~******"'p2X,"'**********',2X, 
$'~~*¥~~~***"',2Xp'~kM~~***~~',2X,'N*M*MM**~~M', 
S2X, .'**)i!**~~*') 

13 FORMATI3X,E9.3,2X,EI0.4,2X,EIO.4.2X.EIO.4.2X. 
$EIO.4,2X,El1.4,2X,El0.4,2X,EIO.4,2X.EI0.4,2X, 
$EII.4, 2X,E8. 2) 

18 FORMArl/,IX,'THE PINCH-O!'F REGION:') 
19 FORMAT(lX,~**.~****~*~*.M*.*****') . 
21 FORMAT(/,lX,'THE RESISTIVE HEI3ION:") 
22 FORMAT(lX,~~M.*.~******** •• M •• **') 
26 FORMATI/,1X,'THE CUT-OFF REGION:') 
27 FORMAT(lX,'****.***MM***N*~*~*?) 
28 FORt1AT<I.IX,·THE TIMING CALCULATION:') 
29 FORMAT(lX,~.**~.****************.M?) 
30 FORMAT<I,25X,' TDON r,2X,' TR ",2X, 

$' TON ',2X,' TDOFF ',2X,'" TF 
$21,' TOFF .) 

31 FORMAT(25X,'**********',2X,'***"**~**~'.2X. 
$'.*.*MM***"',2X,"'~**··****~,2X,'M*M*~*.*~~ • 
$2X,'~~*~**** •• ') 

32 FORMATI25X,EI0.4,2X;EI0.4,2X,E9.3,2X.E9.3.2X. 
$EIO.4.2X.EIO.4) 

34 FOHt1AT<I, 48X, 'THE RELATED DAt1F'ING FREOUEflCY -) 
35 FORMAT(48X.'****.*.**.****~*.***~~*~x~~~~··) 
36 FOHtIAT< I, 40X, 'F=l. /12. "PI"SQR r (All>'ICDS' (:1) »" 

$EI0.4,'MHZ") 
37 FORMAT <I ,20X, 'RELATED CURVES FOE< II VVI10ST ~;\lI If'HJt~'' 

$' CIRCUIT WITH RESISTIVE-IIIDUCTI'v'E-CAPACITlVE ,~or,~,' 
38 FORMAT(20X,'******.*****~**.*~M****~~*~~M~~~~~~~~: 

$'~*~*~**.**M**************MMM**.*.~~~~~~~~~~~~~~ ,'-. 
39 FORMAT<I,55X,'CURVE OF VOSll) VERSUS T(I)') , 
40 FORMAT(55X,~""""I""""""I""t""""""'"IIIIII ...... ~) 
41 FORtlA T <I , 55 X, 'CURVE 'OF A 1D <I) VEnSIJ~; 1'( 1) • ) 
42 FORMAfC55X,'IIIIIIHI.'I"".'H'IIIIII.I'I •• IIIIII.I.I' •• '1."' •• ,) 

43 FormAT</,55X,'CURVE OF VGSII) VERSUS TlI)") 
44 FORMAT(S5X,'IIIIIIIIIIIIIIIIIIIIIIIII •• IIIIIIII."1111""'1111111') 

45 FOFltIAT(/,5'5X,'CURVE OF AIGII) VEllSU::; T(l) ) 
46 FORMAr(S5X,'I.IIIIIIIIIIIIIIIII'I.I'IIIIIII.II.1111111111.1'1 ••• 1") 

47 FORMAT</,55X,'CURVE OF ROSLOGII) VERS;US T(l) ') 
48 FORMAT(S5X.'II.I.'I.IIIIIIIII'III"'.III"II,.".II., •• 'I •• 'I'.II.II •• IIJ) 

49 FOR~IAT I 1 ,55X. ,- CURVE OF CDSLOG I I) VEIlSU~; T ( I ) ') 
so FO~MAr(55X.~"'···'·"""""·'·'··"'·"I""""'".'· ..... I •• " ••• ,.~\ 

~;IUP , 
Elm 



c 
.: 

c 
C 

c 

C 

C 
C 
C 

" 
",Ul:R(lIJTWE ~1(lSHC( I. VOD. VOl. V02. RUS. RI. CDS. CI. 
1~11.A12,A13,Al~,A16.AT) C 
nil'" SUBHUl.lTItlE IS USED FOR nlE CASE OF ,'Ll=O.c 
,","*~~:O::c::<:::C: 1>:~:C:;-'-:<>::C:;:, ~ ."!!:e: ",,:<:;*~;o.: ~~ ~~*)o;~:o;~~***!11:~ ~*~.;O;~ 
[I Ir1ETlS IOtJ RDS (300) • COS (300) 
r\2~RO:3 ( I)'H 1 ~I:D';( I ) "'CH« VOD-VOI-V(2) 
A3~RDS(I)"COS(I)"(VOO-VOI)+RI"'CI"(VDD-V02) 
/''\ 1 ==I':D 0 
A6=ROS( I )"RI''(CD:;( I )+Cl) 
1\7~HOS(I)+Rl 

,.'8~l~2/A6 
A'?=A3/A6 
AIO-A-1/A6 
1':.o11-=A7/A/:' 
M2~1\IO/AII 

AI3=-1..;( (AII""2. )"A8-Al1"A9+AI0)/AII 
I\H-AI2~ROS( I) 
AI5=-Al-1 
AI6=(AI3.RDS(I»/(I.-All.ROS(I).CDS(II) 
,"'17-=-A16 
AT=1\15+AI7+VOI 
HE TURN 
EUP 
~~~~~~*~*~;o;~~~~~~*~.*~~~** •••• ~~~*~~* •• *.~* 
SU8ROUTItIE NO:3RLCA( I. VOO. VOl. V02. A 101. ROS. 

:tr.I. CDS. CI. All. AAI. AI\2. A,\3. AA4. ABI, ,\B21 
~~**~~***~****.*~~***~**~.~**~*~~*~*****~*M 
D I HENS IOtJ RDS (300) • CDS (300 I 
Al =RDS ( I I "AI_I "COS( I) "CI" (VOD-V02-VOI I 
A2=RDS(II.Rl.COS(I).CI"(VDO-VOI-V02)+AL1.CI" 
~(VOO-V021 +AI01:<ROS( I I.All"CDS( I) . 
A3-RDS(IIMCDS(II.(VDD-VOII+RI"CI"(VOD-V02)+ 

tAlOI"ALI 
A4=VDD 
A5=RDS( I )"ALl>HCDS( I )+CI) C 
A6=ROS( I) .RI';( CDS( I I +CI )+ALI 
A7=RDS(II+RI 
AAI-AIIA5 
AA2~A2/A5 C 
,'A3=A3/A5 C 
AM-A4/AS C 
t\[:l ~A6/A5 

AB2=A7/AS 
RETURtl 
END 
~*~~*~.~~*****~~***.**~R*~*~**~****~******* 
SU8ROUTWE ~10SRLCB( I .VOI.ROS. COS. AAI. AA2. 

$At.3. AA4. ABI. 81, B2, B3, 8All. BA33, BBl. BB2) 
THIS SUBROUTItIE IS USED FOR nlE CASE QF 

DT=(AB1""2.-4.>'AB21=0. 
~~*~**~~~*~*~****~~***~*~~*~~*~**~**~*~**~~ 
01 MEfJS IQN ROS (300 I • CDS (300 I 
BI=(4.*AA41/(ABIM,.2.) 
B2=(-I."(ABI""3. '''AA1+(AB1>'''2.)~AA2-AA4)1 

$(ABI""2.) 
B3=( (ABI."3. '''AI'I-2.''(ABll'''2. )"AA2+4."AB1" 
*AA3-8.~AA41/(4.~AB11 

B,U I=RDS( I '''81 
BAI2=-BAII 
BA21=(2."RDS(I)"B2)/(AB1"RDS(I)~COS(I)-2. I 
BA22=-BA21 
BA31=(4.~B3"(ROS(II""2.I"CDS(I»/«ABI"ROS(I) 

S*COS(I)-2.)**2.) 
BA32=-BA31 _ , 
BA33=(2."B3"ROS(III/(2.-AB1"RDS(II"CDS(II) 
BB1=BAI~+BA21+8A31+VOI 
BB2=BA22+13A32 
RETURN 
END 
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*~~~_~*~*M*~M~~~**~~.~~~*~~~~~~~*~~~~~~~~~~ 

SIJGROUrIl~E NOSRLCC( I. VOl. RDS. CD:,:. AA I. "A2. t.:.::, 
$AA4:ABI.AB2.CO.CI3,CI4.CA1.CB2.C~J.CC) 

THIS :3UGROUTINE IS U:3ED FIJR rilE CA:::E I)r 
DT=(ABI."2.-4.~AB2)<0. 

:a:*~*;o;**)f:********)f:*******~**9;*:<::~*~:~ ~ ~ ~~:O;;':;.,c::'l: . .:-::> 

DINENSION RDS(3001.CDS(3001 
CO=(1./2.I"SQRT(4."AB2-(ABI~.2. II 
Cl=(ABI/2. '''(3.''AB2-(ABI''''2. II 
C2=CO*(ABlio:*2.-AB2) 
C3=(AB1*M2. )/2.-AB2 
C1~CO"ABI 
C5=-I.;o;(A81/2.) 
C6=CO 
C7=«ABI"M2.1-4."AB2)/2. 
C8=Cl*AA1+C3*AA2+C5~AA3+~A4 
C9=C2"AAI-C4"AA2+C6"AA3 
CIO-C7""2.+C4""2. 
CII=C8"C7-C9"C4 
C12=C'?~C7+C8*C4 
CI3~CII/CIO 
CI4=GI2/CI0 
CAI=(AA4/AB2)"RDS(II 
CA2=-CAI 
C81=( (CI3"RDS( I I I. (ABIl'RDS( I I "cns ( I ) '-2. I -C I .p, 
$(RDS(I)""2.)"COS(II"2."COI/(A82"(ROS(II~.2. )" 
$(CDS(II""2.)-ABI"RDS(II"CDS(II~I.) 

C82=-C81 
C83-(2."CO_CI4"RDS(I)"(RDS(II.CDS(I).ABI-2.1+ 

S4."(ROS(I)""2.I"CDS(I)"(CO>'''2.)''C13+ABI-CB2 
$.(AB2"(RDS(II""2.)"(COS(I)">'2.)-ABI"ROS(II. 
SCDS(I)+1.)1/(2 •• (AB2"(ROS(II""2.)"(COS(II·"2.1 
$-AB1"RDS(I)"CDS(I)+I.» 

CC=CA2+CB1+VOI 
RETURN 
~ND 
**~~****~***.~~******M***~*M* •• ***.~*~*~**~ 
SUBROUTINE MOSRLCO( I. VOl. RDS.COS. AAI. flA2. AA3. 

$AA4. ABI. AB2. 04. DAI. DB1, OB2. OB3. DCll. DC22.DC3~!. 
SOD) 

TIllS SUBROUTINE IS USED FOR TilE CA~:E OF 
DT=(AB1">'2.-4 •• AB2)gO. 

DIMENSION RDS(SOOI.COS(3001 
DO=(1./2. )*SQRT(AB1~"2.-4.~AB2) 
Dl=(ABI/2.)"(S."AB2-AB1."2.) 
D2=(AB1.~2.-AB21>'DO 

D3=(AB1**2.1/2.-A02-AB1*00 
04=-I.*(ABI/2.I+DO 
05=2 •• DO 
OAI=-I.>'(ABI/2.I-DO 
DA2=(AB1".2.1/2.-AB2+ABI*DO 
OB1~AA4/AB2 

OB2= ( (01 +D2 "'AAI +D3*AA2+D4*AA3+AA'l I 1 
$(04"051 

OB3=-I.*«01-02)*AA1+0A2>'AA2+DAI.AA3+ 
$AA4)/(oA1"DS) 

OCll=OB1"RDS( I I 
OCI2=-OC11 
DC21=-I.>'(OB2.RDS(I)I/(I.+ROS(II"CDS(I).D41 
OC22=-OC21 
DC31=-I." <DB3"RDS( I) 1/ ( I. +DAIl'ROS( I ) .CI.lS ( I I I 
OCS2=-DC31 
DD=DCI2+0C21+DCS1+VOI 
RETURN 
END 



,-
I~ ,.-
C 
I-

e 
c 
(. 

(: 

c 
c 
c 

c 
c 

C 
C 

c 
>: 

f'f," II If,/it! III'H,!':. 0'11.1':;. OU11'U 1. 1 i\r'C'5=-f'1OS, TAF'L';""OUH,'UT) 
II II,tEI!::':. I on r< :3(0) , V(;::;( ,30u) • AIG( 300},. VDS (300), 

~;"1[J( ':;:(In). R[t::;( 31)0), CDS(300) 

MJi .. L'{SIS OF VDrl0ST SWlTCHIrlG CtRClIIlS 
WIrH 

RE:~ISl IVE-INDlICTIVE--CAPACITIVE LOAD 
BY USIIiG 

TIME-VAnIAtH LIrIEAn VDt10ST HODEl. 
~~~~~~*~~~~*~ •• ~*.~~.~.~~~.~**~~.M~*~~~~~~.~~~ 
.~~*~~*~~~~.~~*M*~. DATA ***~**~~**~~.~.~** •• 
~M~~~~·~~~··*··.·***** •• *.**.* •• ***** •• M.*.** 
IrHEOFH XII 
DATA VlIU.EON,EOFF,RI/20.,12.,O.,29.51 
lIAIA rr,XN,nDMAX/l.E-6,IQO,5.E71 
DATA CGS,COU,RDO,VOSO/550.E-12.600.E-12 •• 14,10.; 
Dr,[!". FI.H,','T.CD:'O/.';', .5.:3.4, 11.E-IOI 
DA1A RG.CP,RD,RS/4.5,80.E-12,.07, .005/ 
[I/\Tf, Rl.AI.l,Cl/5. ,0. ,0./ 
LIEl T=T r; XII 
~~:c:~;ti-~~~~;e:..* GEtJERAL EXrLAU,\TIOtJS ••• ~*~.~.?=;* 
~~~~.~~~.~*~*.** ••• *.* •• *.**~***.~.**.* ••• *.* 
FI-,tlCT ll)lI OF SW: 
I) IF ~:U~I •• RELATEU VALUES ~< ClIrNE:3 AFiE TO BE 

U8Trlllll'.D t. I TilE I)U I PUT 
~:~IIF ;0,1,) fW3 A DIFFEnEIH VALUE,ONLY RELATED 

CURVES AilE TO BE 08TAItlED AT TIlE OUTPUT 
:'I')~-I. 

*~:e;~~:c:'o:;~~:e:*~.~'c;~;C;~ PHOORAl'J .itt;to:*.~~~~~~~?=?:-:'~):>;~;..:. 

~~~~.~~*~~*~~M~X~~~*~**~~**~~.~~~*****~~*~*~** 
1=2 
11=1) 
I~::~O 

[3-:::(1 

I4~0 

1:::=0 
T(J--1)~I). 

rl I ) ~,t). 
TI=O. 
B'~I./12.MIRDO-RS-RUI.IVOSO-VTI) 

ROT=flC; >RI 
C ItJ I ~COS >CGD 
crtJ:3::::CG3 H:GD 
'JV31 I-I 1=0. 
AIOII-l)=IEON-VGSII-I»/nOT 
VDSI I-I )~'JDD 
AIOI I-I )=0. 
RBSI I-I )=nOMAX 
CUSI I-I )=ICOSO/I I I. +VD'31 I-I )IFf '''''fi) HCP 
• .... Ol:-:'JIIlJ 
')";!-t). 

AIOI=O. 
~~~~~~'!~~~~~W TURtJ·Ot~ DELAY REGIOfJ ~~~~~~~~~~* 
~~~~~~~*~*~~*~*~~~*~~~~***~*-*~**~~~.~~**~**~~* 
IrIS~I.EG!.I.) GO TO 100 
00 TO~OO 

100 ~IIUTE(6,1) 
~lIlf lE(6,2) 
WRIrEI6,3) 
IJRlTEI .S. 4) 

2('0 corn ItllJE 
17 nos II) 'RDMI,X 

VGSII)=(EON-VDSII-I»"(I.-EXPII-l.MITII)-TI»1 
$<HGTMCINI») >VGSI I-I) 

r1=TI I I 
~,!.) CONTlIJIJE 

Ir(T(!) .OE. TT 12.) 00 TO ,_, 
AIOII)=(EON-VOSII»/RGI 

c: 
C 

C 
00 TO 6 I .... 

5 fdGI I) =(EOrF-VGSI I I I/RI3T 
6 CDSI 1)= CCUSOI I I 1. +VDSI I-I I IFI 1""111 l+CP 

IFCAL1.FO.0.) GO TO 7 
GO TO :3 

7 eotIT ItJIJE 
CALL MOSRCII.VDD,VOI,V02,RUS,RI.CDS.CI,AII,AI2, 

Arul=IVI);'/nl 1>:( 1. --t::XI> ( --I. "WII,\!. t )Jo'llli I I I I 
$AIOI-EXP(-I.·(RI/ALII.OELT) 

GO TO 10 
? AIOI=IV02/ALII.OELT+AI01 

10 COtITItlUE 
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':ALL NO'=:RLCA( I, VDD, VOl, V02, AIOI, R[J~;. nl. (I",:, 
$CI.AL1,AAI,AA2,AA3,AA4,ABI,AB2) 

DT=ABI •• 2.-4.MAB2 
IFIDT.LT.O.) GO TO II 
IFIDT.DT.O.) GO TO 12 
CALL MI)SRLCBII,VOI,RDS,CDS,I\AI,AA2,AA3,AA4, 

$ABI.BI,B2,B3,BAII,BA33,BBI,BB2) • 
AID(I)=BI+IB2+B3MDELT).EXPI-I.~IABI/2. ),DELT) 
V[ISI I )=BAll+BBI.EXP(-I •• ( I. I IRDS( I ) "'CDS I I I I I ,,[lFI ') I 

$IBB2+BA33MOELT).EXPI-I.M(ABI/2. )~DELr) • 
500 COtITlNIJE 

IFI:2W. EG. 1) GO TO 300 
GO TO 400 

300 WRITE (6, 13 I T( I ), VGSI I ), AlGI I I • VDS( I I • A ILl I I I. RII';( 1 j , 

$CDSIl),VOI,V02,AI0I,DT 
400 VOI=VUSIII 

V02=VDD-VDS I I) 
1=1+1 
TI I I=TlI-1 I >DELT 
IF(T(II.OE.TT/2.1 GO TO 14 
IFIIVGSII-I)-VT).GE.VDSII-I» 00 TO 15 
IFIVGSII-I).GE.VTI GO TO 16 
00 TO 17 

II CALL 110snLCCI I, VOl, RDS, CDS, AM, AA'2. AA3, At,4. Ani. 
*AB2.CO.C13,C14,.CAl,I:B271~B37CC) 

AI [II I) = I AA4/AB2l+2. ~CI3"EXP I -1. CO'I i\[3112. I ,'I'EL 1 I 
t.,COS( CO,<OEL r> -2. "CI4"EXP I -I. "IABI 12. );H1FL fl 
$"'SItI(CO~DELTl 

VDSI I )=CAI+CC~EXPI-I. MIL. I (RDSI I )~CDSI I I) ) "DEL fl+ 
$CB2.EXPI-I."IABI/2.)·DELT)"COS(CO.DELT)-(I./CO)~ 

$( I ICB2"ABI) 12. )-CB3)"EXPI-I. "IABI/2. I"DEL T) 

$~SltJ(CO"OELTl 
GO TO 500 

12 CALL MOSRLCDII,VOI,RDS,CDS,AAI,AA2,AII3,AM.ABI. 
$AB2.D4,DAI,DBI,DB2,DB3,DCIl,DC22.DC32,OOI 

AIDI I )=DBI+DB2~EXPID4"DELTl+DB3"EXPI DAI "DEL T I 
VDSI I )=OCII +DD!<EXP(-l. "I I. I IRDSI I )"COS( I) I I "DELl> 

$+DC22>oexp I D'l"DEL T) +DC32"EXP COAl "DEL T I 
GO [0 500 

16 corn HIllE 
*~~~~~~***.M~. PINCH-OFF REGION *~~*~~~.~.~~~~ 
~M***~.**.**.*.*.***.* ••• **~* ••• *~*~~K~~M~~.~. 
11=11+1 
IF( 1 1. EO.. 1) THEN 
00 TO 600 
ELSE 
GO TO 700 
EUDIF 

600 TDOtI=T I I I 
IF(SW.EG.I.) GO TO 300 
GO TO 700 

300 WRITE(6,18) 
WRITEI6, 19) 
WRITEI6,3) 
WRlTE(6,4) 

700 RDSIII=VDS(I-I)/IBT.IIVGSII-I)-VT) •• 2. »+ns 
CIN'2=CINI+ABSIIIVDSII-I)-VDSII-2»/IVOSII-1I

$' ... 'GS( 1-2» }*CGD) 
VGS(II=IEON-VGSII-l».II.-EXPII-I."DELTl/lnOT" 

$Cltl2) I >VGSI I-I) 
GO TO 20 

15 COIHIUUE 
~~:e:~.~:*~.Id;~~** RESISTIVE REG IOU *~:t":~~~!tI:*:e:(c:;..:.;o:,;c,:~ 

.~ •• ~***.*~ •• M~~* •• M •• ***.~~M**M.**~~~~W*~~~~~ 
12=12+1 
IFII2.Eo..I) THEN 
00 Tel 900 
ELSE 
GO TO 1000 
ENDIF 

SA13.AI1.AI6.AT) 900 TF=TI I I--TDON 
IFISH.EG.I.) 00 TO 1100 
GO TO 1000 

AIDII)=AI2+AI3"EXP(--I •• AII-DELTI 
VDSCI)=AI4+AT"EXPI-I •• II./IRDSII)"CDSIII».DELT)+ 

$AI6"EXPI-I."AII.DELTI 1100 
GO ro ~I)O 

8 COtHlnUE 
tFIRI.Fo..O. I GO TO 9 

1(100 

WRITEI6,21l 
WRITEI6,221 
WRITE(6,3) 
WRITEI6,4) 
f::[r::( 1 1=1. I I BT.IVGS( I-I I-'JT I H ns I ntl 



VV3( I)" U:Otl-'M',( [-I) )"( I. -EXP( ( - \. <'UELrl I (R')T" 
t,( I N.~;) ) ) 1-' .... '(.::.;( I --·l I 

1"1-' In :::0 C 
1.1 ',IJIH JIlI)F C 

C :o:.*~'"';~:"':"':'~~~:O:~:,,:,""':":~' :::;ECONP F'f\RT r.~.~- .,.:,...,-C'~:r;:O:~(110;~2:""~~ 

C ~~~:o:~~~~:o:.*~~~~**.~*.~~~**~***~~~~~.*~.***M*** 

IF(T(I).GE.TT) GU 10 23 
IF(·JO:3(I-ll.LE.VTl GO TO 24 
J F « VGS <I -ll-VT ) • LE. VDS ( I-I» GO TO 25 C 

C ~~~~~~~~~~*M.* RESISTIVE REGtor~ ~~~.~.*~~*M.~M C 
C ~':":~~~~~*~*~****~M.*~~M~W~*****:O:*~*~.**~*.~.~~* 

13=1'3.1 
IF (13. EQ. 1)' THEil 
130 TO 1200 
ELSE 
GO TO 1300 
ENDIF 

1200 CONTINUE 
IF(SW.EO.I.) GO TO 1400 
GO TO 1:300 

14(Jl) l-Jr,ITE(6,21) 
llru I E(6, .?2) 
~JRITE(6. 3) 
~JRIIE(6. 4) 

13(1(1 nns( I) =1.1 (BTM(VGS( 1-1) -VT} )+f\SiRU 
'JOS( I )=(EOIT -VG:3( 1-1»;;( 1. -EXF'( ('-I. "DELTlI <ROT" 

$CIN3»)+VGS(I-I) 
t,r) ro :=!(I 

2~ C('NTINUE 
C *~**M.*.~.*~~. PINCll-OFF rtEGIOH .***~*~~*~**** 
C .~~.*.*~****.**~~*******~~**~*.**~**.*.******* 

14=14+1 
IF( 14.EO.1) THEt-! 

GO TO 1500 
F:L'3E 
OCt TO 1600 
EI,JOIF 

150010tJ=T<I)-<Tr'OtllTF) 
TDDFF=f(I)-TT/2. 
IF(S~I.EQ.I.) GO TO 1700 
GO TO 1';.00 

17uO WHITE(6.18) 
I~RIlE(6.19) 
LJRITE (6. :3) 
I~RITE(6, 4) 

1600 RDS(I)-VDS(I-I)/(B1.«VGS(I-l)-VT).~2. »+RS 
CIH2=CINI+ABS«(VDS(I-I)-VDS(I-2»/(VGS(I-I)

t,\)(iS( 1-2» ).CGD) 
VGS(I)=(EOFF-VGS(I-li)~(I.-EXP«-I."DELT)/(RGT~ 

$CIN2»)+VOS(I-l) 
GO TO 20 

24 CONTIllUE 
C *~~*~M~~~~**~** CUT-OFF REGION **~*~.*~.M*~~.M 
C ;.t:~~~:r::*:O;;O:~**lD!M**:cE**M~***:c(*******.********!D:****~ 

15=15+1 
IF(I5.EO.!) THEN 
GO TO 1800 
ELSE 
GO TO 1900 
EIWIF 

1800 TR=T< I )-<TDON+TF+TON) 
TOFF~TT-( TF+TOtl~TR) 

IF(SW.EQ.l.l GO TO 2000 
GO TO 1900 

2000 WRITE(6,26) 
HRITE(6. 27) 
~JRITE(6. 3) 
WRITE(6, 4) 

1900 RUS(I)=ROMAX 
VGS(I)=(EOFF-VGS(I-l»"(I.-EXP«-I •• DELT)/(RGT. 

$C ItH ) ) ) +VOS ( I-I ) 
GO TO 20 

23 CONTII1UE . 
C *~*:a;4l;**M*:e:~*** TIMING CALCULATIOt~ ************ 
C .***********~*MM****************************** 

WRITE(6.28) 
WRllE(6.29) 
WRl1E(6,30) 
IlRITE(6, 31) 
WRITE(6.32)TUOtl.TF,TON,TDOFF.TR.TOFF 

C ,,~>'."" CALCULAfiOIl OF DAMF'ING FRE(lUENCY •• ".,,"" 
C ~~:c: ~ ~ p; ~**~ ** * *:0:*. ~:* ***** ****** *M~ **** **~ *;c.:~*;,::.~ 

'PI=3.14 
CT=CDS( I-I HCI 
I'D=:;:QRT (ALI "CT) 

C 
C 

137 

Ir(F'U.EO.O.) GO TO 3~: 

F~(I./(2.~PI.SQRT(ALI.Cf»)/1.E6 

RELATED DAMPII1G FREQUENCY I';, ({,LC'-'LAH.I1 Oln', 
AT THE CUT-OFF REGION AS 11EGi,IIUlrZ 
WRITE(6.34) 
WRITE(/~,.35) 

WRITE(6.36)F 
33 CONTINUE 

~~;...;*;c;****~*~*~~ RELATE(I CURVES .e;:C-:.".:~." .. ~'~"~>"':'~:::::" 
**W~~~*.**~~*~*~*~*~*****.~~N~*~X~~~~~ ~~~~~ 

WRITE(6. 37) 
WRITE(6. 38) 
CALL PLOT(111.46.T,VDS.XN.O,'.') 
HRITE(6.39) 
WRITE(6.40) 
CALL PLOT(ll1.46.T.AID,XN,O,'.') 
WRITE(6.41) 
WRITE( 6. 42) 
CALL PLOT(III,46,T.VGS.XU.O,'.') 
WRITE( 6. 43) 
HRITE( 6. 4·;) 
Cf,LL PLUT(111,46,T,AIO,.XN,O,··p.·· j 

WRITE(6,45) 
WRITE(6.46) 
CALL PLOT(III,46,T,RDS.XN.3,'.') 
~JlU IE(6. 47) 
WRITE(6,48) 
CALL PLOT( 111. 46. T ,C[I:3, XN. 3." ~,' 
WRITE(6,49) 
WRITE(6. 50) 
.*~~******M**** FORMAT SECTlor~ *~~~*~~<.~~~x~: 
¥~**~***~.*~**.*************~**X~~*~~~~X~~~~~.·· 

1 FORMAT(f,IX.'THE TURtl-otl DEl.AY REGlOtl:") 
2 FORl"1AT( IX,. "*~U=;***********~:t>:*~':OH~?=:;e:~*-") 
3 FORMAT(/,3X,'T(SECOND)',2X.'VGS(VOLTS)'.2X. 

$'IG(AMPERE)'.2X.'VDS(VOLTS)'.2X,'IO(AMI'ERE)' 
$2X,' RDS(OHMS) '.2X,'CDS(FARAD)',2X. 
$'VOI (VOLTS)'. 2X. 'V02(VOLTS)'. 2X," 101 (AI1F'ERE) 
S2X," DT .. ) 

4 FORMAT(3X,"****~*~**",2X,~**~*~~~*~~",2X,. 
$"**~*******",2X,"**********",2X,-"~~.~~~*¥~~ 
$2X,"~**********",2X,"M**~~~*~~~",2X, 

$"**********",2X,"*~********",2X,"~****~~**~~' . 
$2X,"***~****"") 

13 FORMAT(3X.E9.3.2X.EI0.4.2X,E10.4,2X,EIO.4.2X. 
$EIO.4,2X,Ell.4,2X.EI0.4,2X,ElO.4,2X,ElO.4,2X, 
$E:ll.4.2X.E8.2) 

18 FOR~lAT<I.1X,'-THE PH1Cil-OFF REGIOII:- ) 
19 FUf~MAT(lX,"*************.*******/' 
21 FORMAT <I .IX. 'THE RESISTIVE IlE'3I oth ") 
22 FORMAT(IX,"*~~~~~~~~*~~~~~~~~~~*'" 
26 FORMAT( I, IX, 'THE CUT-OFF REGION:') 
27 FORNAT(lX,-"**~~~~~~**~**~~~~~~-) 
28 FORMAT( I. 1 X. 'THE TI M I NO CALCI-'L,H!(IIl:" 
29 FORMAT(lX, .... ****w****~.****~~~*~~~~~) 
30 FORMAT(/,25X.' TDON '.2X.' TR '.2X. 

$' TON ',2X,' TDOFF '.2X.' TF 
$2X.' TOFF ') 

31 FORMAT(25X, .... ********** .... ,2X,'*~*~***~~* ... 2X, 
$"**~*****~",. 2X, .... *******~* ... 2X, "'~~*jII;~~!::~~*", 
$2X,'*********w" 

32 FORMAT(25X.EI0.4,2X,EIO.4.2X,E9.3,2X,E9.3.2X, 
$EI0.4,2X,E10.4) 

34 FORMAT< I, 48X. 'THE RELATED DAMPING FREOUEIJCY') 
35 FORMAr(48X,~*.**~****.*~.***~*~~.*~~~~~~~~) 
36 FORMAT <I • 40X. 'F=I./(2. l<PIl<SORT< AL\!,i(CD~" C I» ), 

$E10.4.'MHZ') 
37 FORl1ATU.20X, 'RELATED CURVES FOR A 'J[l~IOS1', 

$" SWI fCHIUG CIRCUIT WI TH RESI'311VE-I1l1JIJ'_, n '.'10' 
$'CAF'ACITIVE LOAD') 

39 FORMAT(20X,"'************!I=!****~~~~***~**""f' 
$'*~**********~*********M.******.******.~~*~)·; 
$'~.*.******.****"'" 

39 FORMAT<I,55X.'CUR'JE OF VDS(l) VERSUS T(ll',) 
40 FORMAT(55X,~I'II"""IIII"I'11111'1'1111111111'11'""""'II'III~) 

41 FORI1ATU.55X.'CURVE OF AID(ll VERSUS T«)') 
42 FORMAT(S5X,f·"""""'"""""'·'·"""""'I ..... I •• • •••••••. ·) 

43 FOrlMAT<I.5~X.'-CURVE DF VOS(I) VEHSU8 T(ll') 
44 FORMA f( 55X. ,'n n n , ... n n n n .... n ...... n ...................... , ) 

45 FORMAT <I. 55X. 'CURVE OF AIG(I) VEnSLIS T(I)') 
46 FORMAT(55X,'~IIII.III«I.II •••• III'.II""III.,.I., •• , •.•• ".' ••• ~) 

47 HIRMATU.55X;'CURVE OF RDSLOO(IJ VERSI)::: 1(1) 
4:3. Ff)Rt1A r (55X, _? .. II .. "" "II II II" "" """,,"" II It" .. " .. ,. "" ,..... ) 

49 F(lHMAT <I, 55X. 'CURVE OF CDSLOG([ I '-'Ef(~,,-,S T (J) 

50 FtIRI·lATC!55X. '" 11111111 .. ""00 .. """" It It""" "" ".'"'' """ .... " I 

31UP 
FIIU 
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F'f;1I0FMI ,\Fl 1 III'.'. OUTPUr, TAFE5=INV. TAPEf..=OUTPUT 1 
D 1I1Et.I',. IOtl T (.300) . RA (:::(H) 1 • RB (.300) . eA (.300) I. 

$( D ~ 2(10) . V,\ (J(Il) ~ V[,: (';::01) • VGStH :3(0) • V(';':·f:· (:300 )." 
tt., 1 t·r ~ ( .~:(J(I) • A [GP (:~:OO) • A I [tt~ (:300) 

Af'pL ICATION 
OF 

n~lE-VARIANr LINEAR VDt'lCt:3T MODEL 
TO " A C'JDI10', HlVEfUER .~ 

¥~~~~c~~~~~~~~.~~~~~~~~~.~~¥~~~~~~~~~~~¥_.~~~ 

~~~~-~~~~~~~~~*~~~~~ DATA *~*~**.~*~~~~*M~*~~ 
~e;·~~~~~~~**~~~********.~*~.~~~~~**~~~.~**M** 
1111 FilER X N 
DATA VDO.RI.EOtl.EOFF/I0 •• I00 •• I0 •• 0.1 
DATA TT, XN, ROMAXN. RmlAXP/l. E-6, 100, 1"2. E7 .12.E7 J 

DATA CGSN.CGON,CPN/75.E-12.5.E-121 
DATA RDON.VGSON/15.,10.1 
DI\I,~ FIN.HN.VTN,CDS(IN/.9, .5.3.4.100.E-121 
DAI1, RSH.RDN.RGN/.05 •• 7. 4.51 
DA1A c.OSP.CGDP/75.E-12.5.E-121 
DATA ROOP.VGSOP/15.,-lO./ 
DA1A FIp.HP,VTP,CDSOP/.9,.5,-3.4,100.E-12; 
D(,rA RSP,RDP,BGP/.05,. 7,4.51 
DEL T=TT IXN 
~~.~~~**~*~ GENERAL EXPLANATIONS ****~ •• **.** 

~~~~~~<~*~~~~~~****~.***.**~~***M*~~M* 
FUt,CTION OF 'SW: 
II IF SW~ I. ,RELATED VALUES ~, CURVES ARE TO BE 

OBTAINED AT THE OUTPUT 
211F 51l HAS A DIFFEREtJT VALUE. ONLY RELATED 

I"I)IWES ARE TO BE UBTAINED AT THE ourpur 
S~J~1. 

~~~~~~~~*~~*~.M* •• ~~*~*M~~~MM~~W*~~*MWM~M~~. 
<'"'''''''''' 'EXPLANA r I 014 OF THE PARAMETER', *""""" 
RA( I }~RDSIH I) 
nB( I }=RDSP( I} 
CA( I }=CDStH I l 
I~B ( I ) =('[lSP ( I ) 
V,\( I )=VDSN( I) 
VB( I )~VD'3P( I) 
M.*~~*M.*~*~***~~*~***M~~****~M***~~~*****~* 
~*~**~~~~*~**.**M* PROGRAM .*.*~**.~*~~**.*** 
!tUTIAL CONDITIONS: 

1=-2 
11 =f) 

12~O 

13-=(1 
14~0 

1:;;0 
16~0 

17~1) 

18=0 
BTN=I.I (2." IRDOt4-RStJ--RDN»« VGSON-VTtn ) 
BTP~ABS(I./(2."(RDOP-RSP-RDP}"(VGSOP-VTP}}} 
RGT rl=RJ +RGtl 
RGTP=RI+RGP 
C Ita N=CGStI+CGDN 
C 1t13t!=CGSN+CGDN 
CItHP=CGSP+CGDP 
C I N:3P=CGSP+CGDP 
T< 1-1l=0. 
VA( 1-1 }=VDO 
VBi I-I }=I). 
AIDN( 1-1 }=I). 
CA(I-I}=(CDSON/«I·tVA(I-l}/FIN}."HN)} 
CB(I-l)~(CDSOP/( (1.-VB(I-1)/FIP)""HP»' 
VGSIH 1-1 )=0.' 
VG'3P ( 1-1 ) =-V.[ID-
RA( I-I I=RDl1AXtJ 
RB(I-i)=ABS(I./(BTP"(VGSP(I-l)-VTP»)iRSP+RDP 
AIGtJ(l-l)=(EON-VGSN(I-I»/RGTN' 
AIGP(I-ll=(EON-VDD-VGSP(I-I»)/RGTP 
IFISW.EO.I.) GO TO 100 
GO III 200 

100 ImrrE(6, I} 
~mITE(6.2} 
~IRI IE(6, 3lT( 1-1), VGSIH I-I) • MOtH 1--1 1 .VA( I-I), 

lA I 011 ( I -I ) ,RA ( 1-1 ) ,CA ( I -I) ,VGSP ( I -I ) • AWP ( 1-0 , 
$'.'r-:( I-I 1 .RB( I-I) ,CB( 1-1) 

C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

200 CONTINUE 
GO TO ·l 

:37 CONT It JUE 
IF(T(II.GE.TT/2.1 GO TO 5 
AIGN(I)=(EON-VGSN(I»)/RGTN 
GO TO 6 

5 AWN( I I=(EOFF-VGSN( I j )!RGTN 
6 CONTItJUE 

138 

CALL INVERT< I, VDD, VA, VB, RA. RB, CA, CB. AI. A2, ,~7. 
SFI,F2,F3,F4,HI,H3,H4,H5.H6) 
AIDN(I)=FI+F2"EXP(-I."A1.DELTl+F:3"EXP(-I.·A2~ 

$DEL Tl '-F4"EXP (-I. "A7"DEL Tl 
VA(I)=Hl+H6.EXP(-I'''AI''DELT)+H3.DELT.EXP(-I •• Al~ 
SDELT)+H4.EXP(-I."A"2"DELT)+H5.EXP(-I.~A7.0F.Lrl 

VD(I)=VA(I)-VDD 
IF(SW.EO.1.) GO TO 300 
GO TO 400 

300 WRITE(6,3)T(I),VGSN(II,AIGN(I),VA(I),AIDN(I). 
SRA(I),CA(I},VGSP(I),AIGP(I),VB(I),RB(I),CB(I) 

400 1=1+1 
4 T(I)=T(I-I)+DELT 

IF(T(II.GE.TT) GO TO 7 
CA(I)=(CDSON/«l.+VA(I-I)/FIN)""HN) ) 
CB(I)=(CDSOP/«I.-VB(I-l)/FIP)""HP» 
IF(T(I).GE.TT/2.) GO TO 8 
IF(VGSP(I-l).GE.VTP) GO TO 9 
IF«VG8P(!-1l-VTPl.GE.VB(!-1l) GO TO 10 
GO TO II 

8 CONTItlUE 
HALF PERIOD 
IF«VGSPCF1I-17TP"T:L:E;VEHI::'1» GO TO 12 ----------
IF(VGSP(I-I).LE.VTP) GO TO 13 
GO TO 14 

II CONTINUE 
THE FIRST REGION: 

P-CHANNEL VDMOST:RESISTIVE REGION 
IF(SW.EI).I.) GO TO 500 
GO TO 600 

500 ~lRITE(6.15) 
WRITE(6.161 
WRITE(6.17) 

600 ~D(I)=ABS(I./(BTP"(VGSP(I-I)-VTPl»+RSP.RDP 
VGSP(I)=(EON-VDD-VGSP(I-l»~(l.-EXP«-l.~DELT)1 

$(RGTP;;CIN3P» )+VGSP( I-I) 
28 CONTINUE 

IF(T(I).GE.TT/2.) GO TO 18 
AIGP(I)=(EON-VDD-VGSP(I»/RGTP 
IF(VGSN(I-l).LE.VTN) GO TO 19 
IF«VGSN(I-I)-VTN).GE.VA(I-I») GO ro 20 
GO TO 21 

18 AIGP(I)=(EOFF-VDD-VGSP(I}}/RGTP 
IF(VGSN(I-I).LE.VTN) GO TO 22 
IF«VGSN(I-I)-VTN).LE.VA(I-l» GO TO 23 
GO TO 24 

10 CONTINUE 
THE SECOND REGION: 
""II"'IIIII"III'}I"'IIIIIIII'" 

P-CHANNEL' VDMOST:PINCH-OFF REGION 
I1=Il+1 
IF(II.EO.I) GO TO 700 
GO TO 800 

700 TDOFFP=T( l) 
800 CONTINllE 

IF(SW.EO.I.) GO TO 900 
GO TO 1000 

900 WRITE(6,25) 
WRITE(6,26} 
WRITE(6, 27) 

1000 RB<I )=ABS(VB( I-Ill (BTP"( (VGSP( I-I )-VTP) H2. ») +n~·r' 
CIN"2P=CIHIP+ABS«(VB(I-I)-VB(I-2»/(VGSP(I-I)

SVGSP(I-2»}"CGDP) 
VGSP(I)=(EON-VDD-VGSP(I-l»"(I.-EXP«-I.~DEkTI; 
$(RGTP~CIN2P»)+VGSP(I-l) 

GO TO 28 
9 CONTINUE 

THE THIRD REGION: 

P-CHANNEL V0I10ST: CUT -OFF REG I ON 
12=12+1 
IF<I2.EQ.I) GO TO 110)0 
GO TO 1200 

1100 TRP~T(II-TDOFFP 



c 
c 
C 

c 
(. 

c 

I ·· .. ,(t (1~'r·lrtlll.IF 

If- t ~:'("'J. EO. t.) '-;itl 10 l,~a)O 

I~O r(1 i,· l ,."., 

1 ;::(11) I.-H·: 1 If: (':" ,2'?) 
WH 11 E,{.: .• '31) 
IoWd TEI·'·.::I) 

11("', PC( r )..,...P(tt'1(\,:(F" 

'''('~,P! I ) ~ (E'JN·-V[l[l-'JG:'.FI I-I ) ) <; I I. -EXP! I -I. "DEL T) / 
"l>(RI..3IP~:I .. UJ1P»)) t-'y'G:::;P( 1-1) 

'~iO 1 (I 2.:: 
1'1 '-Ott (If!IIE 

!It,Ll' PEn ro1.' 
I' -(HMlIlEL VDt10:3T: CUT UFF REGlCON 
[F (St-I. EI7'. 1.) GO TO 151)0 
GO ro 1,;.00 

1500 l-mITE(.~ .. 29) 
1·IRI1E(6.:30 ) 
WRllE(,',. 31) 

1600 I<BI I )~lmMAXF 
'Jo'~r'l I )~IEUFF-'VDD-VG:,;PI I-I) )"'( I.-EXP! I-I. ~DELT)/ 

$q;'_;rp~I_I1HP») >VI3SP! 1-1) 
(-.(1 1 (I .:::~: 

13 (ntll II!: IE 
THE Fc,r,TH REGIOrl: 

F-CH,\rHIEL VDt10ST: PINCH-OFF REGION 
13:I3H 
IFII3.E0.1) GO TO 1700 
GO TO 1:300 

17~) TOFfP=T(I)-ITDOFFP+TRP) 
TOOtIP= r I I ) - TT 12. 

1:31)0 COtH IHUE 
IF! :~~J'. EO. I .) GO TO 1900 
GO TO 2(100 

1";100 ~H\ITE{::'. :32) 
WRITE(,3,.33) 
Iml rE('-;,.27i 

20':'0:' RD ( I ) =A[<'~I VBI I-I) I (DTP" I I VGSP I I-I) -VTP) ~"2. ) ) ) +RSP 
CIN2P=I~Itl1P>AC::31 «VB( I-I )-VB( 1-2»1 (VG:3PI 1-11-

$VGSPII-2»)-CGDP) 
VGSPII)~(EOFF-VDD-VGSP(I-I»"'(I.-EXP«-I •• DEl~)1 

~ U<GTP:>CIN2P) ) ) +V13SP( I -I) 
GO TO .:~::: 

12 C')tJrIIIlJE 

211)0 

TilE FlrrH r,EGION: 

P"ClINIIIEL VlIt10ST: RESISTIVE REGION 
I1~I'HI ' 
IF(I4.EO.!) GO TO 2100 
GO ro 2"200 
Trr'~T ( I J - (TDOFFPHRF"'TOFFP) 
TOllr~ f r-( TlW >TOFFPHFP) 
C(,tUI t1UE 
W(SW.EO;I.) GO TO 2300 
(.0 11.) 2400 

.... 2300 WRITE(6. :34) 

2400 

HHITE(6.35) 
WRIfE(6,!7) 
RB(I)=ABSII./(BTP~(VGSP(I-l)-VTP»)+RSP+RDP 

VOSP( I ) = (EOFF-VDD-VGSP ( I-I) PH 1. -EXP( (-1. "OELTlI 
$(RGTP-CIN3P»)+VGSPII-1) 

GO fO 28 
19 COtHINUE 

C N-CHt.tltlEL V[JMOST: ClIT:"'OFF REGIOU 
[F(SH.roO.!.) GO TO 2500 
GO TO 2600 

:-:500 WI11 TE(:E..:J6) 
WRITE(6.1 ) 
I~RITE (,:·.2) 

'::"":") RA ( I ) =RD~II;XN . 
VGSIJ( I ) ~ (E(III'-V(;:;:tH I-I) ) ~ (1. -EXF' ( (-1. '"DEL T!,. <RGTN>' 

tl .. ltHII I » >VI3StJ( 1-1) 
GO TO :37 

21 CotHItrllE 
(: tr"CHAtrrIFl VDt10ST:F'ItICH-OFF REGION 

1::;~I:'H 

Ir(I5.EO.I) GO TO 2700 
GO ro '):~(Ir) 

.27(1) Tl!OtJtI=f< I) 
2800 CONTItIIJE 

IF (SW. EO.!.) GO TO 2900 
GU ro .:;(101) 

29()I) wn r 1 E (.;.3:::) 
{.II' f rr: i '~" 1 , 
~lIil Il· ' .. '" ~:) 
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3000 RA ( I ) ~vrll I-I) I (BTN" I I VG·,·tJ( I -I) -VTt" ,,"? ) ) 'r",.tI 
CIt·I;:tl··CINltl >AD'3 ( I (VA( 1-\ ) -VA ( 1-2) ) i (VG',·tH I'-I) -

$\)GStH 1-2) ) ) "CGDtl> 
VGStl1 I )~(EiJN-VC.StJ( 1-1) ),.( /. -E.(P(! -I. ~LJ[l T) I (11':' I rJ 

tCIN2N»)+VGSN(I-l) 
GO TO .37 

20 CON T ItlllE 
C t1--CHt.tJtIF.L VDt10ST:RESISTIVE REOIOtr 

(':.-=(6 .... 1 
IF( I.-·. En. 1) GO TO 31f)O 
GO TO :3200 

3100 TFtl;l( I )-TDOtlN 
3200 ';ON rWIJE 

IF(S~I.E"!.1.) GO TO 3300 
GO TO 3400 

3300 WRITE(6.39) 
HRITE(6,1) 
WRITE(6.2) 

3400 RA( I )=1. I (BTtI;;(VGSN( 1-1 )-VTtIl) +RS,t1< RDtl 
VGSN(I)=(EON-VGSN(I-l».(I.-EXP«-I.~nELT), 

$ (RGTtI:>C 1 N~:N) ) l+VGStH 1-1 ) 
GO TO 37 

24 COtH ltlUE 
C N-CHANIIEL VDMOST:RESISTIVE REGIOn 

IF(~:W.EQ.l.) GO TO 3500 
GO TO 3600 

3500 WRITEI6,39) 
WRITE(6, 1) 
WRITE(6,2) 

3600 Rill I )=1. 1 (BTN~IVGSN( I-I )-VTtI» +RSN<rWN 
VGSN( 1 ) = (EOFF-VGSN I lrl) l"l 1. -EXPI (-I. "DEL T> / 

$ (RGTN>iCIN3N) ) )+VGSN( I-I) 
GO TO 37 

23 CorITINUE 
C N-CHANNEL VDMOST: PItlCH-OFF REGION 

17=I7-'1 
IF(I7.EO.ll GO TO 3700 
GO TO :3800 

3700 TONN~T I I )-(TDONN+TFN) 
TDOFFN=T(I)-TT/2. 

3800 CONTINUE -
IF(SW.EO.I.) GO TO 3900 

GO TO 4000 
3900 ~JiH TE(';. 38) 

HRITE(6,1) 
WRITE!6,2) 

4000 RA( I )=VA( I-I) 1 (BTN" ( (VGSN (I -1) -VTtII'''''2. ) H 11"O:n 
CIN2N=CIN1N+ABS«(VAII-I)-VA(I-2»/(VGSN(I-I)

$VGSN(I-2»)"CGDN) 
VGSIl< I ) = (EOFF-VGStH I-I) ).,( 1. -EXP( (-1. "'DELl) I (ROllI:' 

$CIN2N»)+VGSN(I-I) 
GO TO 37 

22 CONTItllJE 
C N-CHANIIEL VDMOST:ClIT-OFF REGIQII 

18=18+1 
IF(I8.EO.l) GO TO 4100 
GO TO 4200 

4100 TRN=T( I )-(TDONN+TFN+TONN) 
TOFFI1=TT-(TFN+TONN+rRN) 

4200 CONTINUE 
IF(SW.EQ.I.) GO TO 4300 
GO TO 4400 

4300 ~RITE(6,36) 
WRITEI6,1l 
WRITE(6.2) 

4400 RA ( I ) =RD!1AXN . 
VGSN( 1 ) =(EOFF-VGSN( I-!) ) .. (1. -EXP I I -1. <'DEL T ) I (r.:C;1 II' 

$CINHIl ) ) +VGSN ( I-I ) 
GO TO 37 

7 CONTIIlIJE 
C ;O::I!:-~*:e:JO*~:~*~ TIMING CALCULATION ~~~;:;~~*.",:". 

C ~~~*:O:**~~;"t:!*~**~******~*~**;I::*:o:**:e;~~:~~1f..::;**:-:;~"l::1>: 
WR lTE (6.40) 
~Rl1EI,S.11 ) 
WRITE(6,42) 
WRITF.:(6.43) 
WRITE(6,44lTDotlN, TFN, TOW~, TDOFFN, nm. TOfFtI 
~R 1 TE ( c·. 45 ) 
WRITE(6,46) 
~RITE(6,47) 

WRITEI6,48) 
~RITE(6, 49lTDOFFP, TRP, TOFFf-', TtJOtIP. TFf'. 10tJF' 
WRITE(6,50) . 

C *JII:~~~~~!>,-;e:~*~~~* RELATEO CUR' .. 'ES ~~"":"'.~:<:'''':."c:'~;t:~~:r:'''-: 
C ~~~~*~~.*w.~~*.**~~~*¥~~~**W~4~~~~~~~~~~~~~~~ 



c 

t-mlll:.(I:.~51 ) 
011111:(/:., 5~:'!) 
CALL F10TIII l,46,T,VA,XN,0,'·') 
~JllllEI6,~3) 

i-Irn I E I 6,5') 
Ct-\I L pU)r(111,'l6.T,· ... ·p.~XrJ,o, ... ~···)
l-Jrir fE:I/~ •• 55) 
~JRI lEI c., 56) 
C,\LL PLOT I 111,46, T, AInn, XIl, 0, .'''') 
lJliIIEI6,57) 
WRI1E(6,58) 
CALL PL011111,46.T,VGSN,XN.0~·*·) 

tH;:11E(I':',59) 
WRI1EC6,60) 
CAll rLOT I 111,46, T. AWN, XN. 0, .',,-) 
HRlIEI6,(1) 
.JRIlEI6. (2) 
CALL FLOTIIII,46.T,VGSP,XN,0,'.') 
HRIIEI6.63) 
HRITEI6,64 ) 
CALL rLOTIIII,46.T.AIGP,XN,0,'''·) 
IIRn E( 6, .'5) 
loin] TF (6, ,56) 
(",\1 L rLOrlll1.46, r,r,A,XN,3,·'",·) 
WrOIE(6.67) 
\JlH IEI6,,,:3) 
CALI_ PL OT( III , 46. T ,RB. XN, 3, .'".' ) 
WI\! 1£(6,69) 
HRIIE(6,7(1) 
CALL PUJT(111,46,T,CA.XN,3,·"lV) 
HRITEI6,71) . 
IJRIIEI6,72) 
CALL PLOTllll.46,T,C8,XN.3.·"·) 
t·n;:! 1 E (/': .• 73) 
WRI JE(6. 7'1) 
~~;<>:-~!D'~:c>:i<t~!="~~:C+;':;* FORtll\T SECT lOt" ;o:.;**~~.".~:e:.:e.:.~,c:*~:o: 

~~~~~~****~:o:~**~*~~~~<*~*~~~~~.*~**M*~~**.*** 
FORMAT(8X,' T ',2X,' VGSN ',2X.' IGN 

.. ~ ~ 2X, " 'JUIJ i .' , 2X,'~ (,ION ' , 2X, , RD~;N ' , 2X, 
$'" (USN ',2X,' VGSP ',2X,' IGP ',2X, 
$' VOSP ',2X,' RUSP ',2X,' CDSP ') 

C 

2 FURtIAT(8X,~*~*.*~~'.2X,'*.M.~*.*',2X,'*~ •• ~M*~*', 
$2X,··~*MA~~.*',2X,'M~~~~~**',2X,~w*~~~M~~~,2X, 
$ .. ~~;: ;o;:e:.~'o?!o:", 2X9 '_~*);~ID?~!d:', 2X, "*~~~~;o;~~:a:'~, 
.2x.'~~**M~~M',2X,'*~~~~*.*',2X,'*~~~~~~*-) 

3 rURr"IAT(SX.E7.2,2X 7 E8.2,2X,E9.2,2X,E8.2,2X, 
~E8.2,~X,E8.2,2X,E8.2,2x,Ea.2,2x,E9.2,2X,E8.2, 
$;'X t E:::. 2, 2X, E8.;!) 

15 r:'JJ1~IAT(/,2X, 'TIlE FIRST .Rf~GION:') 
16 FORMAT(2X.'*M**.*~.**~~~*M*~') 
17 r:OR~IArI2X, '·r-CHAW,IEL VDI·'03T:m'3ISTI'.'E REGION') 
~<5 PfJni'lAT (/, 2X. ·.THE SECOND REGIotl:') 
,~.::, FUHtlA r (2X, , **~~***~*~'I":"S:cOH****') 
n FORNAT 12X, ·'P-CIlANtlEL VDNOST: PIrlCH-OFF REG lOW) 
2'~ f'ORtlAr(l,2X, 'TilE THIRD nEGIOI~:·') 
30 FOR~IA1(2X,/M**M*.**~~~**.M**') 
:31 FORMATl2X, 'P-Ci-IANtlEL VDM03T: CUT-OFF REO lOW ) 
S2 FOR~IAT II, 2X, 'THE FOURTH REG ION: ' ) 
33 FORHA r (2X, .' *~*~*~:e;~:c:,c;~*:c:;c:.!I::*~iG:' ) 
.34 F(lnt1AT(/.2X, ·'THE FIFTH REGION:') 
:~5 FnRMAT(2X,'.~~.~.**~**~*·~**') 
·36 F.~n~IAT(2X, tl-CHAmlE'L V[oI10ST:CIJT-OFF REGIOW) 
:38 f'~JRNATI2X~ 'N-CHANNEL VDMOST:PItlCIl-UFF REGION') 
.39 Fnr.l·IATI2X,·N-CHANnEL 'JD~IOST:RESISTIVE REGIOW) 
40 F.)RI·,ATlIII,2X, 'THE TII1ItlG CALCULATION FOR N-·' , 

$··C!lIIWlE'.L VDt-\OST·') . 
'11 FORIIAT (.2X, , ~:C;~~*\b:;.;;~~~~:r:.*~**:O:*~***k~;a:;e;.!P;*!Ci:" , 
$".K~~*~~.*~~*.M') 

42 Font1AT<;,8X.· TDONN • ,2X,' TFN .' ,2X. 
$'~ TOUtJ ' , 2X, , TLIOFFr~ " , 2X, , TRU ' , 
$2X,' TfJPFN .,) . 

43 FORMAT(28X,'~*~***~*~**',2X,'*~~~***~~".2X, 
$'~~~~~~~~~.'~2x,'~~~~M~~~M*',2X,'-~*~~~*~*" 
$?X,'.M~N*~*~*') 

44 ~URtIAT(28X,El1.·4,2X,E9.3,2X,E10.4.2X?EtO.4,2X, 
~E9.3,2X.E9.3) , 

45 FOHIIATI/.2X, ~THE THlItlG CALCULATION FOR P-
·V CH{,IJi~EL V[oI1IJST') . 

415 r.um"IAT '2X~ "******~:1c'!*';~)B:'!~***:c:*~*~~*:r=*~**', • 

47$;~~~~;7;~;;:~:~')lDOFrp ',2X,' THr ",2X, 
$' TOFFP .', 2X.· TDOIlF' ',2X,' TFP 
*;~X.·· Ti:mr ') . 

4£: ~~I~~~~! ~:;!~ ~~ : ;~7~::::::::~~:~: ;~~:::::::~~;~: 
f;tX.· ,.,....;:o:*:c:.:e:.:c;.:o:~') 
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47 FORMArI2:3X.E12.4.2X.E9.3,2X.E9.3,2X.EII.4, 
$2X,E9.3,2X,EIO.4) 

5(1 FORI·1AT I IHI ) 
51 FOR~lr;TIII.40X. 'RELATED CUR'JES FUR " CONFtFMElHN,·, 

$'VDMOST INVERTER·') 
52 FORtIAT(40X,'~*.****~*~H~~~~~~-~~~~~~~~~~~~~~~~* 

$'~~*~~~~*~~**~**') 

53 FORI'lATU,55X,'CURVE OF VAIl) VERSU:3 T\1)'·) 
54 FORMAT(S5X,~IIIIIII'II'IIIIIIII'IIIIIIIIII'IIIIII"'"1 •••• 1 •• 11 ... ) 
55 For,MATI I. 55X, 'CURVE OF V131 I) 'JEr.~;I)·~; T( I)') 
56 FORMAT(55X •.• I"IIIIIII'II'IIIIIIIIIIIIIIIIIII •• 'I •• ' ••• II •••••• I~) 
57 FORMATU.55X,··CURVE OF AWNII) VEn·,;u~; I(I> 
58 r-1)RMA"r (55X, '_If 111111 If """""" " .. ,,""",,"" "" It ........... ' ) 

59 FORMAT (I. 55X. 'CURVE OF VGStH I> VER,;;I)'3 T I I> . 
60 FORMAr(55X,'lIltllllllllll'III.IIIIIIII.lllflll ••••• II.IIII.I •••• I.I~) 

61 FORMATU.55X.'CURVE OF AIGtHI) VEnsu.~, T(1)·j 
62 FORMAT(55X,'IIIIIIIII.IIIIIIIIIIIIIII.IIIII,t •• II ••• I ••••• ,' •••• 1111') 

63 FORMATU, 55X. 'CURVE OF VGSPI I) VERSUS T< 1)' ) 
64 FORMAT(55X,''''ltllllllll l ll.IIIIIYI.lllll •• IIII,nlllllll.1.1111.") 
65 FORMAT (I ,55X. 'CURVE OF AIGPI!l VERSUS T< 0··) 
66 FORMAT(S5X,"IIIIIII •• ,IIIIIIIIIIIIII'I'"I.I •• I.II.' •••• "'1'1"", ) 
67 FORMAT (I, 55X. 'CURVE OF RALOG( II 'JEHSUS T< 1). ) 
6:3 FORMAT (55X, .~ .. "" .. It II .. " ~I """ It" "" ............ I' " " .... " II .. ' ) 

69 FORHA1I/,55X.'CURVE OF R13LO(;II) \)EJ~SI)S 1(1)') 
7(1 FORMATI55X.··········· u •• """"U"" •••••• U"u.) 

71 FORHATU.55X,·CURVE OF CALOGI!) VERSUS TIL)··) 
72 FORtlAT(S5X, '''''1111''"'' .... '''''''' .. ''1111'' .. '' ................... ··) 
73 FORMAT II, 55X, 'CURVE OF C13LOG (II VEHSUS T I U· ) 
74 FORI1AT(55X,.·~ 1111"""11 11111111111111"" "" .... " to "" ...... ,," .... ) 

STOP 
END 
~*~~.~~~.~~~~~~~~~.~** .. W*M~ •• ~~~~~~~~~~~~~~~ 
J:t:**~J:t:!It:***~*~~ SUBROUTINE :3Ecr ION · .... ";;:,,;.:O;~06~~~:~~;~.~ 
,=.U8ROUTINE INVERT< I, V['D, VA, VB, RA, RH, CA, CI':. ,\1. 
$A~,A7.FI,F2,F3.F4.H1,H3,H4,H5.f~) 

OU·IENSION RAI3(10). R8(301), CAl SOO) ,C8(30(l), 
$VAI3(0) , ·J8(300) 
AI=I./IRAII)~CAII» 
A2=1.1 IRBII ) "C13 I I) ) 
A3=CAII)~RA(I)"RBII)+RAII)~R13II)"C8(I) 

A·1=RAI I) +R131 I) 
A5=RAII)~CAII)+R13II)~C13II) 

A6=CA I I ) "CB ( I )l'RA I I P'R13 ( 1 ) 
A7=A'l/A:3 
130=VOD"Al"A2 
131=VOO~IA1+A2+Al"A2"A5)-VAI 1-1 )"A2+V81 I-I) .. ,\I 
82=VOD"II.+A2"A5+AI"A5+Al"A2"A6)-VAII-I)~11. , 

$A2":A5)~'V8(I:"1 )lin: +AI*A5) 
B3=VOO"IA5>A2"A6+A1"A6)-VAII-I)"(A5+A2"A6)+ 

$VBlI-1)"IA5+A1"A6) 
B~=A6"IVOO-VAlI-1)+VBlI-1l ) 
00~BO/A3 

D1=81/A3 
D2=B2/A3 
D3=133/A3 
04=134/A3 
EO=OO/CAII) 
EI=D1ICA(I) 
E2=02/CAII) 
E3=03/CAII) 
E4=04/CAII) 
FI=00/IAI"A2"A7) 
F2=104"IAI",,4. )-03"IAI""3.)+02.IAI .. ~2. )-DI~Al 

$+OOl/(A1"IAI-A2l"IA7-Al» 
F3=ID4'HA2""4. )-03"IA2""3. )+02"IA2""2. )-DI"A2 

$+00)/IA2"IA2-Al)"IA7-A2» 
F4=(04"(A7,,,.4. )-03"IA7."3. )+D2.IA7,,"2. )-·01"'A7 

$+00)/IA7.IA7-Al)"IA2-A7» 
Hl c EO/(IAI""2.)"A2"A7) 
H2-(IA2>A7)"(-I.,,2."IAl""5.)xE4'E3,,IA1x-4.)-EI" 

$IA1""2. )+2."Al"EO)+A2"A7"13."E4"'IAI".4. )-2 •• 
$E3'HA1""3. )+E2"IAI""2. )-EO)+(Al""6. )>;E4-
$(AIM~4. )*E2+(Al**3.)~2.MEl-3.~EO~(Al*~2. »/ 
$IIAl""2.)"IIA2-Al)."2.)"IIA7-Al)~"2.» 
H3=IE4"IAI,,"4.)-E3"(AI""3. )+E2"IAI •• 2. )-EI-A1 

$<EO)/IA1"IA1-A2)"IA7-A1» 
H4=(E4:CHA2*~4. )-E3~(A2~HE3. )+E2:.>:(A2:O::C:2. )-El:e;f-"? 

$+EO)/IA2"IIAI-A2)""2.)"IA2-A7» 
H5=IE4"(A7",,4.)-ES"(A7""3.)+E2"IA7""2. )-E1"A7 

$+EO)/IA7"IIAI-A7)."2.)"IA7-A2» 
H6=H2+VA I I -I ) 
RETURN 
EllD 
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