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PIME-VARIANT LINEAR TRANSISTOR MODEL
7O BE USED IN SWITCHING CIRCUITS

The aim of this thesis is to apply a time-variant linear largé
signal transistor model‘(15) to the Bipolar Junction Transistors
(BJPs) 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. t

The time-variant iinear large-signal BJT model includes the
time-variant equivalent output resist#nce and capacitance and the
D.C. voltage source which represents the saturation voltage.In this
model the equivalent output capacitance is connected in parallel
with the equivalent output resistance and»the D.C. vOoltage source
which are connected in series with one another.This model which is
applied to the bipolar transistor 1s also used as the output side of
the VVMOS transistor model beyond the saturation voltage.The input
side of the VVMOS model includes only an input capacitance between
the gate and the séurce.The related model parameters are determined
separately for the BJTs aﬁd VVMOS transistors. |

The equivalent output résistancé aﬁd capacitance of the new BJT‘
model are changed only in the traﬁsient regions as an expoﬁential
function.They are taken as a constant value in the bther regions,

In the VVMOS transistor model the equivalent output resistance



is considered as a function of inpuf voltage in the resistive and
pinch-off regions.For the turn-on delay and cut-off regions,the
equivalent output resistance is taken as a constant value which ié
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 cam 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 thiéAthesis.'

As an application,the analysis of thrée basic transistor
switching circuits,switching circuitsiwith resistive,resistive-
induptive'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 charactéristics on

the experimental high-speed switching circuits.

This new model which 1s applied to the/;;ansistor switching
circuits can be considered as the best onekwhich provides an optimum
combinetion of accuracy,ease of parameter acquisition,simplicity,

and less computational costs,so far.
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ANAHTARLAMA DEVRELERINDE KULLANILACAK ZAMANLA DEGISEN LINEER

TRANZISTOR MODELLERL

Bu tezin gayesi bipolar tranzistorlar igin gelistirilmis modell
VVMOS tranzistorlara uygulamak,bu model yardimi ile tranéistorlu
i temel anahtarlama devreginin analizlerinivyapmak ve elde edilen
analiz sonu¢larini deneysel sonuglarla mukayese etmektir,

Bipolar tranzistorun lineer zamanla defZigen biiyiik isaret modell,
zamanla deglgen esdefer gikis direng ve kapasitesl ile doyma gérili-"
mini temsil eden bir dogru gerilim kaynagindan olusur.Bﬁ'modelde,
egdeger c¢ikis kapasitesi,seri olarak birbirine baglanmisg olin esdeéer
¢ikig direncl ve doyma gerilim kaynagi ile paralel bagli olarak
diigtiniilmiigtiir . Bipolar tranzistor igin gelistirilen bu model kollektor
emetsr doyma gerilimi disinda VVMOS tranzistor modelinin ¢ikis kismi
olarak da kullanilmigtir.VVMOS tranzistor modelinin girig kismi ise
sadece tranzistorun kapi ve kaynak terminalleri ;raslndaki girisg
kapasitesinden olusmustur}Ilgili model parametreleri herbir tranzistor
i¢in ayri ayra belirlenmistir.

Bipolar tranzistbrlar igin geligtirilen yeo modelin egdeger
¢ikis direng ve kapasitesi éédece geg¢is bolgelerinde iistel fonksiyon
- geklinde degigtirilmig diger bﬁlgelerde'sabit olarak diigliniilmiigtiir,
| VVMOS tranzistor modelinde esdeéer.91k1$ direnci direng ve
gecis bdlgelerinde giris gerilimiﬁin bir fonksiyonu olarak dilgiinii).-

' miistiir.Kesimde ise egdeger c¢iklig direnci’maksimnm tranzistor savak.-

kaynak direncine egit olam sabit bir deger olarak allnmlgtlréEsdeéer
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Cikis kapasitesl ise tiim bolgelerde ¢ikig geriliminin bir fonksiyonu
olarak ifade edilmigtir,

VVHOS tranziétorlar igin geligtirilen model VDMOS tranzistor-
larin modellenmesinde de kullanilabilir.Bunun igin gerekii formil ve
agiklamalar ile model parametrelerinin elde edilmesi bu tezin konulari
ara51ndadir.

Uygulama olarak tranzistorlu li¢ temel anahtarlamg devresi olan
rezistif,registif—indﬁktif,rezistif-indﬁktif-kapasitif ylikli anahtar-
lama devrelerinin ve CVDMOS eviricihin analizleri bu mo&el yardaimi
ile yapalmigtir.Modelin doérﬁluéu,yﬁksek hizli anahtarlama devreleri
lizerinde Slgmeyle ve teorik olarak da bilgisayar ¢alismasl sonucu
elde edilen anahtarlama karekteristiklerinin teferruatli bir mukaye-
sesi fle incelenmigtir, .

Trinziatoflu anahtarlama devrelerinin caligmasinl agiklamak ve
gostermek ig¢in geligtirilen bu model gimdiye kadar yapilan modeller
iginde basitlik,doZruluk,parametre verme kolayligl ve devre analii-
lerinde daha az bilgisayar zamani gerektirmesi gibl hususlarin en

jyi birlesimini saglayan bir model olarak diginiiebiliz,
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I. INTRODUCTION

Most transistor models are aimed either toward portraying the
interaction of the device with an extérnal 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 performance; just as it is sometimes convenient to\
use only the two-port parameters of an electric network to describeA
its termlnal behavior,so it is sometimes convenient to preseribe a
. particular set of terminal measurements as parameters which characterize
transistor behavior.In the iatter caée,the primary.concern is the
analysis of device behavior in terms of physica} processes.Either
case,when carried to its extreme,is unsatisfactory from a model point
of view.On one hand,the terminal properties,while conveniently measured,
do not themselves elucidate the reasons for device behavior.On the
other hand,consideration of physical processes alone generally leads
to cumbersome results which obscure dominant tendencies and inhibit
qualitative 1nterpretgtion of the relationship hetween processes and
terminal behavior. |

An ideai model may be regarded as one which

1) involves parameters4uhich maintain a one-to-one correspendencé
with physicalvprocesses.
2) lends itself well to analysis of circuit problems.

3) involves a degree of approximation sufficlent to enhance qualitative

understanding and interpretation while maintaining reasonable
quantitative accuracy. ‘
4) cuts computer costs with sufficient accuracy for practical

application.



Large-signal models for transistors are necessary tools for
the device engineer,who must specify device performance,and the
circuit designer,who must be equipped for both the analysis and
design of transistor circuits.Over the past few yeaﬁs,a number of
‘models have beern 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-f;equency
transistor performance is to use the hybrid-Tl model.To date,this
" model has been the most 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 region,but not in the ON and OFF regions.

Although each of the hybrid-TT model parameters varies with
instantaneous signal level and time,they are normally assumed to
‘have fixed valuGS‘which'are a function of the average 1evei of
operation.With a judicious selection of parameter vilues,this model
can be ad justed to predict small and even medium signal performance
quite well over wide frequency fanges.lt does not predict very well
the characteristics of a transistor driven heavily inte sgtnration.
That's why a linear model more complete than the hybrid-TT type is
necessary to represént and explain the operation of transistor
switching circuit.

The purpose of this thesis is to apply a time-variant linear
’large-signal transistor model (15) to thé bipolar transistors and

VVMOS-or VDMOS-transistors,to hnal&se basic three tranaistdr
sﬁitdhing circuits by using the related model,and to compare the

‘results of analysis with the experimentel results.

In the second chapter the new linear large-signal transistor



model is introduced.At the beginning a genaral information is given
about the non-linear models.Then the ﬁbers-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 quel paraméters are given
separately for each one of the trgnsistors. _ |

In the third chaptér basic transistor switching circuits and
their characteristics are explained and the analysis of all the
switching circulits 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 clrculits when the proposed mddel
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 for 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 techniqueé,
the values of the parameters required to characterise the model are
conveniently obt#ined.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 1s evaluated by a detailed‘comparisonxof

computer simulations with experimental switching waveforms,



II. DESCRIPTION OF TIME-VARIANT LINEAR LARGE-SIGNAL

TRANSISTOR MODELS AND THEIR PARAMETERS

Transistor models are tools ihich are used to facilitate the.
optimization of transistor design and performance.The degree of
complexity of a model is always a compromise between accurate
device representation and ease of analysis.Relatively simple linear
models have traditionally been used td characterize high-frequency
transistors with excellent results for low-signal levels.At large-
signal levels,however,a transistor exhibits significant effects
which can not be analyzed by meané of the simplér models,These
effects are generally qaused 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.A general information is to be given about
the non-linear large-gignal models at the beginning in this chapter.

Our main interest in this chapter is to represent a new time-.
variant linear large-signal transisto: model which provides én
optimum combination of accuracy,ease of parameter acquisition and
simplicity,(lS).After‘developement of the model which is constructed
for the bipolar and‘VVMOS-or VDMOS-transistors,parameter evaluation

for this model is presented.
2.1. General Review to Non-Linear Models for Bipolar Transistors

0f 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 repf?sents

a different approach to solutlion of the relations deseribing the



distributed base region of = diffused(transistor.

The Linville lumped model is obtained by solution of the
continulty equatioh for current cg:riefa at finite intervals in the
base.The form of the solution leads naturally to a set of lumped
elements which can be treated as a netwbrk.The accuracy of the
representation depends on the number of sections into which the
base is divided.0f the three models,this type provides the most
accurate physical description of the transistor.The resulting
representation,however,is quite cumbersome to analyse;(l).

The charge-control model focuses upon the relationship between
the terminal currents aﬁd 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 which 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 éan 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 iﬁcurred
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 préferred 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 changes and aging can be easily acéounted in the
model;

L) from past experience the model has given satigfied resﬁlts;



5) the model provides 1nsighf to what is going om,(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, (15).

2,2+ A Time-Variant LinearvLarge-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 p.C. voltage source which represents the
transistor saturation voltage.In this model the equivalent éutput
capacitance is connected 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(2.1).

The equivalent 6utput 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 determined at the deginning,
By means of the experimental studies it 1s 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 réal
wéveforms are obtained.The variations versus time of the output

resistance and capacitanée are shown in Figures(2.2.a) and\(z.a.b);

respectively.
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FIGURE(2.1) The new time-variant linear large-signal model for BJTs

period is defined as

In this model the numher of calculatlng points within one: period

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

where TT is the operating period.
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In the turn-on and turn-off transient regions,the numbers of
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the equivalent output resistance and capacitance to be changed are
considered,respectively,
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a) Variation of the BJT output resistance versus time

b) Variation of the BJT butput capacitance versus time



XN1=XN.(tron/TT) . ' » (2.2.2)

and

XN2 = XN, (trof£/TT) | (2.2.3)

where tron and troff are the rise and fall times for the load currenmt,
respectively. |

| In the consideration of the junction transistor as a switch the
‘calculations must be mide for five regions,separately.These regions
can Se defined as the turn-on delay region ,the turn-on transient
region,thevsaturation region,the furn-off transient région,qnd the
cut-off region.

| Fbr‘the turn-on‘delay'and'cut-eff regions,the falues of the
equivélent output resistance and capacitance are ﬁmax‘and Cmin,
réspecfivgly.Their time-viriant functions in the turn-on transient

regions are expressed as

[((f-tdon)/tron),1n(Rmin/Rmaxﬂ

R(t)= Rmax.e (2.244)

'and

o [ (t-tdon) /tron) .1n(Cmax/Cmin)]

C(t)= Cmin. (2.2.5)

where tdon is the turn-on delay time.
In thebsaturation 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)ftroff) .lﬁ.(Rmax/I?min)ZI ‘ _(2-2.6’)

and

C(t) = Cmax.e [((t-t2)/trozs) .1n(Cutn/Cnax)] \-(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-vériant linear transistor model

in the analysis of BJT'switching circuits the model‘parameters\must
be determined at the beginning,.The modél parameters are tha’switching
‘times,the off impedance and the on iméedande of the transistor.For
determining the model parameters the parameters of

a) the forward common-emitter 1arge-signal current gain,pF,

,b) fhé inverse ¢ommon-emitter 1arge-signa1 current-gain,pR,

c) the transistor saturation current,Is,

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

e) the emitter ohmic resistance,Rp.,

£) the collector ohmi¢ resistance,R.n,

g) the base ohmic fesistance,RBB,'

h) the emitter-base junction capacitance at Vpo=0,Cje0,

1) the‘collector-hase junction capacitance at VBc—-O CjcoO,

j) the emitter-base barrier potential, VZE’

k) the collector-base barrier potential, Vocr

1) the emifter-base capacitance gradient factor,Np,

m) the collector-base capacitance gradient factor,Nc,

. n) the normal-mode intrinsic gain-bandwidth product,Fn,

o) the inverted-mode intrinsic gain-bandwidth product,Fa,

p) the emitter-base junction.ohmic leakage resistance,Rp,.

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

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

g) the emission constant for collector-base diode,Mg,
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must be determined at the beginning.The measurement techniques for
obtaining these 19 transistor parameters are given in the related
references(5),(7).Useful formulas and necessary explanations are

to be given in detall in the following subsectiohs.
2.3.1. Theoretical Explanations and Formulas for Switching Times

The time required to change the-operating point of a junction
transistor from the cut-off to the.s&turation,or vice-versa,is
clearly of primary importance.It is the purpose of this section to
show how switching-time is‘related to transistor parameters and
circuit conditions.The switching time is easily calculated in terms
of the nofmal 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 in.iero time.Turn-on time is the time required for 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 tramsistor is switched from the OFF condition to ON
condition,the emitter-base junction voltage must chéhge from an
applied reverse-bias voltage,vBE(offj,to the forward voltage,Vpp,

associated with the forward current being switched,The charge
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associated with the emitter depletion layer and corresponding to a
change in emitter-base voltage affects the response time of the
transistor.In particular,emitter-base transition capacitance gives
' rise to an additional response time(8).

For determining the delay time,tdon,a linear model of the input
side of the bipolar transistor 1s developed and it is shown in
Figure(2.3).In this model,R,(t) and C,(t) represent the base to
emitter non-linear resistance and capacitance.RBT is the series
combination of the base resistance,RB,and the base ohmic resistance,

RBB.es(t) is used for'representing_the inpdt sqare-wave generator.

Ve is the base to emitter cut-in voltage.

Rom RB(t)

c. (¢t
+ + B B( )

es(t) \

FIGURE(2,3) Linear model developed for the input side of BJTs

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

expressed as

Ry(t)=Ry, ' (2.3.1)
'cﬁ(t);,'cmn | (2.3.2)
Rpp = Fptpg (2e33)
and
e (t)=Egy, _' | .(2.3;4)

where E,y is the positive value of the input square wave,Rp . is



the maximum value of the base to emitter time-variant resistance
and CBmin is the minimum value of the(base to emitter time-variant
capacitance.The model shown in Figure(2.3) can be redrawn for the

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

1 B
Rpm - Chmin

+ + '
EO‘ . Vag(0)

— E

FIGURE(2.4) Equivalent circuit to be used in the calculation of tdon

calculatediby means of this new model.The expression of the base to

emitter voltage can be written as

Vop =[Boy-Vgp(0) |« [1-exp (DELT/(Rpgecp s )] +¥5pt0)  (2.3.5)

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

The calculation of Y'E must be repetead with the time intervals of

previous calculation taken as \the initial condition.The time which
Vg is equal to the cut-in voltage,V,,is defined as the turn-on

delay tiﬁe,tdon;

(2)e The Rise Time

The rise time,tron,is the time required for the load curremnt
to‘increase from 10 per cent of the saturated load current,IL,to

90 per cent of IL.It can be saturated as (3),(4)

tron _ l_ __ .n >1-O.l(Ic/Ib).(1-ﬂ9ﬁXn ] | (2.346)
| T1-0.9(Ie/Ib). (1-tw/xn : .

LUR L3 (1-*")
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where‘Ib is the base current after step is applied,IC is the

collector current at the edge of saturation region, { is the current

gain,and Wyis the cut-off frequency.
Turn-on time clearly depends on the amount of drive,current

gain,and frequeney response of the transistor.

b. Turn-off Time

The turn-off transient from the saturation region to the cut-
off region differs materially from the turn-on transient in that
the Junction transistor suffers from carrier storage.

The succession of éventskduring 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 minority carrier demsity in the base layer
at the collector junction reaches nearly zero.During this initial
stage of thé turn-orf transient,the collector junction is & low
impedance and the collector current remains very nearly constant,
at a valué determined by the external circuit resistance.When the
minority carrier density in the base layer at the collector
approaches zero,the collector junction rapidly‘hecomes 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 junction transistors the turn-off transient can be

conveniently divided into two times.

(). 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 (7),(9),(10)

' I+
T =(gat.1n —2LBR (2.3.7)
Tor/BF TR
where IBF is the forward base current,IBR is the reverse base current,

ICF is the forward collector current and (sat is the saturation
delay time constant. Csat can be determined eésily with a measurement

technique which is explained in the reference (7).
(2). Fall Time

The fall time is the time between the decrease df the load

Cl
As shown in Figure(2.2),all the switching times to be used in

current,I,,from 90 per cent of IL(sat) to 10 per cent of IL(sat) is
1 09T py (L ga I}/ (1= oL )
troff= .1n €L _N' BR L (2.3.8)
—ct - -
W e (X .N) °°?Ic1 (LygeIgp)/ (A=< )
where I is the initial collector currént.

the analyses of switching circulits can be defined as

. 1= tdon+tron | (2+3.9)
t2=TT/24Ts (2.3.20)
t3=t2+troff | (2e3.11)

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)

Vep— 1n +I
q MHIL/Th. (3= L)

Rot+I

EE Lok

E* c*ice (2.3.12)

As the model parameters,the value of V... can be obtained from

CES
Eq. (2+3.12) by neglecting the voltage drop on the emitter and

collector ohmic resistances(3),(11)

.1
qQ | I+ /Tpe (1= X))

v

CES— (2.3.13)
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 Bg.Iy ,this.voltage approaches infinity,and the transistor
goes from the saturation region into the tfansient region. ’

For determining the ON and dFF impedances,or Rmin,Rmax,Cmin,
and Cmax,the A.C. impedance of the collector region in the closed
condition,the emitter-base and collector-base junction ohmic leakage
resistances,and the emitter-bage and collector-base jurction and
diffusion capacitances must be determined.

The A.C. impedance in the collector circuit in the closed
condition can be obtained from both of Eg. (2.3.12) and the related

measurement technique together.It is given by (7)

kT | |
- R/BRG —[1/ (Tt a | (203.4)
. |

R (sat)—
Slope A
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where
a— l/((1+BR).IB+IC) (2.3.15)

‘In this expression a correction is taken into account the effects

of Ryp and the finite slope in the I, versus Vg characteristics

c

Slope = l/Rc(sat)
1 I

I. | / Bl
! B3 ' , 1

B2

4 _ Bl

! _ BO

0 ' v

™~
oo e

CE

FIGURE(2.5) Typical Ic 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)

R, (2.3.16)

iy = R (sat)+R

ccRep
For determining the maximum equivalent output resistance we

can use the related common emitter hybrid parameter,hoe,

Rnﬂxzzl/hoe (2.3.1?)‘

or if the base current were set to zero,the collector current

which remains flowing through the transistor in the OFF state

would be
Le=Tgp/ (1=K ) = Tg (1= oKy o)/ (1-X)

(2.3.18)

and
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Ryax =V (d= %) /T ge (3= Lol s) (2.3+19)

There are two types of capacitances associated with the p-n junction.
They are the junction and diffusion caiacitances.The ‘Junection capacitance
occurs as a consequence of the variation in the width of the depletion
layer ln a reverse ~biased junction.An increase in reverse-bias causes
majority carriers to move away fromvthe Junction and uncover fixed
ch;rges.This action causes a widening of the depletion region and because
thg-charges moved from the depletion region must be pulled out of the
diode terminals by the voltage source,the effect is that of a voltage
_variable capacitance. ' | | ' '

The emitter~-base and collector-base junction'capacitances are
expressed in the following expressions as (7),(13),(14)

C

_ JEO
Cip= e (2.3.20)
Vg Vom
and
c
Com— 3% (2.3.21)
ICT -y, sv, )Ne -
B/ Yz

where V__ and V., are the juﬁction voltages (negative),VZE and VZC are

EB BC v
contact potentials,and Ne and Nc are junction grading constants.
The diffusion capacitance exists across a forward-biased junction.
The following expressions for the emitter-base diffusion capacitance

CDE,ind the base-collector diffusidn capav.c:l.t‘.ﬁuu:e,(!Dc can be written as(B),

(7

a | .
Cpp= . [IEF +(IES/(1—0(N.0(I))] (2.3.22)
2.TM.Mp.k.T.Fn
and
Copp = 2 _-‘[ICF—(ICS/(l- o<N.o<I))] (2.3.23)

e 2.TT. My kT FL
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where

Tgp= (Igs/ (1= e olp) « [exp(a. Vgp/M g1 (2.3.28)
Top = (Tpg/(A—oe ol [exp(q.vBc/Mc.k.T) 1] (2.3.25)
= odyelge= O<N.IES (2.3.26)

and Fn and Fi are the normal and inverted-mode gain-bandwidth prodﬁcts
of the intrinsic transistor.

In the cut-off 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 Vc v.Bécause no currént flows through
tﬁe junction and we can not speak of the existence of the diffusion
capacitance.Here the value of V. _ 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 minimum equivalent
output'capacitance and it is given by

Cyco

For the saturation region the equivalent output capacitance is

C. —
MIN (Q1+v

(2.3.27)
Cav

taken as the'additions'of the values of the emitter-base Junction for
VBE" BE(sat) and the collector-base diffusion capacitance for ICF"ICav°
The value of I‘.:.aw is considered as the average value of the load currept
for an half period.As a result the value of the output equivalent
_capacitance is defined as the maximum equivaient output capacitance and-
it is equal to
__. %mo q
MO 1y (oat) ¥, O™ | 2ToMe.E.T.FL
g BE =1-1 , ZE olle CeKels

. [IC&V?(ICS/(]'—#N' °<I ) ):]

(2.3.28)
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2.4. General Review to VVMOS Transistors

Vertical V-groove Metal Oxide Semicouductof Field Effect
Transistors (VVMOSTs) uniquely combine the advantages of the power
bipolar transistors with those of the MOSFETs}The result is a high
powér,high-voltage,high-gain power transistor with no minority-
.carrier stbrage time,no thermal runaway and a greatly inhibited
secondary breakdown characteristic,all of which are contributing to
the spectacular rise in the popularity of the VMOS power FET (16)

The vertical VMOS structure,like the power bip&lar transistor,
offers a large surface area for source métal and the entre backside
of the chip for the drain.This is of great Importance as it allows
maxiﬁum current carrying capacity unavailable to a nonvertical
structure.

Operationally,VVMOST is unique among power tra£sistors.0hanne1
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-sﬁeed switching 31tu§tions.Because the stea
state gate current negligible,the familiar parameter ,beta,is Qf 1itt
importance.Consequently,VMOS exhibits a high input resistancé that
makes it ideal for many loglc control applications. B

In the considération of VVMOS transistor as a switch the
calculations must be made for the five regions,separately.These
regions can be defined as the turn-bn délay region,thevpinch-off
region (off to on),the resistivé region,the pinch-off region (on to
off),and the cut-off region,respectively.For the furn-on delay and

cut-off regions V,, 1s below threshold, (Voo Vp),and the VVMOST is
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OFF.In the pinch-off region as V

exceeds V., drain current begins

GS T

to increase until V. saturation is reached,or VGS—VT>VDS.Ip the
reslistive region VDS is saturated 'and no further change in ID or

VDS occurs.

Useful explanations and the comparison of VVMOS transistors
with the other translstors 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

Switching Circuits

A time-variant linear large-signal model for the VVMOS transisto:

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

G — <D

Cpy(®) -T-E \LﬁRDS(t);L_- Opg ()

s ' —o g
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 i8'3h0wp in

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

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

12

fesistance of a VVMOS power FET is in excess of 107 ohms.



The output side includes a time-vafiant drain to source
resistance and capacitance.For the turn-oﬁ 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.In the pinch-off and resistive regions
this resistance is a function of the input voltage.Thé equivilenﬁ
output capacitance,or drain to source capacitance,is a function of
the output voltage for all regions in the VVMOS traﬁsiétors.

For using this model in the analysié of the switching circuits,
the VVMOS transistor model pa:ametérs must be deﬁermined at the
beginning.Beyond the structural parameters,all the parameters can
be obtained from the related DATA SHEETs.The structﬁral parémeters
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 andlysié of the VVMOST switching parameters is required.
The related switChing4pardmeters are the ON-reslistance,OFF-resistance,
PINCH-OFF resistance and the device capacitances.Necessaﬁy expldhations

for 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)

2.8- b.d
Ry = Z_.1n - (2.6.1)
M.z TM.a .

 where g-is the N layer resistivity,z is the total channel wldth
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of the device,d is the thickness of the N layer,and a is the half
of the groove opening at the P-Nfinterface.
The total ON-resistance of the VVMOST is made up of the series

combination of the channel resistance R,,the N drift layer resistance

c’
N , ,

Rﬁ',and the N source and drain resistances as well as the metallization
resistance.The channel and N region reéistances are the dominantk
resistances to the ON resistance,R,.(ON),which can be expressed

DS
as (17),(18)

Rps(ON) =R Ry . _ (2.6.2)
where
4 L
(2.60‘})

: /ﬁL.CO.z
is a constant,L is the channel length in the VVMOS devicet/4 is the

surface channel mobility,co ig the effective gate oxide capacitance

'per unit area.
2.6.2. OFT-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 parameteré,the zero gaﬁe voltage drain current,IDss,and
the maximum drain source voitage,VDsMAX.The expression for the

maximum drain to source resistance is given by

' (2.6.5)

R psMAX’ 1DSS

DSMAX ™=

2.6.3. PINCH-OFF Resistance

' In the pinch-off regions,an internal transconductance that
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initially rises with VGs but eventually saturates at a constant
maximum value_can be written as

)2

By =1/VpgeP- (V (2.6.6)

as

The presence of Rﬁ'and RS results in the external pinch-off
transconductance,g being reduced from its internal value.The drain
to source resistance for this region can be written by using the
external transconductance as |

v ~ |
DS
Rpe = . + R ' (2.6.7)
DS z * By
P (Vgg™Vp)™ |

2.6.4. Device Capacitances

Several capacitances affact the high-frequency and‘switching_
| characteristies of the VVMOST.Figure(B.?) shows these capacitances
GS.m::d CGD are
MOS capacitances and CDs is a Junction capacitance,

schematically on the cross section of the VVMOST.C

An approximate expression for the maximum input capacitance
of the VVMOST (neglecting overiap metallization on the planar non-
grooved regions of the device and space-charge capacitance under

gate oxide) is (17)

CIN= coo (1023.YG.O.707).Z (2.608)

= O.BSCOYGZ (2.609)

where Y, is the length of the groove opening.To minimize the input
capacitance Y, must be kept as small as possible.

G
More accurate expressions for the individual capacitances

including overlap and space-charge capacitances can be obtained

from .the geometry of the device.The gate to source capacitance is
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made up of three components:a capacitahce assoclated with gate
overlap over the N source on the surface,and a gate to bulk
capacitance component.The gate to éovrce capacitance can be expressed

as (17)

Cas=1:23-CorXy2 +C_ Y 2+ C_.L-3z (2.6.10)

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

FIGURE(2.7) Capacitances assoclated with the VVMOST structure

the N+30urce,cOm is the voltage variable MOS capacitance of the‘channel
region,Yov is the gate metallization overlap over the field oxide, ~

and X, is the source diffusion depth.In order to reduce C,..,the

N
overlap capacitance component must be minimized.

as?
The gate to drain capacitance at zero drain voltage is given
by (17)

cGD=1.23-co(o.7o7-YG—xP)-z (2.6.11)

Since this capacitance is directly over the accumulated N-region,
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little variation in CGD with gate voltage is expected.H0wever,at
higher drain voltages the increasing space-charge region in the
N layer causes & reduction in this ¢apacitance.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)
CDS==Cd.(A—Za)' : (2.6.12)

where Cd is the voltage variable space-charge region capacitance
per unit area associated with the P-N junction,A is the total area
of the devlice within groove ,énd Za 1s the area occupied by the

grooves at the P-N interface.To minimize C C4 must be made as

Ds?
small as possible by using a high resistivitg N region. (3¥?).The

-expression of'Cd is given by
= . -H
€y =Cpepe (14T /B) 7 (2.6.13)
where CDSO i1s the junction capacitance at VDS= 0,H is the grading

coefficient 0.3<H<0,5,4 is the junction potential (18).

The VVMOST equivalent input capacitance,C is a function of

IN?

v and V, . .In the swifching applications,it changes during transition

GS GD
from the ON state to the OFF state or vice versa.Typlically the
capacity charactéristics specified on the related data sheet are
given for a fixed bias cond;tion.This may present a problem in
trying to estimate CIN’

Driving VVMOS from logic requires an appreciation of thg gate
drive powér needed to actuaté,or'turn;on,the VVMOS power transistor.
First,the driver must be able to deliver éufficient current during

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

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

o tenTES| KTUPHANESS
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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
rapidly to saturation,Concurrent with this rise in transconductancé
is a proportional rise in gain and once low feedback capacitance
now swells to enormous proportions appearing as an addition to the

input capacitance

- C +(1-Av).C (2.6.14)

IN® ISS GD

where Cr .. is the common-source input capacitance,C,, is the gate-

GD
drain capacity,and Av is the voltage gain.

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

IN?

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

CIss,and is approximately equal to

Cim= C1ss*Cap ‘ (2.6.15)

In the pinch-off region,CIN increases because the VVMOST
begins to turn-on and‘VDS begins to changé,thus increasing the rate of

change of V. .The MILLER EFFECT on C, causes CIN to increase.This

GD*

effect stops after thé device is fully ON and V ceases to change.

DS
The approximate capacitance in this region is 16)

IN2~ ISS

where Av is equal to

AV V... (ON)=V__(OFF) ‘
Ay =——DS __ DS e . (2.6.17)
A Vg Vpg(ON)

Substituting Eq.(2.6.17) into Eq.(2.6.16),C;\, can be rewritten as
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e = - VDS(ON)—VDS(OFF)
IN2~ “1ss

(2.6,18)
VDS(ON)

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

is no longer changing.The VVMOST channel is ON and C., is higher

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

off region.No MILLER occurring and it also corresponds CIss,and it
is approximately equal to (16)
CIN3= CISS+CGD , (2.6.19)
As a result CINl and CIN3 corresponds to CI and are

SsS
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 1in the bias on Cqp-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 1s flooded with carriers because the

device is ON,that is much greater.
2.6.5. SﬂtChing Timés

By using‘thé input sidg of the VVMOST model the related switching
times can be calculéted.

A turn-on delay,tdon,bccurs in the turn-on delay region while
the gate is being charged up to threshold voltage,VT.Then 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
time,tr.

Overdrive is occurring in the resistive region.The excess charge
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in the resistive region causes a turn-off delay,tdoff.This delay
occurs until Voo drops to the value of ViV, (ON).The turn-on and
turn-off delays cauld be decreased by pre-biasing the gate to a
VGS just below VT and by avoiding overdriving into the resistivek
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(0N),VDs begins to come
out of saturation,and the VVMOST wlll be completely OFF when VGS

drops below the threshold voltage,V..The time which is passed at

T
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)

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

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

equation for determining the switching times (16)

TABLE 2.1 Pertinent VVMOST switching relationships

Interval Symbol - GateAVoltage Change Capacitance
Turn-on Delay tdon VT-VGS(OFF) Crss v
v -V ot —28.¢C
Rise Time tr GSON1 ™ 'T 1SS RSS
AV
Gs
Turn-off Delay tdoff *4"‘Gs(01~:)-v€'SONZ Ciss v
' v Crect —22.C
Fall Time tf  VgsoneT'm 1SS RSS
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Capacitance values used are the average values as VGs varies over
the ranges shown for the time interval of interest.ApproPriate

VDS values must also be used to detérmine the capacitance.Key VGS

points are

VGS(OFF) : OFF state gate voltage prior to turn-on

Vo : Threshold gate voltage

vGSONl : 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
reglon for inductive loads.

VGS(ON) : On-state gate voltage prior to turn-off

VGSONZ : VGS correspbnding to the value of drain current flowing

prior to turn-off
2.7 General Review to VDMOS Trahsistors

Recent advances in'processing‘technology and the introduction
- of new device structures have allowed dramatic improvements in the
current,voltage,and power-handliﬁg capabilities of MOSFET devices.
The impetus for much of this work is the faster switching ability
of majority-carrier devices which do not suffer from the minority-
carrier charge-storage problems inherent to bilpolar transistors.
'A second primarykmotivation is the negative temperature coefficient
of carrier mobility which greatly decreases problems of thermal
funaway,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 has made pbssible a host of neﬁ
apﬁlications for thesebdevices including switching power supplies,

linear audio and_high-freqﬁency amplifiers,and power control devices.



Two maln changes in the basic MOSFET structure have been
responsible for these advances.The first of 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-diffusionm.
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 basewidths.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 d0ping 1evels;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 & lightly doped (usually »”) drift 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 the‘p-channei region.These new
structures,therefore;effectively separate the active portion of the
defice (channel) which determines device gain,from the region of
the device which supports the applied voltage (drift region).This
séparation is exactly analogous to modern bipolaf transistors in.
which a lightly doped collector region largely supports the applied
potential and a narrow,more heavily doped base reglon largely
determines device gain. _

While most of the recently‘developed power MOS devices are
based on these two principles,there exists suﬁstantial variation in
the structures used to implement thém,(l&).The topology of the
vertical double-diffused power MOSFET (VDMOS) is attractive,since
it combines excellent performance with a planar,high-yield fabrication

prbpess.The VDMOS structure is shown in cross section in Figuré(2.8).
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An enlarged cross-section of a single cell of the VDMOS
structure is shown in Figure(2.9).The channel region is covered by
an insulating oxide layer,and polyciystalline 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 “nt sandwich with
an ohmic metal contack 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 fhe drain through a drift region in
the n~ layer,then horizontally through a surface inversion layer in
the active channel and out of the source.The physical origins of the
circuit elements in the model are indicated on the right side of
Figure(2.9). |

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

First,the D.C. aspect of the model is described.The non-linear
‘voltage-controlled current generator I models the 1ntrinsic field_
effect action on channel conductivity. Rs and RD model the access

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

device terminals.R ig the principal contributor to the FET source-
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drain 'ON' resistance,and consists of several additive components:
(1) 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 hdrizontal,(iii) a resistance
representing the pinching of current between adjacent p wells and
(iv) a resistance corresponding to the surface accumulation layef
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 dévices which reéuire low n~ doping,
the resistance of the epi-layer,including spreading resistance,
ddminates,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).

© source

A Y,

metal — ,RG — .T.c.qso

D * ECDS‘;

- flow
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|

|

) |
current ‘
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|

|

|
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FIGURE(2.9) Cross-section of sihgle 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 -
oferlapsvthe p and n* regions on the surface.By appropriate.design,

the base resistance and B 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 normaily 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.C. and charge storage aspects‘of the model are

considered.The gate to source capacitance C comprilses several

GS

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

GSi
intrinsic field control of 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 metallisation over

the isolated gate electrode,and C,., which arises from the gate

GS

* source region.The drain to gate feedback

metal overlap onto the n

capacitor C is a nonlinear elemeht which arises from the effects

DG
. 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 owlng 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 depletlon capacitance behaviour of the reverse~biased pn
integral junction diode,as well as the effects of drain voltage on
the channel space charge,ahd any extrinsic interelectrode drain-
sburce 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“usgd in the

analysis of switching circuits 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 mddel 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 1s required.
The parameters required to characterise the model are the device
resistances,the device capacifances,the threshoid voltage,and a
constant,B,A11 these parameters are conveniently obtained from D.C.

and small signal measurements,(19)
2.8.1. D.C. Characterisation

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

RS and R...The relation between the external applied voltages VGS’

D

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

VGSiz Vs ID.RS .(2.8.})

v =V

psi= Vps~Ip: (Rg*Rp ) (2.8.2)

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

are specified by

1,=0 O Vgl Vg (2.8.3)
2 o -

Ip=P- Vgss ) 0<Was1™Ve)< Vosy o\

IDZP{Z'VDSi(VGSi P sf o< DSi< VGSi Vg

(2.8.5)
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where VT is the device threshold voltage and B is a constant.Here
the channel-ength modulation term which leads to a finité 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 regiom.A more accurate
D.C. model should incorporate mobility reduction,owlng to 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-off region Eq.(2.8.4) predicts an
internal transconductance as

2 .
5§1== Be (Vog3~Vq) (2.8.6)

Vpsi

whereas actual power VDMOSTs exhibit a transconductance that initially

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

GSi
' 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;(Z.B.S)

predicts a channel conductance

‘whereas actual power VDMOSTs exhibit a drain-source conductance
fhat approaches a constant value at high gate voltages.This is
because of mobility reduction with normal electric field at high
gate voltages.Tae reductions in the observed transconductance and
output conductance at the device terminals are caused by a

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

the parasitic source and drain resistances R, and R .With>respect

S D
to the latter effect,the presence oI'RS results in the measured

external pinch-off transconductance &n being reduced from its

internal value 8ni

Emi
1+g , -Rg

g:

m (2.8.8)

By using this expression the pinch-off drain to source resistance

can be obtained as

VDSi

‘Similarly,the measured external drain to source output. conductance

RDS(OFF to on)==1/gmi+Rs= 2 + Rg (2.8.9)

in the resistance region gO is reduced from its internal value 8o1°

goi
1+(RS+RD).goi

~

gO (208.10)

" The ON-drain to source resistance can be obtained by using Egs.

(2.847) and (2.8.10) as shown below

, _ 1 ,
RDS(ON)==1/g°i+RS+RD= — + Rg + Ry (2.8.11)

where the approximation VGSi= GS_I .RS":’ VGS applies to large VGS

and low V.. in the resistance region.

Ds
In the present modeling approach all the resistances and the
expressions which provide a relatiop between the cut-off,pinph-off
and resistance regions require the determination of only four
parameters Vp,B,Rg,Ry.This can be expressed as the very efficient

dafa-vauisition and reduction procedure.
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a. Determination of V. and B
4

In the pinch-off region,using Eqs.(2.8.1) and (2.8.4),the
drain current is given by |

_ 2
Iy =B (VGS—VT-ID.RS) (2.8.12)

For small RS and for ID chosen in the low range

1
vGS-_— \/—}g‘r

A plot of VGS against \/IDI from measured characteristics in the

N ID +VT | ’ (2.8013)

pinch-off region for mode}ate ID gives a straight line,for which

the intercept gives V. and the slope gives 1/./B .

be Determination of R,

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

1
R = —8f - . (2.8.14)

I, VBeIy

ID) measurement must be substituted into Eq.(2.8.14).

A sultable (VGS’

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

ID.Rs

the total I

drop is significant,and which lies fairly centrally within

D range to be modelled for the device.

¢ce Determination of RD—

In the resistance region for low VDS the total drain to source
resistance RDS(ON) is given in Eq.(2.8.11).Hence Ry may be evaluated

from this expression

- ( 8/ 5)
R, =R .(ON)- - R 2+8.1
D DS S
| 24B. (Vg V) |
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The effective value of RD obtalned from‘Eq.(z.B.ls) depends on the
measurement point used in the resistance region,Since a good fit

is more important at the drive 1evéi3‘used in practice for attaining
minimum device 'ON' resistance,the (RDSON’VGS) measurement is

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

taken from the data sheet,
2e8e2. A.C. Characterisation

The values and behavior of the capacitance elements in the
power VDMOST model have been deterhingd by makins small-signal
measurements over a range of blas points.Measurements were taken
along various constant VGS contours over a range of VDS from zero
to 25 V.,encompassing the cut-off,pinch-off and resistance regions
of operation, from ﬁhich the voltage dependencies of CDG’CDS and
CGS were deduced.Coﬁvgntional smal} slgnal y parameters at one MHz
were chosen for con?eniencé,although some cére 1s necessary ﬁhen
measuring the reverse parameters Y12 and Yoo in the resistance

region where the drain-source resistance is low,

&, Determination of CDG—

The characteristics of CGD are obtained from Yo measurements.,
For low parasitic resistances RS,RD, and Rg,the value of CDG is

given by

C _ Im[yla] _ |y12|

2.8.16
= — L « )

The phase of Yo corresponds nearly to a pure reactance,indicating
a capacitance element consistent with the model.CDG has a single

variable dependency,with the &rain to gate voltage VbG being_the
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controlling voltage.The CGD(VDG) behavior plays an important role
in the switching characteristic,

b. Determination of CD

S—

The characteristics of the output capacitance C.. is obtained

DS
from Yoo measurements and is evaluated from

C .= 2 _ ¢ (2.8.17)

This capacitance exhibits a typical pn junction depletion capacitance
behavior associated with the ;ntegfal reverse diode at the drain,
Some departure from this is evident when the device turns on,
especially in the resistance region for low VDS,owing to a
‘contribution from the intrinsic capacitance aésociated with the

. effects of draim voltage on channel-space charge.However,cDS ié

- well modelled_hy accounting for thq primary dependence pf depletion

capacitance on V.

Ds,using an expression of the form

(1+vDS/¢)‘H+c o (2.8.18)

Cpso- P

" whene Cpso 15 the junction capacitance at Vp =0, H is a grading
coefficient 0.3<H<0.5, ¢ is the junction potential amd C_ is the
etray capacitance arising from the mounting of the VDMOST on a

heatsink,

c. Determination of Cqs

The characteristic of the input capacitance CGS is obtained
~ from Y11 measurements and is evaluated from

ImEyll]

Ces™ G
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The phase of ¥4, corresponds nearly to a pure reactance,indicating
& capacitance element.The gate to source capacitance,CGs,iB
independent of voltage and may be modelled by a constant value.
This behavior can be eiplained on a physical basis.With regard to
the intrinsic channel region,when the VDMOST is in cut-off,there
is no ;nversion cha;ge,however,there is a charge-storage componeﬁt
owing to space chargé in the bulk-ch#nnel region.When the VDMOST
enters the conducting region,either in the pinch-off or the
resistance regions,the channel space charge stays fairly constant,
however,the channel inversion charge rises approximately linearly
with VGS.This leads to a fairlj constant oyerall 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 capacitanées CGSO (source metal overlay over gate)
énd Cas1 (gate metal qverlap onto sourca).

The model input capacltance cﬁn be obtained from the gaté to
~ source capacitance,CGS,and the ggte to drain capacitance,CDG’by

using the related explanations and expressions which are given

in section(2.6.4).

d@. Determination of R,
G

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 largé_drain voltage and a small gate pulse is applied from a
generator with source resistance RI.Under these conditious,VDG is
large 80 CDG-has a congtant small value given by the lower plateau,
and the time constant of the gate voltage response,in cut-off

conditions for VGs(t)<:VT;is given by
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'C=(RG+RI).(CGS+CGD) - | (2.8.20)

From a measurement of this time conétant,RG can be evaluated.
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ITI. BASIC SWITCHING CIRCUITS ANALYSIS BY USING TIME-VARIANT

LINEAR TRANSISTOR MODELS

The transistor is being used as a switch to éonnect and disconnect
the ioad 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
reglion hetwéen OFF and ON,the behavior can be calculated with
considerable accuracy.

| The junction transistor used as a non-regénerative 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 a;ross the »
transistdr 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-emittér configuration is the
most generally useful for a bipolar transistor switch.In most bipolar
transistor switching citcuits;the input voltages can be relatively‘
large.The base resiétance,RB,muSt be large to limit base current to
reasonable levels.

_The type of drive of a transistoriaffects 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 signals. ‘

" The type of the load of a transistor affects also the éhape 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 1s very important that the effect of the loads should
‘be discussed(20). ‘

There are three basic types of load for a switching stage:

1) a purely resistive load;
2) an inductive and resistive load;
3) a capacitive,inductive,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 acfual load of a transistor
often consists of a system of diodes feeding connecting units
associated with the inputs of the stages immediately following the
transistor under study.These different'units,diodes and transistors
thch make up the load,may act inductively or capacitively.

In transistorize& switching circuits thé type of load which
consists of an inductance and a resistance in series is ofteh met,
In order to determine the availéble 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 différentiate between the following
three possibllities:

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.All necessary analyses to

be used in the determination pf'the load current and output voltage



are to be made in this chapter.

One of the most serious problem in the oPeration'or a power
transistor with an inductive load is burn-out,which results in a
short circuit between the collector and emitter.Burn-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
is greatly influenced by the reverse base current.The reverse base
bias voltage and impedance affect the reverse base current in a
predictive manner. |

For safe operation,the secondary breskdown current should be
greater than the maximum operating current.When the reverse base
current is minimized,the transistor is also protected.?o protect
against burn-out,it is also desirable to use transistors with lower
breakdown voltage requirement,ﬂecause lower voltage transistor
absorbs less inductive energy(2l).In switching circuits with inductive
loads,the switching response time is lengthened if the voltage surge

from the inductance is limited.In such circuits,lowering BV,.. of

CEO
the transistor is not desirable.

The operation of/transiétors which uses a resonant circuit 4
formed from a resistance,an inductance,and a capacitance in parallel
as load is also éonsidered.The anélysis 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 semiconducior power-control devices.The
reasons for this arise from the>traﬁsistor's inherent features of
high-speed response,voltage controlled drive,robust operation with

absence of secondary breakdown and excellent thermal stability,which

1e.because of its fundamental mechanism as & field-controlled majority
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carrier device.

Freedom from secondary breakdown limitations nakeé driving
highly inductive or capacitive loads a natural application for
VVMOSTs.Inductive loads include transformers,solenolds or relays;
High current inrush loads such as incandescent lamps,pulse forming
networks,and motors also are generally handled easily.Some attention
must be gliven to the load characteristics,however. |

In common with bipoiar semiconductor devices,VVMOS transistors
can be damaged if their voltage rating are exceeded.Although their
avalanche energy capabllity 1s much better than that of bipolar
transistors,it is not good design practice to have the VVMOST absorb
inductive energy unless the part is rated for this type of service.
The spikes generated from inductive loads may have trependous enexrgy
content and usually some means of limiting their amplitude must be
provided.Highly inductive loads may generate significant power on
- turn-off,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 of transistor.The
safeét and least expensive limiting fechnique 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‘of the transistor switching circuit
with R-L-C ioad and CVDMOS invefter are made,separately.The linear
equivalent circuits to be used in the aﬁalyses can be obtained by
using the related time-variant linear large-signal transistor models
which are presentedAin the second cﬁapter. | ‘

For the VVMOST switching circuit the output side of the equivalent
circuit to be obtained is similar to that of BJT.That's why the

an#lysis which is made for the BJT switching circuit with R-L-C load
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in section(3.1) 1s used for the VVMOST switching circuit.The
expressions of the load current and output voltage of the VVMOST
switching circuit can be obtained by using the parameters of RDS’

CpgsVpgrand Vpy, instead of R,C,V,,and Voo and by equating V to

CES
zero.The input side of the VVMOST'switching circuit is used for
determining the gate to source vbltage,the gate current,the related
switching times,and the relations between the swifching regions.

The analysis of the switchimg circuits with resistive and
resistive~inductive loads can be obtained easily by taking the
values of the load inductor and capicitor ;ﬁd the ldoad capacitor as
zero,respectively,in the expressions which ;re obtained as a result
of the analysis which is given in séction(}.l)

The analysis of the CVDMOS inverter which is conslidered as an
application of VDMOST model is made in section(3.2).The inverter
éonsists of a p-channel VDMOST connected in series with an n-channel
VDMOST (drain to draiﬁ) 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 is forward
is available from the p-channel,V

DsSS DS
very low.Conversely,when the input goes low (zero),the p-channel

blased but since only I is,
device is turned full on,the n-channel device is off,and the output
will be very near -Vy,.Since the current (without a load) is
extremely small-the inverter dissipates gimost no power in either
stable-state;the only dissipated power of consequence occurs during
the switching transitions asvcapacitances are charged, |
For all the analysis,the related flowcharts are given in sectien

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

of computer 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 switching circuit with R-L-C load,é linear
equivalent circuit which contains the initial conditions of the load
inductor,load capacitor,and the collector to emitter time-variant
capacifor is obtained by using the time-variant linear model which
is given in section(2.2),instead of the bipolar transistor.The
switching circuit and its linear equivaient circuit retated to the
output part are shown in Figures (3.l.a) and (3.1.b),reépectively.

Ve

Rl

cl
11l ‘ v
¢}

Ry Vo J_ R1
R c c1
°s ' S Vo2 I . .L1.5(t)
v v ), Tor
v CES o1
BBJ_: | T ]
(a) k (v)

FIGURE(3.1) - a) A BJT switchihg circuit with R-L-C load

b) The related linear equivalent circuit

Similarly,a linear equivalent ecircuit of the VVMOST switching
circuit with R-LQC load is obtained by using the corresponding time-
variant linear model instead of VVMOS t;ansistor.This model is given
in section(2.7).The related switching circuit and its equivalent
circuit are shown in Figures (3.24a) and (3.2.b),respactively.

vFor the VVMOST switching circuit,the expressions of the gate to
source voltage and load current can be obtained by‘using the input
siée of the linear equivalent circuit which is shown in Figure(3.2.b).

The input side of the equivalent circuit to be used in this analysis
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AAvd
R Coy [ R
+ +L R 11
DS
es(t) () Vggq I,,-L1.8(%)
L Vdd1- 0 s
- (a)

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

b) The related linear equivalent circuit

is shown in Figure(3.3).
If the imitial conditions of the equivalent circuit input
~ capacitance,CIN,is considered as the previous value of the gaté to |

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

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

be obtained as

V.. =|eg(t)-V ].[l—exp(—DELT/(RG.GIN)i]+VGSO i (3.1.1)

GS — GSO

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

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

éasily



49

Rl Ll.s
65}’ Ipy +L1/(R1+L1.5)
Glos=CL|
1/Cl.s
v Rll1== ( {F — Vgo/'s
CES i
8.R 8 01'c

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

and network theorems in the circuit shown in Figure(3.1l.b).
Tg = e (83Vogo] /Rg (3.1.2)

As shown in Figures (3.1.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 analysis.is to be made

—
R R L1.4 ‘*(j%yb(S)
+ 1/C.s 1/Cl.s
Va(s) Vc(s) IL(s) Vece/s

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

for obtainling 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 .of voltage sourceg
and Laplace transforms of the circuit parameters is obtained and
it is shown in Figure(3.h4). | '

By using the voltage equivalenceé of the current sources in

»Figure(B.u),a circuit to be used in the analysis is obtained and

1t 1s shown in Figure(3.5).
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The output voltage and load current of this switching circuif
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

Va(s) = (Voo /o4 ) «CoR)erpmin—s (3.1.3)

1+s.R.C

Vb(s) = 01~ 02" %! s , (3.1.4)

§2.11.Cl+s.R1.C1+1

The load current of this circuit can be calculated like that

I (s)= , : (3.1.5)
R + Rl+Ll.s
l+s.R.C =~ 8.L1.Cl+s.R1.C1+l

[Vcc/s+Vb(s)—Va(s)] (1+s.R.C) (8°L1.Cl+s.R1.C1+1)

IL(S): (301-6)

sa(R.Ll.Cl+R.Ll.C)+s(R.Rl.Cl+R.Rl.C+L1)+R+R1

By substituting Eqs.(3.1.3) and (3.1,#) into Eq.(3.1.6),and

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

obtained
50 .Al+sC A2+ . AFHAL | |
IL(S): > (3019?)
8(8°.A5+5.A6+A7) :
where
A1=R.L1.C.C1(V ) - | © (3.1.8)

cc™ 02 01

A2:=R.Rl.C.Cl(VCC—V02—V01)+Ll.Cl(Vcc—Voa—VCEs)+1ol.R.Ll.C (3.1.9)

| o |  (3.1.11)
L=V ong o B3eded



S5k

A5=R.L1(C+C1) | _ (3.1.12)
A6=TR.R1(C+C1)+11 - | (361413)
A7 = R+R1 | | (3.1.14)

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

value of the load inductor whieh is equallto zero or not.

3.1.10 Case of 11 =0

If the load inductor is not used in the circuit shown in Figure
(3.5),Eq.(3.1.7) becomes | |

8% . A2+s  AZHAL

IL(S): (3.1.15)

s(s;A6+A7)

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

the expression of IL(B) becomes

&2 . A8+8.AGHA10
s(s+A1l)
where
A8 =A2/A6 : , (3.1.17)
A9 =A3/A6 ' " (3.1.18)
A10=AL /A6 - - (3.1.19)
A11=A7/A6 A ' (3.1.20)

The output voltage can be obtained as
-3 '
V. (s8) =1, (8) *——— + Va(s) (3.1.21)
0 L™ 14s.C.R

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

1-th residues,k,,can be obtained as (22)

ki==(s-si).F(s)~s=_si (3.2.22)
where F(s) is a function in s-domain and 5, is a pole of F(s).
If the denominator of these expressions has poles with
multiplicities,the correspohding residues,Kij,Can be obtained from

the following expression (22)

1 dri"j _ ]
ro
dsri?j[(s-si) 1.F(sﬂ

K, .= .
i3 (ri;j)! i

(3.1.23)

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

poles,r, defines the multiplicities.The expression in Eq.(3.1.23)

i

is in its most general form,too.

a. Determination of I.(t)

" By using Eq.(3.1.16),the current of IL(s) can be written in

the form of the partial fraction expansion

| AL2 A13
IL(s)z ' + — (3.1.24)
s s+All

The corresponding residues of Eq.(3.1.24) can be calculated
by means of Eq.(3.1.22) ard by using Eqe(3.1.16) the residues;

- A12 and Al3,are obtained as shown below
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2. A8+8 . AGHALO Mo
Al12 = = : | (3e1e2
8+A21 80 All ' : > 2
2 : |
8°.A8+8. AG+A10 2112, A8-A21.49+410 |
A13 = = - (3.1.26)
8 S-w-A11 All} )

By using the corresponding residues,Al2 and Al3,the value of
the load current in time domain can be calculated easlly.The inverse

Laplace transform of I, (8),Eq. (3.1424),can be calculated as
I, (t)= Al2.u(t)+A13. exp(-A11,t) (3.1.27)

b. Determination of vogtg

Substituting Egs.(3.1.3) and (3.1.24) into Eq.(3.1.21),the

éxpression of Va(s) can be obtained as

Al2 A3 R Vi V.. .CR
Vo(s) = (— + Ye +—CES .0l

s  s+Al1 1+sCR  s(1+sCR)  1+sCR

(3.1.28)

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

expansion‘for taking the inverse Laplace transform

Al A15 AL6 A7 A18  Al9 Voy
V. (8)= 4 — + + + + +
0 s s+41/RC  s+All s+1/RC s  s+1/RC  s+1/RC
(3.1.29)

The corresponding residues of Eq.(3.1.29) can be calculated by using

Eq.(3+1.22) and (3.1.28) and they can be written as

A2 ‘ .
Alh= = Al2.R \ - (3.1.30)
 C(s+1/RC) |s=0 ' '
A12 .
A15=- = —AlL4 - (341.31)
C.S 8:-1/1?(3 )
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16 = Al3 A13.R
A = . = B ( . 1 . 32 )
C(s+1/RC) |sz-All 1-A11.RC ’
- A13 )
A7 = —-A16 (341.33)
C(s+All) |s=~-1/RC '
v 1-
CES A
A18= . =V (3.1.34)
RC  s+1/RC |s=0 CES 3e1.3k
v 1 '
mo=—CES =-A18 (3.135)
RC 5 |s=-1/RC :

If the terms having a denominator with s and s+1/RC are added

separately,their additions become
ATL= AL4+AL8 | (3.1.36)
AT2 =AYSHAL7HALGH ) | | ,‘ (3.1.37)
respectively.Finally V,(s) becomes

| | CATL  AT2 216

‘vo(s)r- + + (3.1.38)
5 s+1/RC s+A11

The inverse Laplace transform of V,(s) is equal to

_t/rC All.t

Vo(t)=A’I‘1.u(t)+AT2.e +A16.e—

(3.1.39)
3.1.2. Case of L1#0

If the load inductor is used in the switching circuit shown in
Figure(3.5),Eq.(3.1.7) can be used for obtaining the expression of
the load current in time-domain. '

If the numerator and denominator of Eq.(3.1.7) are divided by

A5,the expression of I (s) becomes
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0 AN+R  AR2 s, ARSHARY
IL(s):: , (3.1.40)
(8248, AB14+AB2)

where
AAYl = A1/A5 (3.1.415
AA2=A2/A5 . | (3.1.42)
AR3=A3/A5 - (3.1.43)
AAk = AL/AS o | (3.1.44)
ABl = AG/A5 | : | : | (3.1.45)

AB2 = A7/A5 B (3.1.46)

The denominator of Eq.(3.1.40) is a third order polynomial and

its foots can be found like that

s(5°+8.AB144B2)=0 O (341.47)
—AB1F \/AB1%—4. AB2
52’3—- (3-1014'9)
: 2
Here
/A= AB1%—~4 . AB2 (3.1.50)

Depending on the value of A ,there are three types of solutions.
1) A=0
For this case,there are three real roots.Two of them are equal

each other.The rbots can be obtained as
31=0 ' ' - (3.1.51)

5,= 8;= -AB1/2 (;.1.52)
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2) A<o

Here,there are three roots.Only one of them is real,the others

are imaginary.They can be written as

=0

L (3.1.53)
—AB1+j\/4 . AB2-AB1 > |
82:: ) (301?54)
2 | . ,
~AB1-3\/ 4. AB2—AB12 |
55 = - (3.1.55)

3) A>o

There are three different real roots of the polynomial.Their

roots can be obtained as

5= 0 " (3.1.56)
—AB1+\/AB1°~4. AB2
82: (3.1057)
2
—AB1-\/AB1°~4.AB2
53:: (3.1.58)
2

Now, these three‘caées will be studied 1n detail and their

analyses will be made,separately.

&. The Case of A=0

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

written as

'SB.AA1+SZ.AA2+S.AA3+AA4 g
2
s.(s+AB1/2)

and the output voltage,V.(s),is shown in Eq.(3.1.21).For finding
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the solutions of these expressions in time-domain,the method which
is explained in section(3.1.1) is used here.

(1). Determination of I (t)

By using £q.(3.1.59),the current of I, (s) can be written in
the form of the partial fraction‘expansion as
Bl B2 ' B3

_ 8 8+AB1/2 (s+AB1/2)

The corresponding residues of Eq.(3.1.60) can be calculated by
means of Egqs.(3.1.22) and (3.1.23) and by using'Eq.(3.1.59),The

resldues,Bl,B2,and B3,are obtained as shown below

8 AAL+82 . AA2+s . AAZ+AAL | b AA4
Bl= 5 = (3.1.61)
(s+AB1/2) | =0
d 5.AAl+s2.AR2+s. AASHAAL
B2 = ( — ) (3.1.62)
ds s==-ABl/2
~AA1.AB1O+AA2. AB1°—1 . AAL
B2 = 2 . ’ (301063)
AB1 o
82  AA1+8> . AAD+5 . ARS-+AAL | .
B3= P | ABL/2 (3.1.64)
. 8=~
 AAL.AB1O-2.8A2.AB1%4+ . AR3, AB18. AAL
B3 = - (3.1.65)

4 .AB1

By using the corresponding residues,Bl,B2,and B3,the value of
the load current in time-domain can be calculated easily.The inverse

Laplace transform of IL(s),Eq.(B.l.SO),can be obtained as
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ABl.t ABl.§ :
I (t)=Bl.u(t)+B2.e = 2  +B3.t.e 2 (3.1.66)

(2). Determination of V:gt)

- Substituting Egs.(3.1.3) and (3.1.60),3into Eqe(3.1:21) the

expression of Vo(s) can be obtained as

. 1 \ 1
Vo (8)=12/C. (B1+V 0o /R) + B2/C. +
: ' s(s+1/RC) (s+1/RC) . (s+AB1/2)
1 | v
B3/C ~ + 01 (3.1.67)
(s+1/RC).(8+AB1/2) . 8+1/RC

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

expansion for taking the inverse Laplace transform.

BAll BAl2 BA21 BA22 BA31

Vy(s)= + + + + +
5 8+1/RC 8+1/RC 8+ABl/2 8+1/RC
BA32 BA33 \') _

s+ABl1/2 (s+ABi/2)2 s+1/RC

The corresponding residues of 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

, 1 |
BAll= 1/C. (Bl+Vpo/R) = BLl.R+V (3.1.69)
: CES’ s+1/RC |5=0 CES

) : BA1l (3.1.70)

BAlZ—‘:l/C.(Bl'l'v R)s—— = - Y else
CES/ s |s=-1/RC
1 2.R.B2 |
BA21 = B2/C* = (3.1.71)
s+AB1/2 |s=-1/RC AB1.R.C-2
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. 1l .
BA22 =B2/C-- : = -BA21 - ‘ (3+1.72)
8+1/RC |s=-AB1/2 ,
1 4.B3.R°.C
(s+AB1/2)"|s=-1/RC (AB1.R.C—2)2 v
d 1 ,
BA32=_-——-'[}33/C ] = —BA31 o (3.1.74)
ds - (B+1/RC)" | 8=-AB1/2
1 2.B3.R ,
BA33=B3/C- = _ (3.1.75)
8+1/RC|s=-AB1/2 2-ABl.R.C

If the terms having a denozninatar with s+1/RC and S+ABl1/2 are

added,separately,their additions become
BBl==BA12+BA21+BA31+VOl : o (3.1.76)
BB2 =BA22+BA32 - (3.1.77)

respectively.Finally Vo(s) becomes

BAll BBl BB2 BA33

Vo(s)= + + - + 5
s 's+1/RC  s+ABl1/2  (s+AB1/2)
(3+1.78)
The inverse Laplace transform of Vo(s) is equal to
b ABl.t ABl.t |
vo(t)=BA11.u(t)+Bm.€ R.C +BB2.e 2  +BA33.t.e 2 (3.1.79)
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b. The Case of A0

For this case,the current of IL(s),Eq.(B.l.AO),can be written as

2

87 AAL+s2. AR2+s. AASHAAL

{3.1.80)

I (s8)=
L s.(s-sa).fs—sé*)_

and the output voltage,vo(s),is shown in Eq.(3.1.21).For finding
the golutions of these expressions in time-domain,the method which

is explained in section(3.1.1) is used here.

(. Determination'og_lL(i)

By using Eq.(3,1.80) the current of IL(s) can be written in

the form of the partial fraction expansion as

K X K »
I, (s)= .22 —-lésé— (3.1.81)
8 3-52 8-52

By means of Eqs.(3.1.80) and (3.1.81) and using Eq.(3.1.22) the

cbrresponding'residues of IL(s) can be calculated like that

& AA1+s>, AA2+s. AAB+AAL AAL 516
= = — .1.82
11 (s-5,).(s-5, ) 8=0 sa.sge |

Here 32 and 52. are the roots of the denominator polynomial and

they are defined in Egs.(3.1.54) and (3.1.55).Substituting them

AAL

R = (3.1.83)
117 pp

" can be obtained easily.
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2

& JAAL+57 . AB2+s. AASHAAY

(3.1.84)

St

] B.(S-Béx-), s=85

If this expression is solved and its real and imaginary parts

are separated from each other,K,, can be obtained as

C1.AAL+C3.AA24C5 . AAZHAAL+] (C2. AA1~Cl . AA2+C6 . AA3)

27 C7—3.Cl S
where
co=1/2.\/4.AB2-AB1Z | ‘  (3.1.86)
C1=AB1/2. (3AB2-AB1%) o (3.1.87)
C2 =C0. (AB1°-AB2) - | - (3.1.88)
aB1% | | |
c3 = —AB2 (3.1.89)
2 | : |
Ch = CO.ABl ' ‘ (3+1.90)
C5=—ABl/2 = | (3.1.91)
AB1%—4 . AB2 » .
2

and then multiplying the numerator and the denominator of K,, by
the complex conjugate of its denominator polynOmial,Kl2 is

rewritten as

K,.,=C13+j.Cl4 ’ : (}.1.94)

12

where

C8 = C1.AAL+C3. AAZHCS . ARS+AAL | (3.1.95)
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€9 = €2, AA1~Cly. AA2+C6 . AL o | . (3.1.96)
€10 = C7%+Cy2 | (3e1.97)
C11= C7.C8-CL.C9 | | | C (3.1.98)
Cl2 =C7.C9+Ch.C8 - | - (3.1.99)
A c13=;011/c1o | _ | | (3.2.100)
Clh= C12/C10 | : | © (3.1.101)

can be determined easily,
Kok Xl g0 B | | )
F13=F12=0373-Cy | . (3.1.102

By using the corresponding residues,K..,K 5sand Ky ;,Eq.(3.1.81)

7111 13
can be written as

Kyq  (C13+3.C14). (s-8%)+(C13~3.C14). (s-5.)
I, (s) =3k 4 » 2 =
s (s-sa).(s-s£4)

(3.1.103)

In this expression,if the values of 5, and s, are substituted,

Eq.(3.1.103) can be written as

| ' 5
Ky, 5(2.C13)+013.481-\ *-APETARL

+ —> -
s s +ABl.st+AB2

IL(s)
(3.1.104)

Finding the roots of the denominator polynOmial of the second term
in Eq;(3.1.104) and rearranging this term,the current of IL(s) becomes

-

K ~ 2.C13(s+AB1/2) 2.C14.1/2.\/ 4. AB2—AB1¢

11 |
L s (S+AB1/2)2+ :ABZ AR (S+AB1/2)2+ 4, AB2—-AB1
o | 4 . . 4

(3,1.105)
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Taking the inverse Laplace transform of this expression we can

obtain the load current in time-domain as

_ ABl.t . _ABl.t
IL(t)==AA4/ABz.u(t) + 2.C13.e 2 .Cos(CO.t)~-2.Clh.e 2 .Sin(CO.t)

(3.1.106)

(2Y. Determination of chtz

If Eqe(3+1.3) and (3.1.105) are substituted into Eq.(3.1.21),

the expression of Vo(s) can be obtained as

v (e) =1/ 1 {j AAYL - 2.C13(s+ABl1/2)
s)=1/€C. + ol
0 s-1/RC L AB2.s  (s+AB1/2)%+ &45235551-

2.C14.1/2.\/4.AB2-AB12 Vogs : A
T Vo€ (3.1.107)

2l 4 —CF
(s+AB1/2)%+ 'ABZZABl 8.R

(s)= ( AL Yeps,. 1 (c13.4B1)/0— G\ /iy. aB2-ap1 %+ 2CL3-8
V.(s)= + . + ‘
© C.AB2  R.C  s(s+l1/RC) (s+1/RC).[}s+ABl/2)2+ &:ééézﬂitf]
4
v
+ —2 "' (3.1.108)
s+1/RC ,

The partial fraction expansion of this expression can be

achieved easily and it is expressed as

CAl CA2 CBl1 CB2.s5+CB3 VOl
Vo(s):: + + +— +
s s+1/RC s+1/RC s“+AB1,s+AB2 s+1/RC

(3.1.109)
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The corresponding residues of Eq.(3.1.109) can be calculated by

means of Eq.(3.1.22) and by using Eq.(3.1.108).They can be written as

AKY v 1 ARL.R |
cAYL= ( + —CES . = +Vops (3.1.110)
C.AB2  R.C  8+1/RC|s=0 AB2
AAL v 1
ca2=¢( + B8, = —CAl | (3.1.111)
C.AB2  R.C s |s=-1/RC
C13.AB1—C14. \ [k, AB2-AB1 242, C13. 5 ( )
CB1= s (3.1.112
' c.[(s+A31/2)3+ &;Azg_égl_j 8=-1/RC .
4

c13 -Ro (AB].QR.C—Z)-ZQCIL}QRZQCQCO

CB1= >3 ‘ (3.1.113)
AB2.R“.C“~ABL.R.C+1

C13.AB1—C14.2.C0+2.C13.8

§=-AB1/2+3.CO C. (5+41/RC)

CB2.s~CB3

8==ABY/2+3.CO

(3.1.114)

Cl35.AB1-C14.2.C0+2.C13.5

8=-ABI/2-j.Ca_ C.(s+1/RC) 8=-AB1/2-3.CO

(3.1.115)

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

(341.115) as

CB2 =—CBl ' | (3.1.116)

2.€0.C14.R(RC. ABL—2)—4.R7C, CO°C13+AB1 . CB2(AB2. ROCP—ABL . R, C+1)

CB3=
2 A 2.(AB2.R%

.C2~AB1.R.C+1)

(3.1;117)
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If the terms having a denominator with S?l/PC are added, their

addition becomes

cc = CA2+CBl+V01 R ; 3 .1.118_)

Using all the residues which are calculated above,the expression of
the ontput voltage in time-domain can be written by taking the
inverse Laplace transform of Vo(s) whieh is to be obtained by
rearranging Eq.(3.1.109).The new expression of Vo(s) becomes

cAl cc CB2.s+CB3

v (s)= + + = (3.1.119)
8" 8+1/RC  s“+ABl.s+AB2

and

21  CB2.s8+CB3
L( ) (3.1.120)

s2+4B1.s+AB2

t
V,(s)=CAl.u(t)+CC.e R.Cr

The inverse Laplace transform of the term of

CB2.s+CB3

) (3.1.121)
s2+AB1 .s+AB2
can be found like that
At the beginning Bq.(3.1.121) can be written in the form of the
partial fraction expansion by determining the roots of the denominator

polynomial and it bécOmes

CB2.5+CB3 X1 P
= : +
(s+AB1/2+3.C0).(s+AB1/2-3.C0) s+AB1/2+3.CO s+AB1/2~3.C0

(3.1.122)

Tﬁe corresponding residues of Eq.(3.1.122) can be calculated by a
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similar way which 1is used before and they can be written as

CBZQB+CB3
X1li= _ (3.1.123)
s+AB1/2-3,CO| S=—AB1/2~§.C0O . -
CB2 1 ‘
X11= + j ———— (CB3-1/2.AB1L.CB2) (3elol2l)
CB2.s+CB3%
Xi2= (3.1.125)
§+AB1/2+3.COl 8=~AB1/2+3.CO
CB2 - 1 -
Xi2 = - j =——— (CB3-1/2.AB1,.CB2) (3.1.126)
2 2.C0 _
By using the corresponding residues,X,, and Xla,Eq.(B.l.laa)
becomes
CB2/2+j R (CB3-1/2.AB1.CB2) CB/a—j —t (CB3-1/2.AB1.CB2)
2.C0 + 2.C0
8+AB1/2+3.CO s5+AB1/2-3.CO

(3.1.127)

By taking the inverse taplace transform 6f Eq.(3+1.127) and
substituting it into Eq.(3.l.120),this expression can be obtained

 _t/RC ' _ -(%]-"+j00)t
Vo (t) =CAl.u(t) + CC.e +[CBZ/2+;] m(CBB—l/Z.ABl.CBZ)] e
_ '—(%—1— - jcolt
+ [032/2—3 -2-1—0-5 (033—1/2.A31.032)] e - (3.1.128)

By rearranging Eq.(3.1.128),the load voltage becomes
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" -t/RC ~(AB1.t)/2
Vo (t)=CAl.u(t) + CC.e + CB2.e ~ .Cos(CO.t) -

~(ABl.t)/2
-1/¢€0.( 5213955 = CB3).e .Sin(C0.t). (3.1.129)

¢c. The Case oi’vA>0

For this case,the current of IL(s),Eq.(B.l.uo),can be written as

& AAT+SS AAD+S  AABHAAL
L(s)= , (3.1.130)
s.(s—sa).(s-ss)

Here 8, and 33 are the roots of the denominator polynbmial and they
are defined in Egs.(3.1.57) and (3.1.58),respectively.

.The output voltage,V.(s),is shown in Eq.(3.1.21).For finding
the solutions of these expressions in time-domain,the pethod which
is explained in section(3.1.l) is used here.

(1). Determiﬁation of IL(tl

By using Egq.(3.1.130) the current of IL(s) can be written in
the form of the partial fraction expansion as
DB1 DB2 DB3

IL(3)= - 4 + (3.1.131)
- s-85, 5-33 4

The corresponding residues of Eq.(3.,1.131) can be calculated by
means of Eq.(3.1.22) and by using Eq.(3.1.130).The residues,DBI1,

DB2,and DB3,are obtained like that

52 . AA1+s2. AA2+s . AASHAAL AAL
DB1 = (3+1.132)
(8'52)'(3'83) 5=0 82.83‘
By using Eqs.(3.1.57) and (3+1.58),
5.,.8, = AB2 (3.1.133)

2°73



can be found easily.From Egs.(3.1.132) and (3.1.133)

DB1 = AAL/AB2
can be obtalined.

&7 . AAL+s® . AA2+s. AASHAAY

DB2 =
s.(s-sB) =5,
(D14D2) +AA1+D3, AA2+DY  AAS+AAY
bB2 =
D4 . D5
where

D0 =1/2.\/AB1 %4 . AB2
D1 = AB1/2.(3.AB2-AB1%)

2_AB2).DO

D2 = (ABL
D3 = AB12/2~AB2—AB1. D0
D4y = —AB1/2 + DO

D5=2.D0

53 . AR1+E2 . AAS+E  AABHAAL

DB3 =
s.(s-sz) 5=55
(D1-D2) .AA1+DA2 ,AA2+DAL . AAS+HAAL
DB3 = — V
DAl.D5
where

DAl = —AB1/2—-D0

DA2 = AB12/2-AB2+ABL. DO
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© (3e1.134)

(3.1.135)

(3.2.137)

(3.1.138)

- (3.1.139)

(3.1.140)
(3.1.141)

(3.1.142)

(3.1.143)

(3o1.14h)

(3.1.145)

(3.1.146)
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By using all the residues which are calculated above,the
expression of 1oad current in time-domain can be written by talking

the inverse Laplace transform of Eq.(3.1.131) as

\
sa.t. B,.% ‘ o
I, (t) =DBl.u(t)+DB2.e 2 +DB3.e - : (3e2.147)
Substituting Eqs.(3.1.57) and (3.1.58) into Eq.(3.1.147) the load
current in time-domain becomes
D, t DAl.t
I, (t) =DBl.u(t)+DB2.e  +DB3.e  (3e14148)

(2). Determination of V.(t)

If Eqe(3.1.3) and Eq.(3.1.131) are substituted into Eq.(3.1.21),

the expression of Vo(s) can be obtained as

DB DB2 DB3 \'f

Vo(s) =( + + ).l+s g 5 +( CES +v01.c)ml3-5-§ (3.1.149)
8 s8-8, 8—83 T s.R Ve
DBl 1 DB2 1 DB3 1l
Vb(s)= . + . +
' C s.(s+1/RC) C (sesa).(s+1/RC) € (s-sB).(s+1/RC)
Ve 3l Vv '
+ —CES ' + —0L (3.1.150)

R.C &8.(8+1/RC) s+1/RC

The partial fraction expansion of this expression can be achieved

easily and it is expressed as

‘ DC11 DC12 ' DC2Y DC22  DC31 DC32  DChL
V.(8)= + + + + - + + —
0 8 s+1/RC s+1/RC B-8, s+1/RC s-s3 8 ]

pCh2 . Vo1
s+1/RC  S+1/RC

(3.1.151)

The‘corresponding residues of Eq.(3.1.151) can be calculated by
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means of Eq.(3.1.22) and by using Eq.(3.1.150).They can be written as

DC11 = DB1l,R (3.1.152)
DC12= ~PCl1 | (3.1.153)
DB2.R
DC21= — : (341.154)
1+R.C.D4 | _;
DC22 = -PC21 (3+1.155)
o DB3.R : v
pC31=— ’ (3.1.156)
1+DA1.R.C
DC32 = -DC31 , : . (3.1.157)
DC4L = Voo : (3e1.158)
DCL2 = —DChL " | _ N £31.159)

If the terms having a denominator with s and s+1/RC are added ,
their additions become

DD1 = DC11+DC41 (3.1.160)
DD2 = DC12+DC21+DC3L+DCL2+V ), (3.1.161)
respectively.

By'psing all the residues which are calculated abové and  the »
related expressions,the expressioﬁ of the output vdltage in time-domai:
caﬁ be written by taking the inverse Laplace transform of Vo(s)
which is obtained by rearranging Eq.(3.1.151).The new expression

of Vo(s) becomes

DDl DD2 DC22 DC32
Vo(s)= + + - + (3.1.162)
s s+1/RC 5-8, s-s3 -

and

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.cbmplementaryvVDMOS inverter
circuit which is shown in Figure(3.6),an equivalent circuit which

~ contains the initial conditions of the gate to éource aﬁd the drain
to source time-variant capacitors of the n-~ and p- channel VDMOS ‘

transistors is obtained and it is shown in Figure(3.7).

LV

DD
-
l, 1
A —

Rg
A | » Your

|
+ ‘ : ‘
VINC)' ' —

FIGURE(3,6) A complementary VDMOS inverter circuit

c

\'

B .8

I

. i ' A RB
C DU
R, GS -1 C,—=
¢ R, A v Ly
+ A[ ' ouT 1 Dp

e (t -V : + ’
.8 GSN VA _

FIGURE(3,7) Equivalent linear model of the CVDMOS inverter circuit

‘A new circult which is shown in Figﬁre(3.8) can ‘be obtained

by using'the current equivalences of the voltage sources and Laplace
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transforms of the circuit parameters of the output side of the

circuit which is shown in Figure(3.7).

Cre
ki

FIGURE(3.8) Equivalent circuit which is obtained by using the
Laplace transform method and network theorems in the circuit shown

in Figure(3.7)

In the above circuits the meanings of the circult parameters are

explained in Table(3.1).

TABLE 3.1 Explanation of CVDMOS inverter equivalent circuit parameters

Parameter - Explgnation
-RA N-chahnel VDMOST drain to source resistance
Rﬁ P-channel VDMOST drain to source resistance
CA N-channel VDMOST drain to source capacitance
cy P-channel VDMOST drain to source capacitance
VA N-channe; VDMOST previous drain to source voltage
VB P-channei‘VDMOST previoué drain to source voltage

By using the voltage egquivalences of thé éurrent sources at the
output side of the circult which is shown in Figure(3.8) the circuit

to be used in the analysis is obtained and it is shown in Figure(3.9).
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In this circuit,the voltages of Vc(s) and VE(B) are defined as

1 ,
V.(s)=C,.V, =————— (3.2.1)
c A*'A
1/RA+CA'S
and
(s)=C .
V.(s)=¢C_.V, —————— (3.2.2)
E B°'B
1/RB+CB.3 :
respectively.
1/CA.s . 1/C..s
I f— (o)
B
RaA Rp ::
. L Ly .
vc(s)Q v - . T Vs

FIGURE(3.9) The circuit to be used in the analysis

The drain to source current #nd voltage of the n-channel VDMOST
in this inverter are defined as the load current and output voltage,
respectively.The expreséioﬁs of the load current and output voltage
in time-domain are obtained by means of this analysis.

The load current of this inverter can be calculated like that

VDD/B+VE(S)-VC(S)

1 - 1

_1/RA+CA’S '1/PB

IDN(S)= (3-203)

BoS

o [Vpp/s+75(8)-V(8)] . (5%€, R, .Cp Rt (Cy R, 4CL R )+1)
s8)=

I
DN
s'(CB'RB°RA+CA'RA’RB>+(RA+RB)

(3e2.4)
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If Eq.(3.2.1) is rewritten,the expression of V,(s) becomes

R,.C,.V
Vo(s)=—24 A (3.2.5)
l+§.RA.CA
If the denominator and numerator of Eq.(3.2.5) are divided by RA'CA
y
this expression can be obtained |
VA
V.(8)= 4 (3.2.6)
€ sn/(r,.cp)
A*”A
Similarly,the expression of VE(s) can be written as
vB
Vo(s)= = (3.2.7)
s+1/(RB.CB)

In Eqs.(342.6),(3.2.7),and (3.2.4) some abbreviations are used and

they are given below.

Al:l/(RA.CA) ’ " (3e2.8)

.A2=1/(RB.CB) | (3.2.9)

A3=C,.R,R+Co Ry Ry . (3.2.10)
AL =R,+Ry | A (3.2.11)
A5=C,.R,+Cq.Ry ' (3.2.12)
A6=C,.Cy.R,.Ry ' (3.2.13)
A7 = AL/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



I (s)= Vpy/5+VE sikm ~ Vg gear - (s7.A6ts.A5H)
o B.A3+AL

By rearranging Eq.(3.2;15)
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(3.2.15)

and by u;ing the related abbreviations

for the constant terms,the expression of the load current can be

obtained as
D#o34+D3.83+D2.82+D1}8+D0
IDN(5)= .
s.(s+A1).(8+A2).(5+A7)
where
DO = BO/A3
BO = vDD' Al.A2
D1 =B1/A3

B1==VDD.(A1+A3+A1.A2.A§)+VB.A1—VA.A2

D2 = B2/A3
‘BB::VDD.(1+A2.A5+A1.A5+A1.AZ.A6)+VB(l+Al.A5)-VA(1+A2.A5)
D3 =B3/A3

B3 = V. (AS+ALLA6+A2. A6 )+V 5. (ASHALLAG)—V, . (A5+A2. 46)

D4 = Bl/A3

Bh = A6, (vDD-v A+vB)

(3.2.16)

(3.2.17)

(342.18)

(3.2.19)

(3,2.20)
(3.2.21)
(3.2.éa)
(3.2.?3)
(3.2.24)
(3.2.25)

(3.2;26)

By means of Figure(3.9),the expression of the output voltage for

CVﬁMOS inverter can be written as
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1
V. (s8)=1I,.(8) + V.(8) (3e2.27)
Y0 DN 1/RA+S'CA c

If Eqe(3.2.27) is rewritten,the expression of the output voltage

becomes

1
V.(8)=1,,.(s).1/C," + V.(s) (3.2.28)
0 DN A si1/(r,.c)

3e2ele Determination of IDN(t)

Using Eq.(3.2.16) the current of IDN(s) can be written in the
form of the partial fraction expansion as
F1 F2 15 .

IDN(s)= -+ + -+ (3.2.,29;
B8 s+Al s+A2 s+A7 .

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

F1=D0/(A1.A2.A7) (3.2430)

Dy . A14=D3 . 4154D2. 42%-D1 . A1+DO
o = (3.2.31)
A1, (A1-A2).(A7-A1) ‘

DYy . A2%~p3 . 427+D2 . A2%~D1 . A2+DO
F3= v (302-52)
A2.(A2-A1).(A7-A2) |

Bl . A74-D3 . A774D2 . A7%=D1 . A7+DO
Fiy= : , (3.2.33)
A7.(A7-A1).(A2—~A7)

Using all the residues which are calculated above,the value of
the load current in time-domain can be determined easily.The inverse

Laplace transform of IDN(s) can be obtained as

-p2.t -A7.t

1etirs.e +Fh.e | (3.2.34)

Ipy(8)=Flou(t)sF2.e
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3e2e2¢ Determination of Vo(t)

If Egs.(3.2.6) and (3.2.16) are sﬁbstitufed into Eq.(3.2.28),

the expression of Vo(s) can be obtained as

Do 54403 . 55+D2 . s24D1 5410 1

Vo(s)z - + VA
CA.s.(s+Al).(s+A2). (s+A7)., (B"'l/(RA’CA))

s+1/(RA.CA)
(3+2.35)

By using the related abbreviations in Eq.(3.2.35),the expression of

Vo(s) becomes

Ely s 4E3 . 50+E2 . s24E1 . 8+EO v, '
S.(s+A1)%. (8+A2).(8+A7) s+A1
where
m=ni/c, (3.2.38)
E2=D2/C, | o (3.2.39)
E3=D3/C, | (3'.2.40)_
EL =Di/C, | ‘ (3.2.41)

Eq.(3.2.36) can be rewritten in the form of the partial fraction
expansion for taking the inverse Laplace Téansform.
H1 H2 H3 HL HS v

V,(8) = + + S+t + —& (3.2.42)
8 " s¢Al (s+Al) s+A2 s+A7 s+Al

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= > i (3 02011-3)
- mP.a2.47 | . |
018,532,017 4. (a2+a7)+1". [£3. (a2+27)43.E4.42.47-82]
H2 = ' ‘ .

217, (2.83.A2. A7—2.E1)+A1° [Ea.Aa.A'?-El‘. (A2+A7)~3.E0|

+2,A1.E0. (A2+A7)-E0.A2.A7

, = (3.2.44)
[A1. (A1-82). (A7-A1)]"

Bl A1 4-E3 . 210482 A1%-E1 . AT+EO

Al,(A1-A2).(A7=AL) ’

© Ey.a2%E3.8254E2.22%-E1 . A24E0 :
Hy = — (3.2.46)
A2, (A1-K2)“. (A2-A7) '

Ely. A7"=E3 477482, A7°~E1 . A7+E0
HS5= > ‘ . (3.2.47)
- A7.(A1-A7)C(A7=A2) '

If the terms having a denominator with s+Al are added,their
addition becomes

H6 =H24V, (3.2.48)

Finally Vo(s)'becomes,

H1 H6 H3 ) HY HS5
Vo(s)= + + - 5 + +
8 s+Al (s+A1) ‘s+A2

. (3.2.49)
s+A7

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

-A1.t ~-A1.t —-A2.t -A7.t ,
- Vo(t)=Hl.u(t)+H6.e tH3.t.e +Hih.e +H5.e (3.2.50)
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3+¢3+. COMPUTER PROGRAM DESCRIPTION

The time-viriant linear large-signal BJT,VVMOS,and VDMOS models
and model parameters have been explained in the second chapter.The
analyses of the transistor switching circuits with‘RLC Joad and
CVDMOS inverter which are driven by the square wave signal source
have been done for obtaining the expressions re;ated 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 thelload currents
“and output veltages of the gircuits 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
relate& to the transistor parameters and cifcuit elemeﬁés 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
pfevious.calculations taken as the initial conditions.The linear
equivalent circuits of the transistor switching circuits which
include the corresponding transistor models are the same formally in
all the operating regions beyond the values of the model elements;

The nuﬁber of calculations is equal to the number of points
taken during the sﬁitching time.During the calculations one-step
integration érror must be coﬁtrolled If the error is high,the time
Winterval DELT, must be reduced,if not by increasing the time interval
time wagsting can be prevented |

For determining the output voltage and load curreht of the BgT

'siitching-circuits the corresponding switching times and model
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parameters which are expressed in sections (2.3.1) and (2-3.25,7
respectively ,must be determined at the beginning.For all the
operating regions thé_time-variant functions of the BJT output
resistance and capacitance are given in section (2,2).0One-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.

For determining tﬁe output voltages 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,mﬁst be determined at the beginning.The input side of
the model which is developed for the VUMOS and VDMOS transistors in
section (2.5) is used for determining the operating region 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 regipﬁ,separativel&,by using the adequate values
of the model elements.

For determining one-period vaiiatious of the drain to source
currents and voltages of a CVDMOS inverter both of the n- and p-
channel enhancement mode4VDMOS transistor models are used together,
The drain to source voltage and current expressions 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 interval,

in the computer progréms,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 of switch,SW,which is used for this purpose.

The flowcharts related to the computer programs of fhe BJT and
VVMOS-or VDMOS- switching circuits and CVDMOS inverter are glven,
separately,in the following sections.Flowcharts for the subroutines

are not prepared but all subroutines are giver in Appendix-C together
with the computer programs.’

3e3ele Flowchart Related to the Computer Simulation of BJT
Switching Circuit with RLC Load
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3¢342s. Flowchart Related to the Computer Simulation of VVMOS and
VDMOS Switching Circuit with RLC Load
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3.3.3. Flowchart Related to the Computer Simulation of CVDMOS
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Iv,. COMPARISON OF THEORETICAIL AND EXPERIMENTAI, RESULTS
Lo,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,waveform 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»resgarch paper, (16).

- In all the measurements andvcomputer simulationé,the operating
frequency is 1 MHz. -

To obtain the experiﬁental measurements of the switching circuits
a transistor which is adequate to the switching applications is choseﬁ
initially.By using the data sheets the values of the circult elements
- are determined Finally experimental measurements are taken. |

The analysis of the BJT,VVMOS and VDMOS switching circuits and
CVDMOS inverter were made in the chapter three.To run the computer
simulations ﬁhich are to be compared with measurements the elements
and parameters of the transistor model must be determined initially
by using the.transisfor parameters.The expressions which are given
in the chapter'tﬁo is used for this conversion.

In this chapter the measurements and computer simulations of
BJT and VDMOS switching'circuits are given together.In the BJT
switching circuits,the comﬁa?iséns 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/invertt

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 2N1711 is chosén.The parameters
which is necessary for this transistor are given in Table 4.1,(5).

A 12V collectof supply voltage is used and a square iaye of which
ON and OFF voltages are 4V and -2V,recpectively,is applied td the
input of the circuits from a HP80OO7B pulse generator with 50Jl source
impedance and pulse transition time of 2 ns.Wavefdrm measurements

were taken on a Tektronix oscilloscope with 250 MHz bandwidth.

TABLE 4.1 2N1711 bipolar switching transistor parameters

Rpp 1.63-10‘?.11
Rpp | 6.2 1072 St
R 6.2 1072 S
Ry 2.5 10% St
R, 8.15 10° JL
I 1.845 107124
Toq 2.8 10712
Mﬁ , 1.1

Mg 1.1

TEMP ~ 270°K

Ny 0.5

Ny 0.5

By 100
B, 1

Voo | 1.5V

Vo 1.0V

70 MHzZ

Eh
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Fr 7.5 MHz
CJEO 92 pF
Caco | 83 pF
CBE 80 pF

The switching circult with RLC load is set up as shown in
Figure(h.1).For the resistive load the values of the load inductor
and capacitor aré 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 wére EON=2V and EOFf=-1V,respectively.
The values of the circuit elements are chosen as RB=1K8,R1= 3304,
Ll=17.5/4H and Cl=10 pF byvlooking at the safe operating conditions
of 2N1711 from the dat; book.Two capacitors of 1OnF and 1l00nF are
used as the bypass capacitors.

The circuit is.set up on the printed circuit instead of the

breadboard to avold the stray capacitances of the breadboard at 1 MHz

Ve

10nF‘L J‘lOOnF
mf 11

C1: =
R1 ‘

: Ingz Current probe

>

Pulse } R
Gen.

475 Vol
Current Pr

FIGURE(4.1) BJT switching circuit and measurement set-up
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The measurable terminal waveforms comprised the collector to
emitter voltage Ve and the load current I; +The load current waveforms

are obtained by using a P6042 Tektronix current probe.

FIGURE(4.2) Oscilloscope measurements of the switching waveforms
related to the BJT switching circuit with resistive load

Vertical scales,VIN:av/aiv.,VC:SV/div.,ILzlo mA/div.

1 sogor’ Yo (V) PRSI XV

) B
2.772-02%
i

g et b + — \ge——J

9.00E=-93 2,70E-I7 4.50E-07 6,30E-G7 3§.{0E—)7 $.F0E-I7

.. P.00E-08 . 2.70E-07 4.30E-07 &.30E-07 5.10E-07 ¢.»

a)Output voltage _ b)load current
FIGURE(L4.3) Simnlated switching waveforms of the BJT swltching

‘circult with resistive load

The values of the model parameters,tron,Ts;troff,VcEs,RMIN,

Ruax s Cypyy» and Cypx»Con be determined by substituting the calculated
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base and collector current and voltage values and the transistor
. parameters which are given in Table(h;l),into Eqs.(2.3.6),(2.3.7),’
(2;3.8),(2.3.13),(2.3.16),(2.3.17),(2.3.;7),and (2.3.28),respectively.
For the computer simulation 6f the BJT switching circuits the

model parameters are taken as tron=0.28/nsec,Tg=O.O6/usec,VCE§=O.ZV,

- : 7 . -
| trof£=0.1k Msec,Ryr F0.90 Ry #h 100 0y 32,6 DF, 0y, = 620 pF,

Coppy=80 PF,and V=0.7V.

FIGURE(4.4) Oscilloscope measurements of the switching waveforms
related to the BJT switching circuit with resistive-inductive load

Vertical scales,vIN:ZV/aiv.,vczsvfaiv.,ILzlomA/div.

Ve (V) ssae=oz - Tp(R)

1.88E+01 §
1

H . i
H 2.62E-02f
1.44E+01 | :

:

1.708-02 ¢
1L 03E+01 | H
. : 1
i
7.80E~0z !
G.2BE+00 ¢
:
1

; . ~1.41E~031
2.28E+00 - i

+(sec)

P.00E-08 2.70E-07  4,50E-07 6.30E-07 S.10E-07 &.S0E-07 9.00E-08 2.70E-07 '4,Z0E-07 c.30E~97 6.1CE-07  9.70

a)Output voltage 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 circuits with resistive,resistive-inductive
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 switching waveforms
related to the BJT switching circuit with RLC load
Vertical scales,VIN:ZV/ﬂiv.,VC:EV/div.,ILzlo mA/div.

1. 7ZE+01 - VC (V)

8. 348-02,. I.(R)

i
2.85E-02

k ) - -
' 1.7RE-CE T

9.98E+00 |
-

G.07E+00 |
:

2. 37E+00

t 1 (sec) : —_ L ! {

$.00E-0g 2.70E-07 4.50E-07 6.30E-07 €.10E-07 5,

| i |
"_ $.00E-08 , 2.70E-07 4,S0E-07 &.30E-07 £.102-07 9.70E-07.

a)Output voltage : b)Load current
FIGURE(4.7) Simulated switching waveforms of the BJT switching

circuit with RLC load

shown in Figures (43),(4e5),and (4.7),respectively,for direct

comparison with measurements under the same conditions.A good
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sgreement is seen between the detalled oscilloscope photographs and
the simulations based on the present model.Waveform details,sﬁch as

the change of slope in V, and I. during their transitions,the

c L

ringing and smooth Vc and IL shapés show a good correlation.The
simulation results match the experimental results to within 9 per
cent.Calculated and meaéured peak values of the overshoots,VCMAx,
are given in Table(4.2). |

TABLE 4.2 Comparison of theoretical and measured ringing frequencles

and overshoots

Parameters ‘ RL load RLC load
Calculated 6.66 MHz 5.83 MAz
Simulated £ 6.3 MHz 5.42 MHz
Measured - 6.9 MHz 6.0 MHz
Simulated 18.4 V 17.8 V

v ~
Measured CMAX 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 validity of the VVMOS-or VDMOS-model
fof practical switching circuits,VVMOS and VDMOS switching circuits
whiéh were giﬁen in Figure(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 #o a complementary VDMOS inverter and the

simulated results are also shown at the end of thlis section.
L4eo.3,1. VVMOS Transistors

To control the VVMOS modelling procedure the VVﬁOS transistor
whose parameters are given in Table(4.3),is applied to the switching
circuit with RLC loads.The element values are R1=82OJI,L1=AZ/&H,
and Cl=15 pF.A 12V drain supply voltage is used and a square wave

whose ON and OFF voltages are Egy=5V and E o .=-5V was applied to the

OFF
gate terminal through a resistance of 22001 .

TABLE 4.3 VVMOS transistor parameters (15)

35 nF/cm2

Q.
(@]

12 nF/cm2

0o
=1

1.85 cm
2 mm
2.2 Mm
2‘/(m
8 Mmm
38 pF
20 pF

QA Q XK H X H NoQ
@ @ o U
th <

@
o
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Cpeo 151072 pF.cm™2
g 0.9 V

H o 0.5

Vo 2.5V

Ry 5.7 R

M 190 cm2/V.s
8 : 5 Jl.cm

d/a 7.8

Rpson 5.85 A1

Vason . 3.5V

. , 6.75-10’3 cm®
%a © 1.5.107 cn®

For the VVMOS switching circuits with resistive,resistive-
inductive,and resistive-inductive-capacitive loads the simuléted
terminal waveforms comprised the gate to source voltage Vés,the

- gate current IG,the dr#in to source‘voltage VD ,the drain current

ID,and the drain to source capacitance CDS.Whveforms are shown in

Ves (V) _ Is(A)

33E+00 =

r3E+00 —

STE+00 ~ ;
L -2.01E-027

-3, 445-03%
) t6

Y 8.91E-08 ' 2.67E-07 4.4BE-07 6.24E-07 B.02E-07 9.80E~07 " 8.91E-08 2.67E~07 4.4%E-07 6.20E-07 B.02E-07 ¥.BOE-0

PIESO0 —

- are a, -

Kl R i i I\ !

-

a)Gate to source voltage b)Gate current

“FIGURE(A.B) Simulated switching waveforms related to the input

side of the VVMOS switching circuit with resistive load
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$(:

J

i " 8.91E-0B 2.67E-07 4.4SE-07 6.28E-07 B8.02E-07 7. S0E-

-

L
' 8.91E-08  2.67E-07

b)Drain current

+(sec)

4.85E-07 6.248-07 C.02E-07 ?.30E-07

¢)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),(4.9),(#.10),and (4o11).Figures (4.8) and (4.9) show -
the gate to source voltage,gate current,the drain to source voltage,
drain current,and dr;in to source capacitance waveforms,respectively,
for the resistive load.The turh-on part(of the switching cycle begins
with a short delay,while V

This is followed by a plateau phase,where Vg is approximately

GS

rises rapidly to the threshold voitage.
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aE. - z.szs—ozi-
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* 3.91E-0B 2.67E-07 4.4SE-07 6.24E-07 8.02E-07' 9.80E-i7 ° * B.91E~08 2.67E-07 4.4%E-07 &.28E-07 B.02E-07 F.E0E-0
- a)Drain to source voltage ; b)Drain current
. Cos (F)

13- "

“

573115

A /\ﬁ

- -{l;(sm;)

e g | 1

3.MERDE 2.675-37 4u4SE-07 6.20E-07 E.G2F=A7 SeZut=n7

1

¢)Drain to source capacitance

FIGURE(4.10) Simulated switching waveforms related to the outﬁut

side of the VVMOS switching circuit with resistive—inductive load

constant as the transistor passes through the pinch-off region,with

VDS falling and ID rising.Finally the device enters the resistance

region and V continues to charge towards the gate drive voltage,

Gs
while V . remains small and attains the value corresponding to the
ON—resistance,RDSON.A converse behavior results during the turn-off

phase as the VVMOS is driven initially from the resistance region



105'

into the cut-off State.The,output capacitance is a drain to source

voltage dependent junction capacitance as shown in Figure (4.9.c).

1.83E+01 ¢ Vbs (V) ! 1.455-\:;-_:__ Io(R)

t
:
H

i 1.465«»01;— 1.098-02L.
] .
3 e -
.1 i
! 7.265-03

' 1. 048401 !
T

60 27E+D0— 3.62€-03 -

; :
]
4 —

2. 11E+00— -1.03€~0%
:
; (sec) ¢

———t L T — 1 1 ! t . ) ——t b ; L, A 1 1{‘ (e
® 8.91E-08 2.67E-07 = 4-45E-07 6.20E-07 B.G2E-07 ©.80E-07 | ¥ 8.91E-08 2.G7E-07 4.4TE-07 6.24E-07' 3.026-07  ©.8O0E-U
. ; ; °
a)Drain to source voltage b)Drain current

Cos(F)
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5.266~115
i
3

i
3.75E-11 5

*
3

2.67€-115

'f.;(xc)

8.91E-08  2.567E-07 A.4SE-GT7 <.ZAE-OT  8.02E-07 S.30E-o7

i
1.90E-11 ¢
)

e Lo § N X

¢)Drain to source capacitance

FIGURE(4.11l) Simulated switching waveforms related to the output
side of the VVMOS switching circuit with 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 of slope

in VDs and ID during their transitions,the ringing and smooth VDS
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and ID shapes,;how 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
voltages are seen in thé drain to source capaéitance wave forms
because of their vDS dependent Jjunction capacitance characteriétics.
Calculated and simulated ringing frequencies and switching waveform
transition parameters of particular interest,such as 10 per cent to

90 per cent risetime and falltime are given in Table(4.4).

PABLE 4.4 Simulated and calculated VVMOS switching characteristics

Waveform Resistive load RL, load RLC load

Turn-on VGS tr 270 nsec 270 nsec 270 nsec
VDS tf 25 nsec 14 nsec 15 nsec

I, tr ' 25 nsec 133 nsec 125 nsec
Turn-off VGS tf 280 nsec 280 nsec 280.nsec
VDS tr 89 nsec '35 nsec 45 nsec

I, tf ’ ' 90 nsec 4O nsec 71 nsec
Simulated —_— . 4.88 MEz  3.74 MAz

Ringing freq. ‘
Calculated _ —_— 5.22 MHz 3.94 MHz
As a result it is seen that the simulated switching waveforms

correlate the desired results and this situation verifies the

accuracy of the modelling procedure.



107

L.3.2. VDMOS Transistors

In order to verify the validity of the VDMOé model for practical
swifching applications,waveform measurements were taken for the
transistor switching a resistive load,As the VDMOS switching
transistor,IRF139 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 terminal from an HP214B pulse generator with 25Jl source
impedanoe ano pulse-transition tihes of 11 nsec.Waveform measurements

were taken on a TPektronix oscilloscope with 250 MHz bandwidth.

TABLE 4.5 VDMOS (IRF130) Model Parameters (16)

Rq 0.005 AL
Ry 0.07
Cap 600 pF
Cas _ 550 pF
Cpso | 1100 pF
)] 0.9 V

H 0.5

'VT 3.4 V

B 1.1687
RG | 450
Rpson | 0.14 N
Vason A 10 v

cP 80 pF

The measurable terminal waveforms comprised the gate to source

voltage V the gate cuprent IG,the drain to source voltage V

@s Ds’
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and the drain current ID.Results are displayed in Figures (4.12) and
(4.14) . Figures (4.12.2a) and (4.14.a)—show detailed oséilloscOpe
photographs of the actual waveforms during the-turn-onAtransition
of the VDMOS transistor while’méﬁres (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(4.12) Oscilloscope measurements of V.. and I, waveforms

GS
related to the VDMOS switching circuit with resistive load

Vertical scales,VGS:2V/aiv.,IG:O.lA/div.

Nes (V) - . " Ts(R)

o o |

a)Gate to source voltage b)Gate current
FIGURE(4.13) Simulated switching waveforms related to the input

side of the VDMOS switching circuit wlth resistive load

switching waveforms are similar to those of VVMOS transistor that's

why the explanation given in section(4.2.1) is also valid for the

" B.91E-08 2.67E-07 4.45E-07 §.28E-07 8.02E-07 ©.80E-07

t(sec]
i
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a)Turn-on part b)Turn-off part

FIGURE(4.14) Oscilloscope measurements of Vos

related to the VDMOS switching circult with resistive load

and ID waveforms

Vertical scales,VDs:SV/div.,ID:1A/div.
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a)Drain to source voltage b)Drain current
FIGURE(4.15) 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 measurements under the same circuit
conditions.A good agreement is seen between the experimental-waveforms
and predictions based on the present model.Waveform details,such as
tﬁe v

gg Plateau,the change of slope in Vg during its transition,
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the smooth ID shape as well as the timing relatiqﬁs betwéen the

various voltages and currents,show .very good agreement,The sz

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 simpie 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 Measured Simulated

Turn-on VGS: tr . 122 nsec 116 nsec
VDS: tf 31 nséc 29 nsec
ID : tr - 36 nsec 33 nsec
IG : peak 0.3 A - 035 A

Turn-off Vi: tf . 108 nsec 107 nsec
VDS:;tr LI nsec 35 nsec
ID : tf _ L4 nsec 33 nsec
IG M Peak . —Oo35 A "‘0027 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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4e3.3. Complementary VDMOS Inverter

An n-dhannel enhancement VDMOS transistor,BST78,whose parameters
are given in Table(4.7),(24),and a 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 10V pulses were applied at the gate terminal from a

pulse generator with 100JL source impedance.

TABLE 4.7 N-~channel VDMOS transistor (BST78) parameters (24)

Rg o 0.5

Rp : B 0.7 N

Rg | 4.5 J

Cas | 75 pF

Cap 5 pF
Chso A 100 pF

¢ 0.9 V

H 0.5

Ve 3.4V
Rpson 154
Vason Jl0V |

ton <10 nsec
toff <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 (4.18),respectively, for every transistor.Here the

n-channel transistor drain to source voltage and drain current are
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a)Gate to source voltage R - b)Gate current
FIGURE(4.16) Simulated switching waveforms related to the n-channel

transistor in CVDMOS inverter
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a)Gate to source voltage b)Gate current

FIGURE(4.17) Simulated switching waveforms related to the p-channel

_transistor in CVDMOS inverter

the 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
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FIGURE(4.,18) Simulated switching waveforms related to the CVDMOS

inverter

the transistors pass through the pinch-off region VA falls and IDN

rises.Finally n-channel transistor emters the resistance region

while p-channel transistor enters the cut-off region and VGSN and

VGSP continue to charge towards the ON and OFF gate drive voltages,

respectively,while the output voltage reﬁains small and attains the

value corresponding to‘the n-channel transistor ON resistance.In the

Pinch-off region, supply‘ current attains the maximum value but in
the resistive region it has a small value again because of thé p-
channel MOS OFF resistance.A converse behavior results during thé
turnfoff phase of ihe inverter |

Wavefornm details,such as the change of slope in VA
transition,the spikes in IDNduring the pinch-off region and very
small values in the other regions;the variations of the gite to
source voltage and gate current waveforms,as well is the timing

relations between the various voltages and currents show very good

correlation.If the switching waveform transition parameters which

during its



TABLE 4.8 Simulated CVDMOS inverter switching characteristics

Wave form

Turn-on Vv : tr

GSN
VGSP:'tf
VA : tf
IDN : tr
Turn-off Vosy: f
VGSP: tr
VA - tr
IDN : tf

Simulated

31
31
18

9

31
31
27

9

nsec
nsec
nsec

nsec

ngec
nsec
nsec

nsec
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are given in Table(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. CORCLUSION

Large-signal models for transistors Qre necesséry tools for
device engineer and circuit desigger.Over the past few years &
number of models have been proposed.At large-signal levels a
transistor exhibits significant effects which can not be anal&zed
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.The non-linear model
which has received the most attention is the Ebers-Mdll 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 cbmplexity of the Ebers-Moll model.

In this thesis a newly devélOped time-variant linear large-
signal model (15) is applied to the bipolar and vertical VMOS-or DMOS-
transistors in the switching circults.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 inpgt is
driven by a square wave.In the vertical MOS transistors éhannei
conduction is proportional to the gate voltage.That's why a compléte
model is developed‘for the vertical MOS transistors.A rigorous‘
criterion for the accuracies of the models was set by evaluating thé
closeness of simultaneous matching between measurgments and slmulations
for all the accessible waveforms of the devices.The simulated
switching characteristics are obtained by changing fhe 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 chinged 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 characterisfics pertaining to a practical high-speed
switching circults.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 capacita#ce»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 within 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 correlation
obtalined between detailed simulated and measured switching
chéracteristics 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
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parameter acquisition and offers less computational costs.

In the BJT modelling procedure,modelling only the output side
of the transistor affects partially the accuracy of 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 of 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 depletioﬁ
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 "~ N-type base P-type collector .

Density
1)

y=0 x=0 . x=w z=0

FIGURE(A.1l) Excess minority-carrier distribution

The total hole density at the emitter edge of the base pb(0) can

be expressed as follows.
pb(O)::pbo.(exp(K.VEB)) (A.l.;)

where pb, is the equilibrium hole density,Vpp is the emitter to base

0
~voltage,and K= q/k.T.Therefore,the excess minority-carrier density (over

the equilibrium density),pb'(0),is given by
pb'(O)::pbb.(exp(K.VEB)—l) (A.1.2)

By a similar reasoning process,the excess minority carrier dehsity

at the collector edge of the base,pb'(w),can be defined as follows,
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pb'(')::pbo.(exp(K.VCB)-i) (A.1.3)

The excess minority~carrier concentrations in the p-type collector and

_emitter regions are given by
ne' (0)=ne . (exp(K.Vsp)-1) (A.1.4)

‘and

_1)

ne'(O)::neO.(exp(K.V (A.1.5)

CB)

Eq.(A.l;l) is accurate provided the majority éarrier concentration
ldn the injecting side of the p-n junction islnot increased by high level
effects.For narrow base transistors,the emitter junction will generally
be described by (A.}l.2) and (A.1l.5).However,in deep saturation,(A.1.3)
and (A.1.4) 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 of

the excess minority-carrier density gradients as follows.

dpb' dne'!
IEzqu '_Dpo ) —Dn. (A.loé)
dx x=0 dy =0
and
- dpb! dnc!
Iczﬁoq [ Dpo " '_Dno ] (A.lo?)
_ dx X=W dz z=0 :

where A is the cross-sectional area and Pp and Pn are the hole and
electron diffusion constant respectively.
Agsumption of a linear gradient in the base (the key simplification

of the Ebers-moll model) leads to the following expressions:

~ dpb! pb' (0)—pb"* (w)

(A.1.8)
dax X= 4 i
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dpb! ; —-1)— -
b _ _pbb(exp(KVEB) 1) pbo(exp(chB) 1) (1.1.9)
dx X=O —' .
and
dpb! dpb!
= (A.1.10)
dx |xzw dx |x=0
In the emitter and collector regions,these_expressions become
dne! -ne' (0) —neb : .
= = —2 (exp(KVp)-1) (A.1.11)
dy ¥y=0 Le Le
-and
dnc? -nc'(0) —nc,
= = « (exp(RV,)-1) (A.1.12)
dz )z=0 Lc Le

Whenm (A.1.9),(A.1.10),(A.1.11),and (A.1.12) are substituted into (A.1.6)
and (A.l.7) and the constants are conslidered,the emitter and collector

currents are given by

_a KV K.V |
IE__All(e EB 1)+A12(e CB-1) | (A.1f13)

c a1

o= Ay (eh VEBL)+a (" VeB-1) (A.1.18)

In their paper,Ebers and Moll defined the constants in these equations
in terms of the following measurable parameters.,
IEO :the saturation current of the emitter junction with zero

collector current.

ICO :the saturation current of the collector junction with zero
¥ emitter current.
o(N :the transistor current gain with emitter amnd collector

performing only their prescribed functioms.
o{ . ithe transistor current gain with the emitter énd collector

performing inverted functions.
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When: the constants in (A+l.13) and (A.1.}4) are expressed in terms of
these definitions,the standard Ebers and Moll relationship results,as

follows, -
1= EO (e VER—1)- I CO ,(e®cp) (A.1.15)
(1—o<N.o<I) (1-o<N.o<I)
and
-L_ T I -
1= BO  ((KeVgp gy €0 (KeVepy) (A.1.16)
(1—o<N.o<I) (l—oZR.KI) '
I + Ty + Iy=0 (A.1.17)

 These equations can be interpreted by a fairly simple electrical diagram,
as 1llustrated in Figure(A.,2).

SIS
Ar+lep N ler
I;— E o - Kl C eI,
Ipp Ior
B
I 1 I
B0 e (e"Epa) 1 €0 (X¥cB1)

I — —
EF y_ CF
(1-o{ . eX7) (1—oLye £5)

FIGURE(A.,2) Circuit representing equations

This equivalent eéuivalent circuit not only accurately represents

| therlarge-signal equations,bui 8lso provides a physical description of |
‘the action taking place within the devicé.The emitter current I, can
bg conceived of as bheing éomposed of fwo components:a componenf IEF

produced by the minority carriers injected from the emitter into base,

‘and a component cX;-I;p that results from a collected component of the
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current injected from the collector into the base.The pollectér current
I, also conslsts of emitted and collected components.

It is important to note thit,even ihougﬁ tﬁese relatiohships were
developed for large-signal operation,they are general and valid for all
4junction blas condltions.When both junctions are forward-bliased,the |
transistor is in the (ON) saturated mode;when the emitter is forward-
hiased‘and the collector reverse-blased,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 reducé
to those normally used to describe operation im 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.This model is shown in Figure(A.3).The
characterization of a transistor according to the model shown in
Figure(A.}} can be divided into two segments:a D.C. portion and an A.C.

portion (1).

CFF Cse
| | I
Cpp c
¥ IF
REE R R Ree
E o—1 37— ﬁ‘Jik A{JLWf {_F—— ¢
lE— v > —V Y
— N 2
I ::: I :::
R
I =T %1+ Iop U BB
= — K ©
I,= Top™ Yy lgy B

FIGURE(A.3) Complete Ebers-Moll model
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APPENDIX-B
VVYMOS (VERTICAL V-GROOVE MOS) TRANSISTORS

I. INTRODUCTION

Until several years ago,Fiald’Effect Transistors have been useful
‘only at low (<1W) power levels,ﬂhile'possessing many theoretical
advantages over their bipolar counterparts, the practicai limitations
in manufacturing high power dévices precluded FET's competing with BJT's
and SCR's iﬁ power applications.A major limitation was tﬁat FET's wers
v'strictly horizontal devices;so their current densities were muchvless
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
& lower yield and a reéulting higher cost.Medium power FET's were
therefore much costlier to fabricate than the bipolar coﬁnterparts,and .
high power FET's were even more impractical.
} Abnew FET technology has recently been developed to increase current
density and allow production of high .voltage,high current FET's.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 substraté,
which eventually becomes ihe drain and pfovides 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 junqﬁion,
which is mormally 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.L4) Cross section of a VVMOST channel

In operation,both the gate and drain are positive with respect to
" the source (and body).The gate produées an electrié field which 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 snbstrate(drain).Beqause current flow-in the form of electrons-
is entirely through N-type material,the VVMOST is & majority carrier
device.A greater gate voltage enhancqs a deeper channel,so the current
path from the drain to source is wider and current flow is increased.
As & result,the strueture 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 tha.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 failrly complex process involving at
least five masking steps and the posslibility of saturation currentxaecrease

with increasing drain to source voltage.
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IIT. COMPARISON OF VVMOS POWER 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

thrbugh the channel,which is induced on the top surface of the substrate.

S G D
Aluminum
Si 7/ Sioa
P '

Substrate and Body

FIGURE(A.5) The cross section of d conventional MOSFET

The vertical strucfure of VMOS gives it several important\advantages
over conventional MOS (16)
1) The length of the channel 1s\determined by diffusion depths,which-
are much more controllable than the mask spacings used to define the '
channel length of conventional MOS,s0 the width/length ratio of the channel
-which determines current density-is greater.
2) Each V-groove creates two channels,s0 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 thé gate and drain are kept to a minimum.Extra gaté-dfain overlap
must be allowed in conventional MOSFET's to guard against mask-
migalignment,which increases the source-gate and'gate-drain
capacitance. ‘ |

5) The VVMOST epi—layer,absorbs'the depletion region from the re#erée
biased body-drain P-N diode,and therefore greatly increases the
breakdown voltage while 1t has only & minimal effect on other device
pargmeters‘(other than adding a series resistance).To fabricate a
high voltage MOSFET the body region must be 1lightly 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 characterisiics of VVMOST are similar to a conventional

MOSFET with several exceptions,The ouﬁput‘conductance is low because of
the buffering effect of the epi-region,and the gpis constant above &
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 of the consequences resulting from this velocity
saturation.The others can be expressed as:The output characteristics
assume a constant'current plateau,the_forward transconductanée saturates,
and most important,a linear transfer characteristic results.The gy of

- a conventional (long channel) MOSFET is proportional to the gate voltage;

drain current is therefore proportional to (Vés).
IV, COMPARISON OF VVMOS POWER TRANSISTORS WITH BJTs

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,



no thermal runaway and a greétly inhibited sécondary breakdowﬁ

characferistlc,éll of which are contributing to the spectacular rise in

the popularity of the VVMOS power FET.
Puring the initial phase 61 congstruction VVMOST closely resembles

the double-diffused epitaxial power bipolar transistor.Both begin ﬁith

an N'substrate and an N epitaxial into which is first diffused a P ahﬂ

then an N+1ayer forming a four-layer structure.One distingulshing feature

of VVMOST,as shown in Figure(A.6),is the anisotropically etched V-groove
cutAnormally to the surface that extends through both the N+,P and intd
the N epitaxial region.By virtue of‘this»v-grpove an oxide-insulated

.ggte 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 Nfepi,offers an interrupted,low resistance current path devoid.of

the thermal problems associated with the typical power bipqlar transistors.
The vertical VMOST étructure,like the power bipolar transistor,offers

a large surface area for source metal and the entire backside of the chip

fér the drain.This is of great impbrtance ag it allows maximup current

carrying capacity unavailablé to a non-vertical structufe.
Of the advantages that VVMOST has compared to bipolars,many are

well known in small{signal applications but many others are apparent

only at higher power levels.They inciude:

1) High input impedance-low drive current.The "beta" of a VVMOST device
(the output current divided by the ;nput current) is therefore over
109.Since the resultaﬁt drive power is-negligible.

2) No minority carrier storage time,VVMOST is.a ma jority carfier device-
its charge carriers are controlled by electric fields,rather than
the physical injection and extraction (ér recombination) of minority

@arriers in the active region.The switching delay time is small
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and is caused primarily by external parasitic elements.

3) No failure from secondary breakdown or current hogging.Since the
temperature coefficient of the VVMOST drain to source ON voltage
1s-posi£ive (a bipolar's is negative),VVMOST draws less current as
the device heats up.If the current density were to increase at ohe

_particular point of the channel,the temperature rises and the current
decreases.The current automatically equalizes throughout the chip,
80 no hot spots or current crowding-which eventually leads to failure
in a bipolar,can develop.Similarly,current is automatically shared

between paralleled devices s0 no ballasting resistors are needed.

FIGURE(A.6) A comparison of a four-layer bipolar transistor with VVMOST

Operationally,VVMOSf is unique among power transistors.Channel
conductioh is proportional to gate voltage,not to any sort of injection
current, typical of fhe-bipolar transistor.Whatever input current that
~does exist beyond that attribﬁted to leakage may be ldentified 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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COMPUTER PROGRAMS

)) AIL( ﬂHJ.R'“UO).

D g

P o S RS

SHITCHING |IPCUIT$

& . ANALiSIS OF BJT

= WITH

ke RESISTIVE-THDICTIVE-CARACITIVE 1.OAD
= BY USING

% TIME-VARIANT lINEnR BJT HHUH

N e et e i)

IHH‘I;EI"\
AT A

VN
T1,TROM, TS, TROFF/1.E~5, 2

DATA EON, VG, RET.CEMIN/2,,.7, 1301..3 E-11/
DATA VOO, VCES, RMAX/12.,.2, 4.7/
DATA RNIN CHAX, CHTM/ .2, 6. 2B~ 160, 32, 86-12/
. DATA RILALL,CL.2N/230.,0,,0., 100/
I DA ﬁl,ALl,CI,XN Gy 0., 100/
o 0aTh Ri.ALL,CL, X -4, 10 E-12, 100/
UFIT—lT/XN
c
[ =
cC FUNCTION OF SW:
c 1YIF SW=1.,RELATED VALUES & CURVES ARE TO EBE
[ UBTAINED AT THE 0UTPUT
[ 2VIF SW HAS A DIFFERENT VALUE.ONLY RELATED.
[ CURVES ARE TD BE OBTAINED AT THE QUTFUT
[ HEEABEEEEND
C bt I I Y I IR T T
2 "EE"(EON “VEE)=(1.-EXP((~1.%DELT)/(RET=CEMIN)})
% +VGE
IF(VEE.GE.VG) GO TO 1
I=1+1
Til)=T(1-1)+DELY
(0] mn oz
! TOON=T (1)
-~
[
VO1=vCe
voz
Alol=n,
T1=TDON+TRON
T2=TT/2.4TS
TS=T2+TROFF
s ==% TURN-ON DELAY REGION ssssssmssiss
C FREERREAEEFERRRRES ERARBRUR SR AT R BRI
IF(SW.EQ.1.) GO TO 100
60 TQ 200 .
100 URITE(E, 3) -
WRITE(4, 4)
WRITE(&, 5)
URITE(4,5)
200 CONVINUE
1S R(I)=RMAX
C(I)=CMIN
-

<

COMTTHUE

[F(ALL1.ER.O.) GO TO 7

530 T 2

CONT [NUE .

CALL BJTRC(I,VCC.VCES, V01,V02,R,R1,C,C1,AlLL,
$A12,A13,A16,AT1,AT2)

AL (1) =A12+A1Z=EXP (-1 #A11#DELT).
VCIIY=ATI+ATZHEXF (~1.2(1, /(R(1)=C(1)))=0ELT) +
PALESEXF (-1, %A1 LSDELT)

GO TO 14
8 CONTINLE

IF{R1.EQ,0) 30 T2 9

AIOL=(VOZ/R1)=(1, -EXP(-1.%(R1/ALL)*DELT) )+
FALOLSEXP(—1. = (R1/AL1)SDELT)

GO 10 10

P

~t

BE-7,&.F-8,1.4E-7/

00

7 ALO1=(VO2/ALL)#DELT+AIOL
10 CONTINUE

CALL BJTRLCACI,VCC,VCES,VOL,V02, AT0L, KR,R1,C,
$I21, ALL, AAL, AAZ, AAS, AAG, ABL, AR2) . .
DT=ARL=#2. -4, %AR2 A

IF(OT.LT.O.) GO TO 11

IF(DT.GT.0.) G0 TO 12
CALL BJTRLCB(I,VCES,VOL,R, T, AAL, AAZ, AAZ,
$B1,E2,B3, FA11,BA2Z, BBL, BER)
AIL(I}=B1+(B2+BI#VELT)#EXP(—~1.=(AB1 /2. )<DELT)
V(D) =BAL14DBBLI=EXP(~1.#{1. /(R(1)Y=C (1)) )=DELT)A
3 (BR2+EAZIHDELT) #EXP(~1.=#(ABL1/2.)=NELT)

146 CONTINUE

IF(SW.E0. 1) GO TO 300

GG TO 400

300 URITE(S,13)TCD),VC(D),AIL(I).R(I),C(I), V0L,
$A101, DT

400 VOi1=VC(D)

VOR=VIT-VC(T)

I=1+1

T(I)=T(I-1)+DELT

IF(T(I1).GE.TDON) GO TO 14

GO TO 1S

11 CALL BJTRLCC(I,VCES,VO1,R,C,AAL, AAZ, AAZ, AN,
$AB1, AR2,C0,C13,C14,CAL,CB2,CR3,CC)

AIL(I)={AAAG/AB2) +2. %C13=EXP (~1. = (AR1/2. ) =DELT)
$¥COS(COXDELT)~2. *C14=%EXP(~1. % (AB1/2.)=DELT)
$=SIN(CO=DELT)

VC(I)=CAL+CCHEXP{~1.#(1./(R(1)=C(1)))=DELT)+CEI#
SEXP(~1,5(AB1/2. ) #DELT)®COS(COSDELT)Y-(1./C0) =
$CLLCE2EAR1) /2. ) DB°)‘EXP(—X *(A!l/n.)¢DFL1)
T=SIN(CO=DELT) -

GO TO 14

12 CALL BJTRLCD(I,VCES,VO1,R.C,AAL, ANZ, AATZ, AAT,
$AB1, AB2, D4, DAL, DR1, DB2, DB3, DC22, DIC32, DOL, DN2)
AIL(I)=DB1+DBZ§EXP(D4§DELT)+DB?§EXP(DA1kDELT)
VC(1)=DD1+DD2HEXP(-1.%(1. /(R(I (1) ))=RFILT) +
$UC22=EXP (D4#DELT) +DO32XEXP (DAL =DELT)

B30 TU 14

CONT INUE

IFCTCI) BELTL) GO 7O 17

wxpenpmrxs TURN-ON TRANSIENT PEPION HExe

R B2 R RN EHERER

Il !1+1

IFCI1.E0.1) THEN

GO T0 So00

ELSE

Ga TQ &00

EMDIF

CONTINUE

IF(SW.EG.1.) 30 TO 700

GO TO &00

WRITE(S,13)

WRITE(S,19)

WRITE(S,9)

WRITE(S,8)

RCII=RMAX=EXP(((T(I)=TDON)/TRON)=ALOG (RMIN/RMAX?

CCD=CMINEEXP(C(TC(I)Y-TDON) / TRON) =ALDG (CMAX/CHINY

GO 7O 20

CONTINUE

IF(T(I7.GE.T2) 60 TO 21

wxpxnnansgized SATURATION REGION =

FENPCERE AR RN NP RSN ERRD R SRR SRR
=12+1

IF(12,E2.1) THEN

GO 10 300

ELSE

GO TO 900

ENDIF

CONTINUE

IF(SW.ER.1.) GO TO 1000

GO TQ 700

WRITE(S,22)

WRITE(&, 22)

HRITE(S,S)

WRITE(4,6)

R{I)=RMIN

COI)=CMAX

G0 TO 20

CONTINUE

IF{T(I}.GE.T3) GO TO 24

AAG, AEL,

vz,

14

500

700

600

17

200

100Q

2

-
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é FﬂRMAT(lSXy’>¥§*>355§ 2X, 7=
-

I ® TURN-OEF [RANSIENT REGION #7, 2K, THE =X, ,
s 2x, - mEEEERs, 2X,
BTN 0 wes, X CHBEREERSEET)
Ir(IQ,Fn 1) THEN 13 FORMAT (15X, E9.4 2X,E®.4,2X.E10.4,2X,E?. 4, 2X
DN R AN I Ua 1) - tE10.4,2X,E10.4,2X,E10.4,2X,E£11.4,2X,E10.4)
£ 12 FORMAT(/, 12X, “THE TURN-ON TRANSIENT REGION: )
G0 T3 1200 19 FORMAT (12X, <™ 00 mm s uwmwnwiminmmnws nawnsy -
ENNIF 22 FORMAT(/, 12X, “THE SATURATION REGION: *)
1100 COHETHUE 22 FORMAT( 12X, 2" v inasunuunnsnmnnmnnnnnr)
IF(SW.ER. L. ) GO TOD 1200 25 FORMAT(/, 12X, “THE TURN-OFF TRANTIENT 7}
T 100 . 26 FORMAT(12X, WannERean TN
1300 WRITE (A, 25) 22 FORMAT(/, 12X, “THE CUT-OFF REGION:")
LJR‘ rE(l}.:(‘)) '29 FORMAT( l"!x IIlllllll"llllllll|llll|"ll|lllll|hll/)
WRITE(4,S) ’ 30 FORMAT(/, 12X, “THE TIHINP CAL'ULATIUN")
WRITE(E, &) 31 FORMAT (12X, 7sumpxmnme EEBEHERRERE )

1200 RC1)=RMINSEXF( ¢ (T(1)=T2) /TROFF) »ALOG(RMAX/RMINY) 32 FORMAT(/,28X, ‘DELT=TT/XN’,&X,” TDON “,5X,
CCU =CHAXSEXP( ((T( 1) ~T2) /TROFF) #ALOG(CMIN/CMAX) ) 37 T1=TDON+TRON<, 4X, “T2=IT/2+T3", 4X, " T3= 2+ IROFF )

B0 TO 20 23 FonnAT(gax'tuunuunnnun/'sx PET T P
24 CONTUHIE Gonmnunnnana NN, gy cnunnn wo gy, cwnn -3
Ir(1(1) ﬁF.Tl) aGa TH 27 24 FORMAT(28X,E10.4, 6X,E2.3, 5X, El;-b.4x £10.4, 4X |25 I I
I . . e . 36 FORMATC(/, 4?X;’THE RELATED DAMFING FRF“U[NI)
e P x 3 Sk e o o 37 FORMAT (48X, "HEXEspRsnsgssnne s fwe )
I4=14+1 38 FORMAT(/, 39X, "F=1. /(2.*PI?bQRT(Ale(PMINPPI)))—
IF(I4.ER. 1) THEN $E11.5, “MAZ)
G0 TD 1400 3% FORMAT(/, 25X, “RELATED CURVES FOR A BJT SWITCHING -,
ELSE 7 $7CIRCUIT WITH RESISTIVE-INDUCTIVE- PAPACITIVE 1LOAD )
GIF M 1S00 - 40 FURNAT(QSX,'§3§¥§¥5#§33§§§§§>k>*§. .
ENDIF . : C$uE EREAMBERAERRERT £ E
1400 CONTIMUE . } ’ 41 FDRMAT(/ oOX,’CURVE UF Vet TN
IF{SW.Em. 1.) GO TO 1400 42 FORMAT(GOX, ~Vomununumaunnnmnn ey
50 T2 1500 43 FORMAT(/,&0X, “CURVE OF AIL(I) VERSUS T(I)~")

1400 WRITE (4, 25) - 44 FORMAT (Z0X, 7M0nunnsunnneunnnnunnnunnnan sy

WRITE(S, 27) 45 FORMAT(/, 60X, “CURVE OF G(I) VERSUS T(I)7)
URITE (2 55 B FORMAT (GOX, #0000 300 100001000000 1ot e er vt )
WRIIE (&, &) 47 FORMAT(/, 80X, “CURVE OF CLOG(I) VERSUS T(I}-)

1500 Rel R 23 FORMATCGOX, 7 0wt i is o b vemin o e s aosst o n o ar 7 )
C(II=CMIN STOP
G0 T 20 END

27 FUNTIHHE
= moxzxappar TIMIMG CALCULATION shsxssssshazs N

WRITE (&, 20) °
WRITE(#,321)

WRITE(&,22)

URIIE(4,:33)
WRITE(S,34)DELT, TDON, T1,T2, T3

C suxmxs CALCULATION OF DAMPING FREDUENCY sxsxss
PI=3.14
CT=CHIN+CL
TD=SORT(AL1%:T)
IF(TD.ER.0.) 60 TO 35
F=(1,/(2.%PI%SORT(ALISCT)))/1.E6

c RELATED DAMPING FREQUENCY IS CALCULATED ONLY

C AT THE CUT-DFF REGION AS MEGAHERTZ
WRITE (6,36)
WRITE(S,37)
WRITE(S, 38)F

35 CONTINUE

[ BEEEEERREREEEED RELATEU CURVES §F¥5¥§§¥§¥§¥§§§
WRITE (5,39) )
WRITE(4,40)

CALL PLOT(111,445,T,VC, XN, 0, %")
URITE(E,41)

WRITE(&,42)

CALL PLOT(111,486,T,AIL, XN, 0, “%7)
WRITE(&, 42)

WRITE(sA, 44) -

CALL FPLDT(111,46,T,R, XN 3, 7))

WRITE(&, 45)

WRITE (&, 46)

CALL PLOT(11%,46,T,0, XN 3, %)

WRITE(&,47)

WRITE(&, 43)

[ EraxpsnsenEnnney FORMAT SECTION =
C HEEERAREE HEGEERERE R B RSN RN
2 FORMAT(/, 1"X.’THE TURN-ON DELAY REGION.’)

4 FORMAT (12X, “"ounnnmnnmunanumnouneawnns)

S FORMAT(/, 15X, “T{(SECOND)”, 2X, “VC(VOLTS) 7, 2X,
7 U_CAMPFRED 7, 2X, 7 ROOHMEZ) 7, 2X, 7 C(FARAD) 7,

S0, VOTIVOLIG) T, 20 o NO2VOL T 7, 21X,
IO LAMPERE) -, 2X, or )

o




]

I

w'PRuUTINE BITRP(I VP-yVEEDyVOI'VOL
FALL, AL2, AL, ALA, ATLATD)
RUH]INE IS U“EU FDR THE PA”E ﬂF ALI”O.

R,R1,C.C1,

DINFNQIUN R(200), C(300)
ZR1=C(L) #21#(VIZC-V02-VO1)

C()=(VCC-VO1)+R1EC1 = (VCC-VO2~-YCES)

=R1={(C(I)+C1)

iR
;i

ALO=AG/ AL

AL1=A7/AS

AlZs-1.=((All8el
A1Y=A12=R(T)
Al1S=-Al4
A1&=ALZ=R(II/Z (1. -ALI=R(I)=C(I))
M T=-Als

AL18=VCES

AlP=-A12

ATI=A1A4A12

ATZ-ATISFALT7+ALT VO L

RETURN

FHD

I EAS-ALLIZAP+AL10) /7ALL

FearscdoRdanENaEREN o AbR NN E RN HEY ARy

SURROUTINE BIIRLCA(I,VCC, VCES, V01,02, ALOL R,
SRI c,c1, ALI Ahl AA AAQ,AA4 ABI AB“)

Py £ 9K T

UIHLH’IHN R :uu) C(ﬂuo)

TROD) =ALIEC( 1) =015 (VUNE -VO1-Y02)
ROD)sRI=C{I) 20 (VOC-VO2~VO1) +ALISC1= (VLT
$-V02-VIZES) tATOLI SR (1) #ALL1=C (1)
AZ=R(I)*C(I1)=(VCC-VO1) +R1=CI=(VCC-VO2-VCED) +
EALG1=ALL

AV=VIC-VCES

AG=RUL)=ALL=(C(T) +21)
A=R(I)AR1=(CCI)+CL)+ALL

hhﬂrnd/AS

ARL=AL/ AT

ABR=AT7/AS

RETURH

€MD

E R e A S i ER LR R R S EE R S R S S S

SUDROUTINE RJITRILCE(I, VCES, V0L, R, T, AAL, AAZ, AAZ,

$AA4, ABL, B1,B2,B3,BAL1,BA33, EBL,BR2)
THIS SUBRIUTINE [E USED FOR THE CASE OF
DT=(ARI #x2. -3, 2AB2)=0.
e e S A L R S 2

OIMENS HN R(°00) C(300)
Bl=(4.%A0\4)/ (ARRL==2,)
=(~1,%(AR15=3, ) 2AAL+ (ARL =22, ) $AAR-4, 2AAR) /
F(ARL#=2.)
Be=((ARL=sxZ. ) =AAL-
3-2.2AMN) /(4. 2ABL)
BAL1=R(I)=B1+VCES
EALL
R(I)ﬁBQ)/(ABl?R(I)EC(I)—E.)

2. 5 (AB1EE2. YEAN2+A. 5ABLEAAZ

rR(I))/(2.—ABI§R(I)§C(I))
21 +EAZ1+VO1

RbTURN
END

ORCCI)Y/ CLARLER(T)Y =0T -2,

)

Felly i

o000

131

SUERUUFINE BJTRLZC(T, VI VoL, R, 0, AL, AAZ, AA
$AA4,AEL, ARZ, CO,C13,C14,0AL, CBZ, CEZ, C0)
THIZ SUBRHUTINE Iu SED FﬂR THE CAZE OF

ERPEEFEGRERBEN] 2 IS EEEEE RS S ST 3 ‘e
DIMENSIGN R(uOO) C(300)

CO=(1./2.)=SNRT (4. #AB2-(AE1=x32,))
Ci=(AB1/2.)%(3.#AB2-(AB1=%2.))
C2=CO#(AB1=%2, -AR2)

(ARL=%2,) /2. ~AB2

Lo=-1,=(AB1/2

Ce=C0

C7=((AR1%=2, )—4,=AE2) /2.
CE=C1HAAL+CIRNAZHCS%AASHAAS
AAL-CA=AAZ+CSHAAS

=07 An2, +CERR2,
8uC7-Lo9HCE
CR=C7+28xC4

C13=C11/C10

c1a=C12/C10

CAL=(ANA/AB2)=R(1)+VCES

CAR=-TAL
CRBI=((C13=R(III=(ABLI=RII=C(I)~2.)~-C14a%
$(R{I)=s=2.)=C(1)#2.8C0) / (ABZ#(R(1)=2.) %
S(C(II®=2, )-ARLIE#R(I)=#C(I)+1.)
-LCE1
CEZ=(2.=C0=C14#R( ) #(R(1)#C(]) =
PRC(I)#(CO==2, )BC1I2+ABL#CEB2=2 (ABZ=(R(I)
$—ARI®R(I)EC(II+1.)) /(2. = (AB2HR(1 )1 #=2,. #C([ ) ®&2, -
$AB1<R(I)=*C(I)+1.)) .

CC=CA2+CELI+VOL

RETURN
END

E1-2.

EEABRNEGEN

aUBRDUTINE BJTRLCD( I, VCEa,VOl R,,.AAI AAZ, AAZ.

$AA4, ARL,AB2, D4, DAL, DBY, DB2, DB2, DCZ22, DC3ER, DDL, 1O2)

THIS SUBRDUTINE IS USED FOR THE CAZE OF

DT=(ABI> 12 -4 5AB")gO

EEBLSER OGS
DIMEN“IHN R(°OO) C(QOO)
DO=(1./2.)#SART (ARL1 #=2. ~4, #AB2)
Dl=(AB1/2.)ﬁ(B.ﬁABZ—ABlﬁﬁz.)
D2=(AB1%x2,-AB2)*»D0

=(AB1#%2,) /2. -AB2~AB1 %00
D4=—1.*(ABI/2.)+DO
BS=2. D0
DAL= —l #(AB1/2.)-D0
DA2=(AB1=#2,) /2. ~AB2+AB1 %00
DB1=AAR/AB2

DE2=((D1+02) 5AAL+D3I*AAZ+DAEAASHAASL) / (DAEDS)
DE3Z=-1.#((D1-D2)%AA1+DAZHAAZ+DAL #AAZ+AAL) /
$(DAL=DT)

DC1i=DE1=R(I)

-bCc1t

1.8#(DB2xR(I1) )/ (1. +R(I)}EC(I)=D4)

0C31=-1.=(DB3=R(I)) /(1. +DALI*R(I1I=C(I))
Do32=-DC31

Do41=VCES

DCa2=-DCAL

oD1=0C1 140041
ROZ=DC12+DC21+ 0031 +0CAZ +V0 1

RETLRN

END

YA (RO ==
2. ) #(C(I) =
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100

110

20

70

150

10

- xLI\LILH'INl; FLIJF(IX Iy, X Y N HL, IFL)

X s LENGIN OF X AXIZ
oot oE Y o axes
: uF POINTS
Nt X J\X X <
e ;
Q NORNAL NﬂRMAL
1 f O x] LG
2 LOG NORMAL
3 NHhMAL LDP
wen 3 3

S10N v(.JU) Y (= OU) U(lll) V(.o) D(12),E(12)
IHAFAthR #1 A(SS, 1M11),F(111)=1, IFL =L

REAL MIM, MIN1,MAX,MAX1, INCX, INLY

Lo 794 1=1,56

0D 795 J=1,111

AL, ="~

s SO IHUE

IFCIX.GT. 111 0R.IXLLT.2) IX=111
LECIY BT SE.0R. IY.LT.2) IV=S4
IF(NL.ER, 1.OR.HL.ER. 2) THEN
27 I=t,N

X =ALOGLOCX(I))

CONTTHE

END IF

IF(NL.Ef. 1.0R.NL.ER.3) THEN
oo 29 I=1,N

VODI=ALAGLOCY (D))

CONTINUE

END IF

0o 12 I=1,1X%

F(ly="=*

2 CONTINUE

Do 22 I=1,IX,10

Fily="+"

CONTINUE

MIN=X(1)

MAX=X(1)

MINI=Y{(1)

MAXI=Y (1)

D3 T30 I=1,N-1

IF(XCI+1).GT.MAX) MAX=X(I+1)
IF(X(I+#1) LT MIN) MIN=X(I+1)
IF(Y(I+1).GT.MAXL) HMAX1=Y{(I+1)
IF(Y(I+1) LT.MINLY MINI=Y(I#+1)
CONT INUE

THCX=(MAX~-MIN) / (IX-1)
INCY=(MAX1-MIN1)/ (IY- 1)

WE1)=MIN

V1 )=MINL

0o 100 1=t, IX-1

UI+1)=U(1)+INCX

CONTINUE

DO 110 I=1,I¥-1

VI+1)=V(I)+INCY

CONT INLE

Do 70 I=1,N

M=1

DIFF=ABS{X(I)-J(1))

no g0 J=1,1X-t
IFCABS(X(I)~U(J+1)).LT.DIFF). THEN
DIFF=ABS(X{I)-U(J+1))

M=Jd+1

END IF

CONTINUE

L=1

DIFF1=ABS({Y(I)-V{1))

00 70 J=i,IY-1
IF(ABS{Y(I)-V(J+1}).LT.DIFF1) THEN
DIFFI=ABS(Y(1)-V(Jd+1))

L=j+1

gD IF

COHTINUE

AL M =IFL -

CONTINUE  °

L2=0

LZ=0

DD 150 I=1,1Y,5

La=L2+1

IF(HL.ER, 1 OR.NL.EGQ.2) DIL2)=10==V(])
IFOILLNE. 1.ANDLNLONE.2) DIL2)=VIT)
CONT INUE

0o 140 I=1,IX,10

L3=13+1

IF(NL.ER. 1. OR.NL.EE. ) E(L‘)—lO»KU(I)
IF(NL.ME. 1. ANDL MU MEL2) E(L2)=U(])
CTTTRILE

IFOHL EDL LR L EN.2) THEN

0o ag® 1=4,N

YOIYtnzsyY iy

Taz9 CONT(NUE

END IF

132

1F (NL.ED. 1. 0R.NL.ER.3) THEN

po 4?0 1=1,N

Y(1)=10==Y(1)
470 CONFINUE

END IF

K7=¢ (1Y=1)/5)535+1

IP=(1X=11/10+1

FRINT 200

po 120 I=1Y,1,-1

IF(1.EM.K7) THEN .

K7=K7-5

L=1/5¢+1

FRINT 200, DILY, (ALT, 0, J=1, IX)

Go 1o 120
END IF
PRINT «00.(A(I Jre
120 CONTINUE
FRINT 400, (F(1),1=
PRINT 450, (E(I), 1=
RETURN
300 FORMAT(1HL, /)
200 FORMAT(3X, 1PEL10. 2y
200 FORMAT.(14X%, 17,11
400 FORMAT{15X,111A1,
450 FORMAT(11X, ll(lPE
END

J=1,1X)

1, 1X)
1,1P)

1X, 7+, 111A1)
1A1)
/)
%.2,1X), 1PE®.2,/)
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IR

AM VMR DTEUT, TAPES=VNOZ, TAPES=
200), AIGCZ00), VT

2 (200)

OUTRUT

{;;,[lnunn)

EESIRGLB S EaRR b R ERER

ANAL {‘-IC aF vvnoszy

SHITCHING CIRCUITS =
B WITH A
B RESISTIVE-INIMUCTIVE-CAFACITIVE LIAD ®
* BY WUIING £
= TIing

VARIANT LINEAR VVMOST MODEL

BEESY
INTEGER XN K
DATA VDD, EON, EOFF,RG/12.,5.,-5.,2200./
OATA TT RDMAX/l E-4,3.E7/

DATA ¢ . OG0, RDO, VGB0/38.E-12, 20.E-12
DA FI H UT,Lns0/.9,.5,2.5, 15.6-2/
DATA A, ZA,RN/&.SE-Z2, 1.5E-3,5.7/

PATA R1,ALL, CL, XN/2R20., 0., 0., 100/

DATA RE, ALY, CL, XK/Q20. ,47 . E~5,0., 100/
DATA Rl,ALl,Cl;XN/EEO..47.E~6,15.E—l2.
DELT=TI/

R

X2

100/

= PENERAI EXFLAMNATIONS =<

FUNCT IO OF '\H‘
DIF SW=1..RELATED VALLUES
UETAINED AT THE OUTPUT
2)IF W HAS A DIFFERENT VALUE, ONLY

CURVES ARE TO BE NETAINED AT THE
Sh=1.

% CURVEZ ARE TD BE

RELATED
BUTFUT

> PROGRAM #xwnsw

14=0

1G=t

T(I-1)=0.

TC1)=0.

TI=Q.

E1=1./ ((RDO-RN) =(VGZ0-VT))
S+

=(ENN-VGS(I-1) ) /RG

AIG(I~-1)
vos(l-1)y=von
AID(I-1)=0.

L (I -1) =ROMAX
COS(I-1)=(CDSO/( (1. +VD:(I 1}Y/FLy==H) )= (A—ZA)
UUI'VUD

AlO1= 0.

s

IF(SW.EQ.1.) GO TO 100
GO 10 200
WRITE(&, 1)

HRITE{&,2)

WRITE(4,3)

WRITE(&, 4)

CONTINLE

RIS (1) =ROMAX

VGS (I )=(EON-VGS(I-1) )= (1. -EXP((~4. *(T(I)—TI))/
$(RG=CINL) ) Y +VGS(I~1)

TI=T(I)

CUNTINUSE -

IF(T(I).GE.TT/2.) GO TQ 3
ALG(I)=(EON-VGS(I)}/RG

GO TG & :

ALG(L) = (EQFF-VG3S(1) 1 /RG
CRS(I)=(CNS0/( (1. +VIS(I-1 ) /F 1) ®H) )% (A-ZA)
IF(ALLLLEG.0.) B30 T 7

GoTO S

CONTINUE

CALL. MOSRC (I, VDD, vot,voz,
$AL3, A14,ALE, AT)
AID(I)=A12+A13=EXF(—-1.=A11=DELT)

VIR (I)=A14 tATEEXP (~1.#(1. /(RDS(I1)®COS(1) ) )%
SDELT)+A14EEXP (-1, #A1 1%DELT)

RD3.R1,CD3,C1,A11,A12,

o0

C
c

153

30 D S0

S CONTINUE

2
10

500

300

4090

11

12

18

400

200

700

1S

[00

1100

=4

IF(R1.EQ.O.) 33 TQ

AIOLI=(VO2/R1Y=(L . ~EXP(~-1.(R1/AL)=DEL T ) ) #
TATOLEEXP(—~1.=(R1/AL L) =0ELT)

GO Tu 10

AIN1=(VO2/AL1)»DELT+ALIOL

CONT [NUE

CALL MOZRLCA(I,VDD,VO01,V0Z,AIO0L,RDS,RL, CDS,
301, ALL, AAL, AAZ, AAZ, ARG, AEL, ABR)

DT=AR1=%2. -4, #AB2

IF(DT.LT.0.) GO TO 11

IF(DT.GT.0.) Gt TD 12

CALL MD*RL!B(I V01, ROS, CO2, AAL, AN, AAZ, AN
$ABEL,P1, B2, B3, BALl, BAR3,BBL, BLD)

AID(I)=Bl+(B2+BS§DELT)§EXP(—1 S (AEL/ 2,

VOS(I)=BALlL4+BELI=EXP(~1, (1. /(RDBZ(] )=
$DELT) +(BB2+BA33=UELTI®EXP(~1. s (ARl

CONTINUE

IF(SW.ER. 1) GO TO 200

GO T 400

WRITE(S,13)T(I),VGE(D) ,AIG(I), VDS(D) L ATI(]D,
HROS(T),CD3(1),V01,V02,AT10L,DT

VOoL=VUsiI)

V02=vDD-VB3(1)

I=[+1

T =T(1-1)+DELT ;

IF(T(1).GE.TT/2.) GO TO 14

IFCVES(I-1)-VT).GE.VDS(I-1)) G0 {0 1S i

IF(VGS(I-1).6E.VT) GO TO 1é&

G T 17

CALL MOSRLCC(I,VO1,ROS,COS, AAL, AAZ, AAT
$AB2,C0,C12,C14,CA1,CB2,CR2, 1)

AIDCI)=(AA4/AB2) +2. #CI3*EXP (1.2 (ARL/2. ) =DELT)
FECOI(CO#DELT ) ~2. #C14REXP (-1, =({AE1/2. )= UFL 1Y
S=SIN(CO=DELT)

VDS L) =CAL+CC=EXP(~1. 5 (L. /(ROSCDY =0T ) yspol
CRZHEXP(—1. #(ABL/2. ) SDELT) SO OI0SNELT) - (1, /000
$(((CB2#AR1) /2. )-CBIIHEXP(~1.8(AEL1/ 2. )=DELT)
S#SIN(CO=DELT)

GG TO S00

CALL MOSRLCD(I,VO1,RDS, COS, AAL, AAZ.AAZ, AAL. AL,
$AB2, D4, DAL, DB1, DB2, DR2, DC11, DS L

AT =DB1+DRIEEXP (D4=DELT) +DEZEXF{IAL DL 1)

VD3SCI)=DC11+DDEXP (=1, # (1. /(ROSC1) =S (T Yy atist |
$+DC225EXP (D4=DELT) +DC32=EXFP (DAL®DELT)

G TO S00

CONT INUE
xEkpxpnrprnus PINCH-OFF RE![UN Bt

Y= LELT)
S SRR EY
/2.)=0ELT)

JAAd, ARt .

Il Il+1
IF(I1.EQ.1) THEN
GO TQ 400

ELZE
GO TO
ENDIF
TDON=T(I}

IF(SH.E0. 1.) GO TO 200
GO TO 700

WRITE(G, 1&)
WRITE(S,19) :
WRITE(S&,3)
WRITE(S,4)
ROSCI)=VDS(I-1) /7 (BT®((VGS(I-1)
CIN2=CIN14+ABS( ({VD3(I-1)-VDS(I
$VGS(1-2)) ) =CCD) ’
VGS(I)=(EON-VGS({I-1))= (1. ~EXP({(~1.=DELT)/ (RG*
$CIN2)Y) ) +VGES(I-1)

GO0 TO 20

CONTINUE

¥mEsrEExeExsxs RESISTIVE REGION xExsmxads
BRSPS NN RN E R R R NN B E G T
I2=1241

IF([2,E9.1) THEN

GO 7O 200

ELZE :
GO TO 1000 i o
ENDIF

700

=V ==l Y40
~2N/VGE(L~-1) -

TF=T(13-TDON .
IF(SW.EQ.1.) GO TO 1100 i
GD TO 1000 :
WRITE(&, 21)

WRITE (4. 22) ,

WRTIE(&, 3)



)=1. /7 (BT#(VFSCT-1)-UT)) +RN
[y (EOH-YES(1-1) )% (1. ~EXP({~1.=0ELT Y/ (RGs
BTIHZ) ) FUBS(I-1)

GOTw 20 E
14 0T nu =3 _‘j
o ATV
[
[FOUGE(I-1) - LE. vr> rn 23
I-1)=VT).LE.VOS(I~1)) GO TO C

‘fl“& RbeHN

2+1
IFCIZ.ED.
30 (0
ELSE
B30 M1
ENDIF
O THOE
IFCSULER L)
GO 1300
WRITE(E,21)
HURITE(S,22)
WRIVE(E,2)
WRITE(A.4)
RUS(I)=1. /(BT (VG5 (I-1)~VT))+RN
VIEEC D) = (EOFF=-VGS (I~ 1)) s (1, ~EXP((~1. 2DELT) / (RG>
N3) ) ) +VGS(1-1)

rm 20

iz=
1) THEN
300

1200

GOTO 1400

1400

1E00

[4=14+1
[F(I4.EQ. 1) THEH

GO TO LS00

ELZE

X o 1&00

EMHILF

TUN=T(T )~ (TOONH+TF)

FIMATF=T(1)~17/2

IF(SH.ER. 1. ) GO TO 1700

50 TO 14500

WREITE (&, 12)

WRITE(HB, 17)

WRITE(&.2)

WRIIE(S, 1)

ROS D) =VDE(I-1) /(BT= ((VES(I-1)~VT)==2.))+RN
CIN2=CINI+ARS (VDS (I~ 1)—VD;(I =21/ (VGS(I-1) -
5“b’(1 -2) 1) E0GD) .
=(EOFF-VGS(I-1))=(1. ~EXP({-1.#DELT)/ (RG>

1500

1700

1400

%CINi)))!VGT(I 1)
GO TO 20

EEES

Py

e CUT-OFF REGIQN se=xxysxxadxs

[r(Iu.EO 1) THEM
GO TO

1800

FLINIF
1800 TR=T(I)=(TDON+TF+TON)
TF=2TT-(TF+TON+TR)
IF(SV.EQ.L.) GO TO 2000
SO 10 IQU“
2000 WRITE (&, 26
URLTE(A.27)
WRITECE, )
URIIE(S, 4)
L300 RUSL LY =RUMAX
.J(I)=(EDFF"VGS(I"1))§(1.-EXP((—l.?DELT)/(Rcﬁ
BCIML) ) ) #VES(I-1)
S0 T 20
a2 FHNTINUE

HRI‘E(N
URITE(A, “)1UHN TF,. TON, TDOFF, TR, TOPF

- LA!L”KATI”H UF DAMPTIHG FREQUEHCY sexEss
SHAESE A AEER SRR SRS E
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DRT(AL1=CT)

IF(TD.EQ,O.) GO TO 32
F=(1./(2,sPI=S0RT{ALLI=CT) ) ) /L. ES
RELATED DAMFING FREQUENCY 2 CALIULATED DL ¢

AT THE CUT-OFF RESION A3 MEGAHERTZ
WRITE (&, 24)

URITE(4&, 35)

WRITE(&,26)F

IUNTINUE

NRITE(6.37)
WRITE(#»,38)
CALL FLOT(11L,46,T,VDS, XN,0,
WRITE(A, 39}

WRITE(4,40)

CALL PLOT(111,46,T,AID, XN,0.7%")
WRITE(4,41)

WRITE(5, 42)

CALL PLOT(I11, 44, T, VG5, XN, 0, "=27)
WRITE(4, 42)

WRITE (&, 44)

CAaLL PLOT(111,46,T,AIG, XN, 0, "=®7)
URITE(4,45)
WRITE(4, 45)

CALL FLOT(111,46,T,RDE
WRITE(S,47)
WRITE (&, 483)

CALL FLOT(111, 44, 7,005, XN, 3, “=)
WRITE (&, 4%)
WRITE(&,S0)
sraosnssnnpesss FORMAT

sy

» XN, 3, 7

®)

SECTION smwrxinsus

1 FHRMAT(/ lX,’THE TURN-ON DELAY REGION: 7)
2 FORMAT(1X, "Sorsssrcsusnshnnnns s )
3 FORMAT(/,3X, “T(SECOND) “, 2X, “VGS(VOLTS) <
$7IG(AMPERE) 7, 2X, “VDS(VILTS) 7, 2X, " ID(AMPERE ) -,
$2X, 7 RDS(OHMS) -, 2X, “CDS(FARAD) 7, 2X,
s’VDI(VDLTS)’,zx,'VOZ(VDLTS)’,2X,’IOI(AHPERE)'.
$2X, or 7}
4 FORMAT(3X, “susxsrnzs’, 2X) 7
$° EREEREeRnR’ DX, T HEEN}
§§§#!’,2X,’u§§ay EEEE 1) o
3 #Y, 2%, ‘EnuyErEgue’ 22X, T HREEBEESE
TEEEREEERe’ )

» 22X,

S"X
13 FORMAT(2X,E?.3,2X,E10.4
$E10.4
$E11.4,2X,ES.2)

y2X,E10.4,2X,E10.4, 2X,
»2X,E11.4,2X,E10.4,2X,E10. 4, 2X,E10. 4, 2X,

13 FORMATC/, 1X,
19 FORMAT(1X, ”
21 FDRMAT(/,lx.’THE REquTIVE RCUXON:“)
22 FORMAT(1X, "HssEssprsssuaynanenn)
26 FORMAT(/, 1X, “THE CUT-OFF REGION: )

‘THE PINLH OFF REFInN-’)

27 FORMAT(1X, ‘SEnpnssnusspgersRsn)

22 FORMAT(/, tX,“THE TIMING CALCULATION:”)

29 FORMAT(1X, "SEnRSAREERANRSERRRRRRESR" )

30 FORMAT(/,25X,” TDON “. 2%, TR ‘L, 2%,
$- TON ‘.2X,* TDOFF ~*,2X,~* TF “,
$2X, 7 TOFF )

31 FORMAT(25X, ‘#xusxxxxEs’ , 2X, “wsugasxssz, 2%,
B/ snaxapnN®’ , 2K, THXEFHERRET K, T GRE T
$2X, TEERSHEEMRBES)

32 FORMAT(25X,E10.4,2X,E10.4,2
3E10.4,2X,E10.4)

34 FORMAT(/,48X, THE RELATED DAMFING rrenuanrv ]

25 FORMAT (43X, “sexuwnmxs FEEEETEETY FEES )y

26 FORMAT (/, 40X, “F= l /(2.>PI»SDR|(AL16(CD- T1)) )=,
$£10.4, "MHZ")

37 FORMAT(/, 20X, "RELATED CURVES
%7 CIRCUIT WITH RESISTIVE-INDUCTIVE-CAFACITIVE
jeic] FOEHAT(EOX,’&>*§¥»#§§§§§
B ENCHPEREY e 33

FORMAT(/, SJX.’CURVE OF vDsScI) VERQU” T(I))
FORMAT (SSX, « 101100000 00000 s o0 e s ey
41 FORMAT(/,55X, CURVE OF AIDCI) VERSUS T(I)~)
FORMAT (S5, « " 10 601 600 a0 s 000 b v 0o s 04 s st i s 7 )

FORMAT(/, S5X, "CURVE OF VG3(1) VERSUZ T(I)")

44 FORMAT (SSX, 7"/ inanunmnamwnniuunawnanwn sy

FORMAT(/, 55X, "CURVE OF AIG(I S Ty )

44 FORMAT(SSY, ~"umuununnnumomuunannnnanann)

FORMAT (/, 55X, “CURVE OF RDSLOG(I) VERZUZ T(I))

FORMAT (SSX, © /"m0 s o mnn mown ey

FORMAT (/, 55X, "CURVE OF CDSLOG(I) VER TTY )

FORTIA T (S, = 1000 100 0000101000 0040103000 0000 00 0030 00 o0 se k0 ap s ob 0o

TR

END

X,E?.S.EX.E?.G.EX.

RIga]

32

FOR- A VWHMOST SUTICH) N »



[y Xrkvl

AN, AAL, ABL, BL,

TNAZ-2.#AA4) /(4. =ABL)

c
- AL L=0.
SENERGURANEARERET RN c
DIneE? (300}, CD3(300)
AZ=RDS (D) #R1ACOSC ) =C01=(VDD-VO1-V02)
AS=RDS( 1) =CDS (1} {(VRD-VO1)+R1=C1=(VDD-VO2)
1D
AL=ROS(I)=R1I=(CIS(I)+C1) .
A7=RD3(I)+R1
S=AZ/AG

ALD=AR/AG

H1E=AT7/AG

ALZTAL0/ALL
AlZ==1.=((All==2.)=2AS~A1 1 5AT+A10) /AL
AN1A=A122RD5(1)

AlS=-A14
ALA=(AISERIE(I) )/ (1. -ALI=RDS (1) =C05(1) )
A T7=-Ate

AT=ALS+ALT+VOL

RETURN

cun

DINENCIUN RDS Q) CUo(’OO)
AL1=RDS(I)*AL1=CDS( 1) #C1x(VDD-V02-V01)
A2=ROS(I) #R1=CDS( 1)1 =CLi=(VDD-VO1-VO2)+AL1%CL =

$(VDED-VO2)+AI01=RDS (1) =ALI=CDS(I) ~

A2=ROS(I1)=CDSC ) =(VRD-VOL1)+RL=C1=(VDD-VO2) +

tAI01=ALL

A4=VDD

AS=ROS (L) =AL1I=(CUS(I)+C1) c

A&=RD3 (1) =#R1#(CDS(I)+C1) +ALL

A7-RDS(I)+R1

AAL=AL/AS

ANZ=A2/AD

AAZ=AZR/AT

AM=AL/ADS

ABEL=AL/AD

ABZ=A7/AS

RETURN

END

B X b s S b 3.2 2] FRPEPEENEEERNIR

SUBROUT INE NHQRLCB(I Vﬂl RD .CDS, AAL, AAZ,

2,63, Ball, DAqo.Bel.BBz)~
THIS SUBROUFINE IS USED FOR THE CASE OF

DT=(ABL =#=2. -4, #ABR2)=0.

EEE o R A P 2

DIMENSION RDS(200),CDS(300)

Bl=(4.%AA8) / (ABl==2.)

B2=(—-1.#(ARL1#%3. )=AAL+ (ABL #x2

000

bl

. JEAAZ-AAR) /

$(AB1==2.)

B23={ (AB15=3. ) 5AN1 -2, # (ABI #%2. ) XAAR+4. BAB1®
BAL1=RDS(1)=B1

BA1Z=~BEAll -

BAZ21=(2.»RDS(1)%B2)/ (AB1*RDS(1)#CDS(1)~2.)
BA22=-BAZ1

RA21=(4. #BZs(RDS (1) ==2,Y=CDS(1))/ ((AB1XRDS(I)

BA32=(2.sB3=RDS(1)) /(2. -ABL=RDS (1) =CD3(1))
=BA1Z+BAZ1+BA31+V01

BA22+BAZ2

RETURN ’

END

135

oUE UUTINE MOZRLCC (1, VOL, RDY

$AA4;AB1, AB2,C0,C13,C14,CAL, CRZ, CF

THIZ SUBROUTINE IS USED FOR THE CAZE 0OF
. DT (ABI# —4.>ABﬂ){U

DIMENO[UN RD:("“O) CDz(200)
CO=(1./2.)%SART (4. #AB2~-(AB1#%2,))
C1=(AF1/2.)= (3. ¥AE2~(ABL==2.))

d 2. ~AE2)
2.-AB2

(AB1x%=2,)-4,2AB2) /2.
CE=C1=AAL+CI#AAZ+CIRAATHAAS
Co=C2xAA1~-CA=AAZ+CEHAAT
ClO=C7=%2, +C4ma2,
C11=C@=C7-C9=C4
C12=CPs1C7+C88C4

C14=C12/C10

CA1=(AA4/AB2)=RDS(TI)

CA2=~CAl

CR1= ((C13¥RUQ(I))#(AEl%RU'(I)bLU (I)=2.)-Clas
$(RD3 (1) =82, ) #COS(I) %2, #C0) / (ABZE(RDS( ) »=d. )=

$(CDS(1)Ex2
CB2=-1B1
CEZ=(2.#COXC145RDS (1) % (ROS( 1) =COS( ) 2ARL~2. ) +
24, #(RD3( 1) #x2, )CD3( 1) %(CO=®2, ) C13+ABL *CB2
$=(AB2% (RDS(1)352. )3 (CDS(1)#x%2, ) ~AE1=RDS (1) %
$SCOS(II+1,))/ (2. %(AB2#(RDS (1) 2, )= (COS(1)==2. )
$~AB1#RDS(I1)#CDS(I)+1.))

CC=CAZ+CBL+VO1

RETURN

END .
E 3 1ty it s R P P s3I 2oy
SUBROUTINE MOSRLCD(I,VO1,RDS,CDS, AAL, AA2, AAZ.
$AA4,ABR1, AB2, D4, DAL, DB, DR2, DB3, DC11, D22, DC32,
$0D)

THIS SUBROUTINE IS USED FOR THE CASE GOF
DT=(ARL=%2, -4, 2AE2) §0.

P A L L P P R T e A P SR E e
DIMENSION RDS(300),CDS(Z00)
DO=(1./2. )%SORT (AR »=2, -4, 5AE2)
D1=(AB1/2, )% (3, *AB2-AB1#32,)
D2=(AB1%%2, ~AB2) #D0
D2=(AB1¥%2. ) /2. ~AB2-AE15D0
Da=-1.%(AB1/2.)+DO

pS=2. %00

DAL=-1.#(ABL/2.)-DO
DA2=(AB1¥#2.) /2. -AB2+AE1#D0

DB1=AA4/AB2

DB2= ((D1+4D2) =AAL+D3HAA2+DA%AAT+HAAN) /

$(D4»DS)

DB3=-1, % ((D1-D2) *AAL+DA2=AAZ+DAL #AN3+
$AA4) / (DAL %DS)

DC11=DE1=RDS(I)

DCi2=-DC11

DC21=—1. »(DB2%RDS (1)) /(1. +RDS(I)*CDS( 1) =04)
DC21
1.#(DB3#RDS(I))/ (1. +DA1*RDS( 1) =C0OS(1))

< )-ABLIERDS([)=CDE(IN41.)

on= DL12+DC°1+DCJI+VOI
RETURN
END



100
200

17

20

FIamBatl D’ -(Hll PR, 1AL E‘J‘HUﬂ TAFLH UUHUT)

= ANALYSTS OF VUHG NITIHXNP PtREUI] ®
o Nl[H %
= REZISTIVE-INDUCTIVE--CAFAZITIVE LDAD X
= BY LS5 »
B TIMF VAR[ANT LXNEAR VUMUST HODE[ ®

INTEGER XN

DATA VLU, EON, EOFF,RI/20.,12.,0.,2%.5/

DATA T, XN, ROMAX/ 1 E~6, 100, 5. E7/

OATA » CGO, RDO, VGEO/SS0,E~12, 400.E~12. .14, 10, /
DATA FI.H,VT,EDSO/.#, -4, 11.E~10/
0aTA RG,CP,RO,RE/4.5, 20.E-12, .07, .005/
DATA R1,A11,21/5.,0.,0./7

LELT=TI/ XN

Fraunanersnr GENERAL EXFLANATIONS nmws: 4
Z’3##%!bi‘aﬁ%Qﬁﬁﬁﬁﬁﬁk?%ﬁ*‘%%ﬁ%’é*%

R TlUH GF SH: .

1) IF SU=1.,RELATED VALUEZ 2% CURVES ARE T BE
LETALHEDR AT THE QSIPUT

SVIF SW HAT A DIFFERENT VALUE,ONLY RELATED
URVES ARE TD BE OBTAINED AT THE QUTPUT

: PROGRAM samspxxss

F1y=0.
TI=0.
BET=1./(2.=(RIN-RS-RD) = (VGZ0-VT))

Viig (1 11r=0.
AIG{I -1)=(EOR-VES(I— 1))/Rb

vos(I-1)=vpn [
AlD(I-12=0, c

ROS(I-1)=ROMAX
CUS(I-1)=(CD30/ ¢ (1. +VD3( I~ ) /F[)=x) )CP
JO1=210

JO2-0.

mrxne TURN- ON DELAY REGION sr ¥
ES 332 ER P ET e P S T 1)
IFC3.ERLL.) GO TO 100

30 TR 200

WRITE(&, 1)

WRITE(A,2)

WRITE(S,3)

WRITE(4,4)

CONT INUE

RS (L) =REMAX
VGS(I)=(EON-VGS(I-1) )= (1, ~EXF({~1.5(T(I)~TL))/
FIRGTHCINLY ) ) #VGS(I~-1)

Ti=T(I)

CUONTIRUE

IF(TCL)LGE.TT/2.) GO TO 5

AUGCT) =(EON-VGS( T ) Y /RIST

G0OTO A

=] AIb(I)~(EﬁFF—Hbo(I))/RhT

7

2

CDS(1)=(CDS0/((1.+VDSCI-1)/F1)#=H) }+LF
IF(ALL.ER, Q) GD T 7

GO T2

CONTIHLE

CALL MOSRC(I,VDD,VO01,V02,RDS,R1,C05,C1,A11,A12,
TA1GE, ALY LA, AT)
ALDCIY=A1Z+ALIZEEXFP (1. sALIBDELT)
VOS(I)=A13+AT=EXP(-1. (1. /(RDS(1)=CD3(1)))=#DELT)+
FALGSEXP (-1, #All*DELT)

30 10 S00

CONTINUE

IF(R1.EQ.0.) B0 7O 2

[w]

136

ATOL=(VOR/RIIZ (L ~EXI =10 = (RLZAL I XDEL 1))
$ALOTSEXP(~1.%(R1/AL1)%DELT)
B30 TO 10
T AIOL=(VO2/ALL}SDELT+AIOL
10 CONTINUE
CALL MOZRLEACI, VDD, VO1,V02,A101, RDS, R1.CHS,
$C1,ALL, AAL, AAZ, AAZ, AAG, ABL, ABZ)
DT=AB1¥%2,~4, ¥AB2
IF(DT.LT.0.) 130 TO 11
IF(DT.GT.0.) GO TO 12
CALL MOSRLCB(I, V01, RDS3,CD3, AAL, AAZ2, AAZ, ANG,
$AR1,R1, B2, B2, BAl1L, BA33,BE1,BB2) o
AID(1) =B1+(B2+B3%DELT) ¥EXP(—1. ®x(AEL1/2.) =DELT)
VES(1)=BAL 1 +BB1*EXP(-1.#(1. /(RIS(I)=COS(I)) ) =DELT)
$(BB2+BA33SDELTIXEXF(~1. % (AB1/2. )®DELT)
500 CONTINUE
IF(ZW.ER. 1) GO TO 300
G0 TO 400
300 WRITE(&, 13)T(I),VGS(I),AIG(D), VDS(I), AIDCD) ,RUS(T)
$C03C1),V01,V02,A101, DT
400 VO1=VD3(1)
Vo2=v0p-vD3S{1)
I=l+1
T(1)=T(I-1) WDELT
IF(T(I).GE. TT/2.) GO TO 14
IF((VG5(I-1)-VT).GE.VDS(1~1)) GO TO 15
IF(VGS(1-1).GE.VT) GO TO 16
G0 TO 17
11 CALL MOSRLEC(I,VOL,RO3,CDS, AAL, AAZ, AAZ, ANG, AR,
$AB2. 00,013,514, 0A1, B2, 0R2, C0)
AID(I)=(ANA/AB2) +2, 5CIZHEXF (1. s (AR1/2.)=DELT)
$2CDNS(CO#DBELT) -2, #C148EAP(~1. 2 (AB1/2. ) =NFLT)
$=SIN(COSDELT)
VDS(I)=CAL+CCEXP (-1, % (1. /(RDS(I)SCDS(I)) I=DELT) +
$UB2EEXF{-1.#(AB1/2. )=DELT) =COS(CO%DELT) ~(1./C0) =
$( ((CB2=AB1) /2. )-CB3)HEXP(~1. % (AB1/2. ) =DELT)
853 IN(CO¥DELT)
G0 T3 S00
12 CALL MDSRLCD(I,VO1,RDS,CDS, AAL, AA2, AAZ, AAL, ARL,
$AE2, D4, DAL, DB1, DB2, DR32, DC11, DC22, DC22, 0D)
AID(1)=DE1+DBZ=EXF (D4*DELT) +DBI=EXP(DAL=DELT)
VOS(I)=0C11+DDXEXP (=1, ¥ (1. / (RDS(1)=COS(1)) ) =0ELT)
$+DC22=EXF (DI=DELT ) +DC32%EXP (DAL =DELT)
30 fO S00
16 CONTINUE

REEHEANREEEER AEERRERE RO R R R R
Il= Il+1
IF(I1.ER. 1) THEN
GO TQ &00
ELZE
GO TO 700
ENRIF
600 TDON=T(I)
IF(SW.ER.1.) GO TO 200
GO TOQ 700
800 WRITE(4,18)
WRITE(&, 19}
WRITE(&,3)
WRITE(S, 4)
700 RDS(II=VDS(I-1)/(BT#({VGS(]I~ 1)—VT)>‘E.))+R'
CINZ=CIN1+ABS{ ((VDS(I-1)-VD3S(1-2))/(V35(I-1)~
$VYG3(1-2)) ) =CGD)
VGS(I)=(EON-VGS(I-1) )% (1. -EXP({~1.=DELT)/(RGT=
SCINZ) )Y HVGS(I-1)
G0 TO 20

I2=12+1
IF(I2.EO.1) THEN
30 TG 200
ELSE
GO TO 1000
ENDIF
700 TF=T(I)-TOON
IF(SH.ER.1.) GO TO 1100
60 TO 1000

1100 WRITE(A,21)

WRITE(&, 22)
WRITE(A,2)
WRITE(&, 4)
1000 ROS(1)I=1 . /(BT (VGESUI-D=-VT)IRIIRD



e

o

Fal 1N

La

1200

1400

~1))2 (1 -EXP -1, sDELT) / (RGT

150 |I| e
LT T HUE
2 3 ?F'UND FAP1

E L2 Y T

TrE-caRNEES

IF(T(I).
IF{VE3(I-D) . LE.VT) DU TO 24
UD”(I 1))

lF((VGS(I 1)-VT) LE. Cﬁ Tn 25

FEEEEENE RN NN

130 TO 1200
ELSE
GO T0
ENDOIF
CONTINUE
IF(SW.ER. 1.) GO TQ
30 T2 1300
WRITE(S,21)
UIRLIELA, 22)
WRITE(&, 3)
WRIIE(A,4)

1300

1400

1300 ROS(I)I=1. /(BTH(VES(I-1)~VT) ) +RS+RI

UES(L)Y=(EQFF -VES (1~ 1))9(1.—EXF((-l.#DFLT)/(RhT§

SCINZ) 1) HVEE(I-1)

1500

1700

1400

al

24

1200

1900

232

B30T 20
r(INT IMUE
IR L

g PINCH ~0OFF REPIUN 4¥3§53§$b¥38§6

.3

14=14+1
{F(I4.€0.1) THEN
B0 TO 1500 -
FLZ3E
GooTC
ENDIF
TON=T (1) - (TDONLTF)
TOOFF=T(1)~-TT/2.
IF(SW.ER.1.) GO TO 1700
GOOTO 1400

WRITE(G, 18}

WRITE(4,17)

URITE(S,2)

WRITE(&,4)
ROS(I)=VRS({I~-1) /(ET®((VGS(I-1)1~-VT)==2.))+RE
CIN2=0INTIHABS ( ((VDS(I-1)-VDBS(I1-2)) /(VGS(I-1)—
YES(I-2) ) ) =C60) .

VGES(I )= (EOFF-VGS(I-1) )% (1. -EXF((~1.%DELT)/ (RGT*
$CINZ) ) I +VGS(I-1)

Go TO 20

CONTINUE

b s P T PUT—UFF REGION 8}kb)5§5585¥>}3
#RERE 230 :
15=15+1
IF(IS.E®@.1) THEN

GO TO 1300

ELSE

GO TO 1900

ENDIF

TR=T(1)—(TDON+TF+TON)

TOFF=TT-(TF+TON+TR)?

IF(SW.EQ.1.) GO TO 2000

G TO 1900

WRITE (&, 25)

URITE(&,27)

WRITE (&, 3)

WRITE(4,4)

RUS(I)=RUMAX

VGS{ 1) =(EOFF-VGS{I~1))=(1.-EXP((~1.%DELT)/(RGT*
SCINLY ) I+VGS(1-1)

G0 TO 20 ’

CONTINUE

?"»oby>§>>§#> TIMING PALCULATIHN CEEEEPEEENEEY

1600

3!

SEEEES

NRITE(é.QE)

WRITE(4,27)

WRITE(E, 200

WRITE(A,31)

NRITE(0.37)TUHN TF, TON, TOOFF, TR. TOFF

d .ALlULATIHN ﬁF DANPINP EPFﬁHENIY ’ﬁ“*ba

CT=CDS(I-1)+C1
PD=5RRT(AL1®CT)

aon

-C

[
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IF(FL.EN.O.) OO TO 22
F=(l./(2, 5P I=SORT (AL L =1 g
RELATED DAMFING FREQUENCY I= rnLLULAan G Y
AT THE CUT-0OFF REGION A3 MEGAHIRTZ
WRITE(4,34)
WRITE(A,3%)
WRITE(S,38)F
33 CONTINUE

HEAR RELATEU PURV
WRITE(&,37)
WRITE(S,33)
CALL FLOT(111,46,T,VDS, XN, O,
WRITE(4,39)

URITE (4, 40)

CALL PLOT(111,44,T,ALID, XN, 0, 57)
WRITE(&,41)

WRITE(4, 42)

CALL PLOT(114,46,T,VGS, XN, 0, "%7)
URITE(4,42)

WRITE(&, 44)

CAlLL PLOT(111,46,T, AIb,XN O, 87 )
WRITE(G, 45)

WREITE(S, 48)

CALL PLOT(111,46,7,RD5, XN, 2, ’=
HRITE(4,47)

WRITE(S, 48)

CALL PLOT(111,44, 7,005, %N, 3.7«
WRITE (&, 49)

WRITE(S,50)

’é?‘§§¥§5§§§8§§§8 FORMAT QEL‘TIUN

-3

AVIS

1 FUPMAT(/ 1X,’THE TUPN ON DELAY REPIHN- ]

2 FORMAT(1X, 7 oXEussgnusnegndanss LE B EBET )

3 FORMAT(/, 3X,’T(°ECOND) 2X, “VGEIVoLTE) 7, 2X,
$7IG(AMPERE) -, 2X, VD3 (VHLTS)’.Q » "

$2X, 7 RODS(OHME) 7, 2X, ‘CDS(FARAD) ", 2
$VOLIVOLTS) 7, 2X, “VO2(VOLTS) -
$2X, ¢ DT ‘)

4 FORMAT(3X, “mErsxgssx’, QX,’ﬁﬁp&obxbkg/
$/ EEnEEEEREg’ 2, THEEREEERERS 2
X, T xR .»*;*sx'
FreEEuREEEns , 2X, T EoERERENERT,
$IX, I EERERERR)

12 FORMAT(3X,E?.3,2X,E10.4,

$€10.4,2X,E11.4,2X,E10.4, 2X,E10Q

$E£11.4,2X,E32.2)

FORMAT(/, 1X, "THE PINCH-OFF REGLIOH: )

FURMAT(1X, " SEsERENRERENSoaRunxns’ )
FORMAT(/, 1X, “THE RESISTIVE REGION: )

FURMAT(1X, “RESE RS AN R GRS RS ER )

FORMAT(/, 1X, “THE CUT-OFF REGION: )

FORMAT(1X, ‘#orssExusan unysss’)
FORMAT(/, 1X, “THE TIMING CALCULATION: <)

Ve

»2X, 7101 (ANMPLERE)

-4,2X,E10.4, 2%
13
19
21
22
26
27
28

29 FORMAT(1X, "HeEsmExgXpgnsanernsnamygs )
30 FDPMAT(/ 25X, 7 TDON ‘2%, 7 TR R
TON “y2X,7 TDOFF ~,2X,” TF .

€2X, 7 TOFF ‘)

31 FORMAT(25X, *x@ernexxsn’ DX, "SExspsnnNgs’
S BEnARERABS DX, THEERRERENS, 2N, “BAFFCSEE
SN, IEREHRERBERS)

32 FORMAT(25X,E10.4,2X,E10.4,2X,E%.3,2X,E¥.3. 2X,

$€10.4,2X,E10.4)

34 FORMAT(/, 48X,’THE RELATED DAMPING FREQUENCY )

35 FORMAT (48X, "% snt e s XN NBEERPEESE
36 FURMAT(/, 40X, “F=1./(2, 5P I#SORT (AL L% (€D
$E10,4, "MHZ7)
37 FORMAT(/,20X, "RELATED CURVES FUR A VOMOS
57 SWITCHING CIRCUIT WITH RESISTIVE-THDUL 10
$“CAFACITIVE LOAD)
28 FORMAT("OX, ’3&*3#;*#&*24***)‘ 3
5%
ST EEBERNERERARERBET)
FORMAT (/, 55X, “CURVE OF VDS(1) VER
FORMAT (55X, 7 wn PN
FORMAT (7, 55X, “CURVE OF AID(I) VERSUS
FORMAT (55X, #1000 1 10221 o010
FORMAT (/, 55X
FORMAT (55X, -
FORMAT(/, 55X, “CURVE OF AIG(I)
FORMAT (55X,
FORMAT (/, 55X, *CURVE OF RDS
FORAT(3EX, 2o
FORMAT (/, S5X, “CURVE OF C
FUIRIIAT (5K o 7 100 00 1020 00w 00510 073000010
A D o
i

)

)

L R R T PR we ey

VERSUS T(I)7)

L T T N TR R R TR TR TR VR RT R PRUR VRN

44

2X, ‘oEngnssngns

2%,E10.4,2X,Et0.4, 2K,

Crry)s

A
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SOoonon

ONNNoOCOG0o T

100

FROGRAM AFL CTHY. DUTPUT, TAFES=INV, TAFEA=0UTPUT)
DINEHSTON TO200), RACI00) , RE(
FCL YL NACZO00)  VBIZ00), VOER(200) , v

ratistI 1), AT (Z00) , ATDNC300)

s P BT R R R T DS ey P P P TP TP Py
£l APPLICATION =
< 0
B TIME-VARIANT LINEAR VDMIST MOREL
= TGO

A CVOMDE INVERTER
3 EroonenaR ey

DATA
EERS

GER XN

DATA VDD, RI.EQGN,EQFF/10.,100,,10.,0./

DATA TT, XN, RDMAXN, RDMAXP/1.E-5, 100, 12,.E7,12.E7/
DATA CG3EN, CGDN,CPN/7S.E-12,S.E-127

TATA RDON,VGS0N/15.,10./

ODATA FIN,HN VTN, CDEON/.2,.5. 2.4, 100, E-12/
DATA RSM, REN,RGN/.0S,.7,4.5/

oM A COSFP, CSDFP/75.E-12,5.E-12/

OATA RDOP,VSEOR/1S., 10,/

palA FIP,HE, VTP,CDHUP,..,.5,—3.4.100.E—12/
DATA IzP,RDP, RGP/ .05, .7,4,5/

DELT=TT/XH

& GENCRAL EXPLANATIHN: =

FUNCTION OF - oN'

1)IF SW=1.,RELATED VALHLES & CURVES ARE TO BE c

DETAINED AT THE QUTPUT
2)IF SY HAS A DIFFERENT VALUE, ONLY RELATED
CURVES ARE TO BE UBTAINED AT THE NUTPUT

: ¥ C
E # EXFLANATION F THE PARAMETERS ==x@xs=
RACII=ROSN{(T) c
RB(I)=RD3P(I)

CA(I)=CDSNM(I)

CROIY=CRIFCL)

VA(I)=VD3IN(1)

VE(IY=VDIP(D)
3?3‘,:6.!“‘8353‘5*5*1'5EQ§§§§?€§I‘:§¥:§§§§§§§-§§§§k%*é?é§§§§§§
eerpEynesnEreprexsx PROGRAM Ses: grersnoERpEEns
INITIAL CONDITIONS:

R T e

1=2

11=02

12=0

12=0

140

15=0

16=0

17=0

18=0

BTN=1./(2.#(RDON-RSN~RDN)!(VGSON—VTN))
BIF~=ABS(1./ (2. #(RDOP~-RSP-RDP) ®(VG30P ~VTP) )) C
RGTN=R}+RGN c
RGTF=RI+RGF - c
CININ=CGSN+CGDN

CIMEN=CGSN+CGON

CIN1P=CGSP+CGDP

CIN3IP=CG3P+CGDP

T(I-1)=0.

VA(I-1)=vDD

YBR(I-1)=0.

AIDN(I-1)=0.

CA(I-1)=(CHSOM/( (1. +VACI-1) /FIN)==HR) )
CB(I-1)= (LD”OP/((l.-VB(I 1)/FIP)B2HP) ) -
VGSN(I-1)=0."

VIESP(I-1)=-VDD

RA(I-1)=RDMAXN
RE(I-1)=AES{1./(BTP=(VGSP(I-1)}-VTP) ) )+REP+RDP
ATGN(I~1)=(EON-VESN(T-1))/RGTN
ALGFR(I-1)=(EON-VDDO--VGEF(I~1)) /RGTP
IF(ZW.EG. L) 3O TO 100

GOOTw 200

URITE(A, 1)

WRITE(S, 2)

WRITE(S, 3)TCI-1),VGSN(I~1).AIGN(I-1).VA(I-1),
IAIDM(I-1) . RA(I-1),CA(I-1),VG3P(I-1),AL5P(I-1),
FVECI-1) . REC(I-1) . CRCI-1)

oan
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200 CONTIMUE
GO TQ 4
27 CONTINUE
IF(T(I).GE.TT/2.) GO TO &
AIGN(I)=(EON-VGSN(1)) /RETHN
50 TO 4
AIGNCT ) =(EOFF~VGSN(11)/RGTN
CONTINUE
CALL INVERT(I,VDD,VA,VE,RA,RE,CA,CB,AL.AZ. A7,
%Fl F2,F2,F4,H1,H3,H4,HS, HE)
AIDN(I)=F1+F2=EXP(—1.=Al =DELT)+F3EXF (-1, =A0~
SDELT) +FA=EXP(-1.%A7=0ELT)
VAT )=H1+HE=EXP (~1 . #ALSDEL T ) +H2:DELTSEXF(~ 1, Al =
SDELT) +HAREXP (-1, #AZ2DELT ) +HI=EXP (~1. #A7=DELT)
VB(I)=VA(I)-VDD
IF(SW.ER.1.) GO TO 200
GO 7O 400
200 WRITE(S,3)T(I),VGSN(I),AIGN(I), VA(I).AIDN(I),
$RA(I) ,CA(I),VGSP(I), AIGP(1),VEB(I),RE(I),CE(])
400 I=I+1
4 T()=T(I-1)+DELT
IF(T(I).GE.TT) GO TO 7
CACI)=(CDSON/ ( (1. +VA(I-1)/FIN) #eHN) )
CB(I)=(CDSOP/ ((1.-VB(I-1)/FIP)==HF))
IF(T(I).BE.TT/2.) GO0 TO B
IF(VGSP(I-1).GE.VTF) 60 TO 9
IFC(VEEP(I-1)-VTP).GE.VB(I-1)) GO T 10O
GO TO 1t :
8 CONTINUE
HALF PERIOD
IF({VGSPII=IT=UTFY.LE,;VETI=1)) GO TO 12
IF(VGSFUI-1) .LE.VTF) GO TOD 13
GO TO 14
11 CONTINUE
THE FIRST REGION:
MU e
P-CHANNEL VDMO3T:RESISTIVE REGION
IF(SW.ED.1.) GO TO S00
G0 TO 600 .
S00 URITE(A,15)
: WRITE(4,1&)
WRITE(A,17)
&00 RB(I)=ABS(1./(BTPX(VGSP(I-1)~VTP)))+RSF+RDF
V3SR (1) =(EON-VDD~-VG3F (1-1) )% (1, ~EXP({~1.=#DELT)/
$(RGTP=CINGP) } ) +VGSP(I-1]
22 CONTINUE
IF(T(1).GE.TT/2.) GO TO 18
AIGP (1) =(EON-VDD-VG3P (1)) /RGTF -
IF(VGEN{1-1).LE.VTN) GO TO 19
IFC(VOENCI-1)-VTN) .3E. VACI-1)) GO T 20
G0 TO 21
18 AIGP(I1)=(EQOFF-VDD-VGSF(I))/RGTP
IF(VGEN(I~-1).LE.VTN) GO TO 22
IF((VGEN(I-1)-VTN).LE.VA(I-1)) GO TO 23
GO TO 24
10 CONTINUE
THE SECOND REGION:

L L A R R R T R TN

ot

P~CHANNEL' VDMOST:PINCH-0OFF REGION
Ii=I1+1
IF(I1.ER.1) GO TO 700
GO TO 200
700 TDOFFF=T(1)
200 CONTINUE
: IF({SW.EQ.1.) GO TO 900
GO 7O 1000
700 WRITE(&,25)
WRITE(S,26)
WRITE(&,27)
1000 RB(I)=ABS(VB{I-1)/(BTP=((VGEP{I~1)~-VTP)=x2. )} ) +Rl
CIN2P=CINIFP+ABS({ ((VB(I-1)-VB(I-2))/(VG3F(1-1) -
$VGSP(1-2))) CGDF)
VGSP(1)=(EON-VDD-VGSP(I~1))# (1. ~EXF{{~1,=DELT)/
$ (ROTP=CINZP) ) )+VGSP(I-1)
GO TO 28
7 CONTINUE
THE THIRD REGION:
on

PO S e e

P-CHANNEL. VDMOST:CUT-OFF REGION
I2=12+1

IF(I2.EQ.1) GO TO 1100

GNTo 1200

1100 TRF=T(I)-TDOFFF



1200 CONTUIIE
IF (W ED, 1)
[ LX)

Gl 1O 1300
L

1200

VIR

Dy HALF FER['IH

AMLEL VDM T CUT-0FF REGICON
1500

[F(SW,Eq L
(R S I ¥
WRITE
WURITE
WRITE (A, 31)

1500 REOL ) =RIMAXF

<) OGOOTO

1500

7
¢

U [
THE FORTH REGION:
BHRERR R
F~CHANNEL VOMOST: FINCH-QFF REGION
12+t
IF( 1Z.EQ.1)
50 TO U200
TOFFF=T(I )—(TDOFFF‘4 TRP)
TOONP=TC(I) -TT/2.
CONT IPRIE
IF e e
GOTO 2
URITE
WRITE
WRITE
RECD=ARS(VRII-1) /(BTP=S ((VGSP(1-1)-VTP)##2.) ) ) +RSP
CIMZP=CINIFrARS(((VB(I-1)-VB(I-2) )/ (VQRSPLI-1) ~
F(I-2)))=CGNF)
VGEP( D) ={EOFF~VDD-VGSP(I-1) )= (1. ~EXP((—1.=2DELT)/

e N2P) )IFVIGIRP(I-1)

13

e Ew iyl

GO 7O 1700
1704

La00 .
B0 TG 1700

1.}

1700

2000

CONTIIN |E .
‘H REGION:
Han e
= F-ZHAMNEL VIFODST: RE“I.:-TI'JE REGION
I3=13+1

IF(I4.E@. 1) GO TO 2100

30 0 2200

TEP=T( 1) - (TOOFFP+TRF +TLIFI‘P)
TOR=TT-C(TRP ¢ TOFFP+IFF)

CONT HHUE .
IF(Su <1.) 50 TG 2300

GO TO 2400

WRITE(4,.24)

WRITE(A,35)

WRITE(E,17)
RE(D)=ARS(1./(BTPR(VGEP(1—-1)-VIP)))+RSP+RDF
VGIP (1) =(EQFF-VDD~-VGEP(I-1))# (1, -EXP((-1.%DELT)/
S(RGTP=CINGP) ) Y+VGSP(I-1)

30 TQ 23
1% CONTINUE )
" N-CHANNEL VDMOST:CUT-0OFF REGION

[F(3W.E0.1.) GO TO 2J00
GO TO 2600
WRITE(A,26)
WRITE(E. Y1)
WRITE 2
RA( L) =RDMAXN . .
VEEH(T 3= (EOH--VEIN(I-1 )8 (1. ~EXF((~1.=DELT)/ (ROTN=
TUINING 3 ) #VSSNCE-1)

SoTo 37

COMTITRIE
o M-CHANNFL. VDMOET: FINCH-0OFF REGION

1=l

IFCIS.EC. 1) GO TQ 2700
[ I

FLott= T(I)
COMTIMUE

IF(sW.EQ.L.) GO To 2900

GTO O ¥
WRITE
e T Ve
[ZLE0 3 R SRR

2100

2200

2300

2400

[y

2700
2300

2900

159

3000 RACII=VACI=1) /(BTN ({VGREH{T-1)-YTI) =
CIMZN=CININFADS O C(VACI=1)=VACT=2)) 7 (V
SYUGSH([~2)) ) =CGUN)
VGSH (DY = (EON-VGSN(1-1) )= (1. ~EXF((-1.
SCINZND )Y +VGENC(I-1)
GO TO 27
CONTITNE
CHANNEL VOMOST:RESISTIVE RESION
Léa=lé+t
IF(I~.EN.1) GO TO
GOOTO 2200
TEN=T(1)-TODONN
CONTINUE
IF(SW.ER. 1.) 50 TO 3300
G0 TO 3400
WRITE(4, 39)
WRITE(5, 1)
WRITE(S,2)
RA(I)=1./(BTN#(VGEN(I~1)=VTH) ) +RSHA RON
VESN( 1) = (EON-VOEN(I-1)) = (1, ~EXP((~1. #NELT),
$ (RGTN=CINZN) ) ) +VGEN(I~1)
GO TO 27
CONT [NUE
N-CHANNEL VDMOST:RESISTIVE REGION
IF(SW.ER. 1.) 30 TO 3500
GD TO 3600
WRITE(4,279)
WRITE(E, 1)
WRITE(&,2)
RACT)=1./(BTN®(VGEN(I~1)~VTH) ) +REN4RON
VBEN(1)=(EQFF-VGSN(Ir1))# (1. ~EXP((~1.=DELT) /
${RGTNECINSN) ) ) +VGEN(I-1)
GQ 1O 37
CONT INUE
c N-CHANNEL ‘VDMOST: PINCH-OFF REGION
17=17+1
IF(I7.ED.1) GO TO 3700
GO TO 3200
TONN=T ( 1) ~{ TDONN+TFN)
TDOFFH=T(1)-TT/2.
CONTINVE - .
IF(SW.EQ.1.) GO TO 3900
GO TO 4000
URITE(4,33)
WRITE (G, 1) .
WRITE(&,2)
RA(T)=VA(I~1)/(BTN® ((VGSN(I~1)~VTN)Ysx2, ) 14RTN
CIMN2N=CININ+ABS( ( (VA(I~1)=YA(I-2))/ (UGSN(I~-1) -
SVGEN(1-2) } ) ®CGDN)
VGSH(I)=(EDFF-VGEN(I~1) )5 (1. -EXP((-1,=DELT) / (RGTH:
SCINZND ) ) +VGSNCI-1)
GO TO =7
22 CONTIHNE
C N-CHANNEL VDMOST:CUT-OFF REGION
I8=19+1
IF¢IS.EN.1) GO TO 4100
GO TO 4200 .
TRN=T ¢ [)~( TDONN+TFN+TONN)
TOFFH=TT—( TEN+TONN+TRN)
CONTINUE
IF(SW.EA.1.) GO TO 4300
GO TO 4400
HRITE(5,38)
WRITE(&, 1)
WRITE(&,2)
RACI)=RDMAXN
VGSN(I)=(EOFF-=VGSN{I=-1))# (L. —EXF({~1, «DELT) /(RG1FI-
$CINIH) 1) +VGSN(I-1)
GO TO 37
7 CONTINUE
c smxerpennasns TIMING CALCULATICON ss¥rwx
[ BENE AR RN RN RN NN R r e e RE Ry
WRITE(S, 30)
WRITE (&, 41)
WRITE(E, 42)
WRITE(4, 43)
WRITE (&, 44) TOONN, TFN, TONN, TOOFFN, TRN, TOFFN
HWRITE( £, 45)
WRITE(S, 46)
WRITE(#,47)

e I R R ] |
THOT-1) -

~UELT) /7 (ReGiird

2100

2300

(]

3700

3800

3700

4000

4100

4200

4300

4400

M WRITE (&, 42)

URITE (4, 49)TBOFFP, TRP, TOFFF, TUﬂNF' TFt, 10MF
WRITE (4, S0)

BEEEERED imxpgx RELATED CURVES
xon CENSHE SR NGE NS G CER R E T ROy

on




R
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IS RI-AEE
UREIEY

49 FORMAT(22X,1H12.4,2X,E9.3, 2%, E9.%, 2X.E11.4.

- . PN $2X,E?.3,2X,E10.4)
CALL FLOT(LIL, 44, T, VA, XN, 0, 7=27) . S0 FORMAT(1H1)
Sfffgff'a;, S1 FORMAT(//, 40X, "RELATED CURVES FOR A COMFLEMENTARY
TTE (4, G4

cabl PLOTOLLL, a6, T, VB, XN, 0, 727) .
CURL IR G, G5)

URITE(E, 6D

CALL FLOT(L1L, 46, T, AL, XN, 0, 7%7)

URTIE(4,57)

$VDMOST INVERTER”)
Sz FURNAT(qox g 11 ¢

S3
54 FDRMAT(Ssx,znu"uuuunnnnu"nnuuunn
55 FORMAT(/, 55X, “CURVE OF VEB(I) VER

WRITE(A, 58 Si& FORMAT (S, ~ "0 mummmnwoneinmmmnn

CALL FLOT(111, 48, T, VGEN, XN, 0, /%) 57 FORMAT(/, 55X, “CURVE OF AIDN(I) VERS: )
WRITE(4,59) S2 FORMAT(SSX, 20 0ms s nmununminnmnuimn
WRITE(&,80) - . 59 FORMAT(/,SSX, CURVE OF VOSN(I) VE )
ALl PLOT(LLL, 46, T,AIGN, XN, O, “%7) SO FORMA FCS5X, # 1m0

WR1IE(S,61) 61 FORMAT(/,355X, “CURVE OF AIGN(I) VERSUZ T{I)7)
WURITE (3, 62) £ FIRMAT (SX, 7 100040100 01000100 50401030 103 0 b0
CALL FLOT(111,46,T,VGSP, XN. O, “%7) &3 FORMAT (7, 55X, “CURVE OF VGSP(I) VERSUS TC(I)7)
WRIIE(5,63) 58 FIIRMAT (55X, # %/t s g wwsnn st o wnnsy
WRITE (5,54} 455 FORMAT(/, 55X, “CURVE OF AIGP(I) VERSUS T(I)")
CALL FLOT(111,46,T.ATGR, XN, O, "%7) PR AAC, A TR A M S
URITE LS, £35) 67 FORMAT(/,55X%, “CURVE OF RALOG(I) VERSUS T(I)")
URITE (&, 54) ) o AT FIRMAT (SF5X, 0 7000000 0000005000000 st )
CALL PLOTCULL, 44, T, RA, XN, 3, 727) &9 FORMAT(/,SSX, “CURVE OF RBLOG(I) VERSUS T(I)7)
WRIVE (S, 47) 70 FIURMAT (X, 7 415 o410 110000 1w 0300 st n e s )
URLIE &, 53) 71 FORMAT(/,S5X, "CURVE OF CALOG(I) VERSUS | B

CALL FLOTC1LL, 86, T,RE. AN, 3, 7%7) 72

WRIIE(S,69) 75 FORMAT(/, 55X, “CURVE OF CBLOG(1) VERSUS T(I)")
WRITE{&,70) 78 FORMAT (SSX, ~MHuoanumaimauimnune s )
CALL FLUT(111, 46, T,0A, XM, 3, 7%7) : STOP :

WRITE (4,71) END

WRITE(s,72) - P L L L e R TR P A P

CALK_PFUT(i11v461T-UBvXNr3"*') pxempExrenyes SUBROUTINE SECTION wxszwess

WRITE (4, 72) ZUBROUTINE INVERT (I, VDD, VA, VE, RA, RE, CA, €

UR1TE (S, 74) $A2,A7,F1,F2,F3,F4,H1, H3, H4, HS, HE)

GesFsssabe DIMENSION RA(300),RB(300),CA(300),CRIZ0M),
SVA(SO0), VB(300)

Al=1./(RA(I)®CA(L))

FORMAT(SSX, 2 M0 ummeimunmpunmamnnnninws <y

[y R¥N

1 FORMAT(SX, VGSN 7, 2X, “ IeN -
®, oK%, MUOT O ,2X,°  AIDN “,2X,7 ROESN 7, 2X, A2=1./(RB(I)=CB(1))
% CDSN 7,2X,7 vesP C,2X,0 IGP 7, 2X, AZ=CALI)SRACI)¥RB(1)+RA(I)=RB (1) #CB(1)
$- VDOIP  <,2X,7 ROSP 7,2X,” CDSP ) AY=RACTI+RB(I)
2 FURMAT (3X, “stesxass’, 2X, Cxmmaowss DX, CEwEEaMNRRC, AS=RA(I)=®CA(I)+RB(I)*CB(I)
AS=CA(T)#CB(I)*RACT)*RB(1)
A7=AV/AZ
BO=VDDI*A1=A2
B1=VDDE(AL+A2+AT#AZEAS ) ~VA(I~1) sAZ+VE(I~1) #Al
B2=VDDH (1, +A2#AS+ALSASHALSAZRAS) VAT - 1) sl 1, +
$AREAT)IVB(I=1) 8 {1, +A1%AS)
I=VDD* (AS+AZHAG+ALXAS) ~VA( T -1 ) % (AS+A2=AS) +
$VE(1~1)%(AS+ALRAS)
EA=A6% (VDD~VA(I-1)+VB(I-1))

c FUHHAT(SX E?
TER.2, 2X,ER. 2, AX g2 2X,E8.2, 2X E? E,EX ES.Z'
s2X,Ef.2, 2%, E3.2)

15 FORMAT(/, 2%, “THE FIRuT REGION: )

14 FORMAT(2X, “#aux

17 FORMAT(ZX, P HANNFL VDHU;T Rt;!ﬁTI”E REGION’)

FORMAT ¢/, 2X, ~THE SECOND REGION:”) DO=B0/A2
FURNAT(2X, < Besgnusgsssdnnes’ ) D1=B1/A3
FORMAT (2X, “P-CHANNREL. VDNOST:FINCH~0FF REGION”) D2=RB2/A%
FORMAT(/, 2X, “THE THIRD REGION: ) 2=RI/A
FORMAT (2X, "sxsgppansnadnuiay’) D4=B4/AR
FORMAT (2X, “P-HANNEL VDMOST: CUT-0FF REUIDN ) EO=DO/CA(I)
FORMAT (/,2X, “THE FOURTH REGION: ") E1=D1/CACI)
FDRHAT(ZX.’ﬁﬁ%ﬁfﬁ!ﬁfﬁ§§§§**§*’) Co E2=DR/CALL)

FORMAT (/, 2X, “THE FIFTH REGION: 7)
lnPHAT(QX,’#¥b§43¥4‘ HEREREEET)

S FURMAT (2 M-CHANMEL VDMOST: CUT~OFF RESION')
ruhNAr(EX.’N ~CHANMEL VDMOST: P INCH-UFF REGIONT)
FORMAT (22X, “N-CHANNEL VDMOST:RESISTIVE REGIONZ )
FnRHAT(///,ZX.’THE TIMING CALCULATION FOR N-7,
% CHARNEL VDMOSY” )

E3=D3/CA(I)

EA=D4/CAL])

F1=D0/ (A1%A28A7)

F2=(Dax(Al#=4, )-DIx(A1=#*3, )+D2= (Al =x2, ) -D1=AL
$+00) 7 (A1%(AL~AR) % (A7-AL))
F3=(D4=(A2xx4.)-D2B(A2%H3, )+D2=(AZ kkz.) D1=A2
ErmmsERE $+00) /7 (A2=(A2-A1) ¥ (AT-AZ))

41 FHRHAT (2X, 7 ¥ssmssanassnns ——— O A A AL R AT ) ) am(ATs=E. )-DLnAT
57 e xRmEEEREL) . S+D0) 7 (A7%(AT-A1) % (A2~AT)) .
A2 FORMAT(ZEX,”  TOONN  7,2X,7  TFN _ 7,2X.

Hi=EOQ/ ((Al%x2,)%A2%A7)

o4 TOMN  7,2X,¢ TUOFFN  ,2%.7  TRN 7, H2= ((A2+A7) % (~1. 22, #(A1¥¥5,. ) xEAE35 (Alx%4. ) -El =

23X, TOFFN ) . $(AL%ED, )42, BALRKED) +A2RATH (3, xE4R (Al 88, ) =2, 8
43 FURHAT(’SX,’**‘***k“P*" X, ‘uxumnsnnss, 2X, FERR (A1 ¥%3, ) FEIH(AL=32, )~E0) +(Al%xS, ) XES~
e S2X, T &hauétsnnﬁ’,zx.'sayea>>»*' $(ALEx4, )SER+(ALR®E. )2, ®EL-3. sEO=(Al=82,) )/
$2X, * 8% gﬁyaf) ) FO(AL%E2. )% ((AR~A1) %2, ) #((AT~A1)#=2.))
44 FORHAT(28X,E11.4,2X,E7.3,2X,E10.4, 2X,E10. 4, 2X, H2=(E4% (Alx=4, )-E3% (Al=¥3, )+EZ= (A1 %22, ) ~E1=AL
B 2X,E9.3) S1E0) /7 (A1 (A1-A2) % (A7~A1))
45 FORMAT(/,2X, “THE TIMING CALCULATION FOR P=* HA=(E4% (A2%54, ) —E3% (A2¥%3, ) +EI(AZE=2, ) -E15A2
%7 CHAHNEL VDMUgT ) : $+E0) / (AZ= ( (A1-A2) %52, ) ® (A2-AT))
45 FORMAT (2X, “wxsy HRsERSNEREEEERREREESRT, : HS=(E4%(A75x%4, ) ~E3* (AT=53, ) tE2N(AT7=R2. ) ~EL1=AT
$/mEsnnnNs ) i o . m - $+E0)/ (A7H((AL1-AT) %22, IR (AT7~A2))
47 FORMATC(/. TDOFFE 4, 2X, TRF 2%, HE=H2+VA(I-1)
s/ TOFFP. *,2X,¢  TDOWF  7,2X.7 TFR 7, i RETURN
£2X, 7 TONF ) : ’ END
P supns, 2X, ‘¥mumwnene’, X, ' -

48 FURMAT(23X, -
o . v, aX, 7 En
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