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ABSTRACT 

CIRCUS is a computer program for the time-response analysis 

of electronic circuits. It is most suitable for ana.lyzing circuits where 

nonlinearitaes are essential for proper operation This report presents' 

a self-contained study of CIRCUS. Models for all the present-day 

junction devices are studied in detail. Techniques to measure the model 

parameters are pre sented together with repre sentative measurements. 

Comparison between the computer-predicted and experimental results 

of various digital circuits are shown. A description of how to use 

CIRCUS is also included. 

V 
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CHAPTER 1. INTRODUCTION 

With electronic circuits becoming more and more sophisticated 

and complex, a complete mathematical analysis byhand is impossible. 

At best a first-order analysis with crude approximations can be 

carried through. Experimentation and experience become vital in 

any design. 

Since the advent of computer-aided design programs, the time-

consuming and tedious task of solving complicated equations and 

experimentation is partially eliminated. Furthermore, a much more 

accurate model can be used to represent the devices. Side effects, 

which were not obvious in first-order analysis )  will show up in the 

computer simulation. Parameter v4yation effects can be compensated, 

optimum design is achievable, and extreme cases which are destructive 

to the circuit can be simulated and studiedwithout actually destroying 

the circuit. 

Among the various nonlinear computex-aided design programs, CIRCUS 

is one of the most general and versatile. It is the fourth generation 

of Branin's TAP and the direct descendent of Malmberg et als NET-i 2) 

Because of its generality and complexity, a detailed study is desirable. 

Thepurpose of this report is to present a self-contained study 

of äIRCUS. First the models for bipolar transistors, junction field-

effect transistors, switching diodes, zener diodes, tunnel diodes,and 

four_region devices arc studied in detail. Techniques to measure the 
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CHAPTER 2. GENERAL DESCRIPTION OF CIRCUS 

In general, any time- domain circuit analysis program which is 

capable of handling nonlinear effects has to resolve three major 

problems:, 

Suitable models, preferably nonlinear and applicable under 

all operating conditions, representing the large signal 

behavior of the devices must be fOund. 

The circuit analysis technique used should be simple and, 

for ease of computation, numerically oriented towards 

computer solution. 

Numerical technique should be sophisticated so that no 

excessive computer time is required. 

For (a), CIRCUS has built-in nonlinear models for almost all 

present-day junction devices except the unijunction transistor (UJT), 

though suitable combinations of transistors and resistors can be made 

to model the UJT. Detailed discussions of these models will be pre- 

sented later in this report. 

For (b), CIRCUS adopts the state space approach 	This 

approach is no different from the traditional nodal or loop approaches 

except that it takes full advantage of the computer's capability and 

is most suitable for the solution of nonlinear differential equations. 

The program first converts the junction devices into their equiv- 

alent circuit models with conventional R 	
voltage or current 

, L, C and,genërators. Then 

the topology of the circuit is translated into the incidence matrix 

of zeros and ones, with a 	representing a branch connecting two nodes, 

and a "0" if there is no branch connecting the two nodes. After this, 

14 



- 	 a normal tree 	is picked to insure the equations obtained later 

are all linearly independent. From the normal tree and the incidence 

matrix, n first-order differential equ"ations.can bewritten.in the 

normal form: 

[*] = [ Z] [x] + IS] [u] + [ Si [U] - [I] 	 (21) 

where [X] is the independent branch currents and node voltages vector; 

these are the state variables, 

[Z] is the matrix representing all the R, L, C elements, 

[U] is the independent current and voltage sources vector, 

[S] is the matrix for the independent voltage and current sources 

IS] is the matrix representing the derivative of the independent 

voltage and current sources, 

implies first derivative. 

Since.Eq. (2-1) involves only the first derivative, it is 

relatively easy to solve. There are different numerical integration 

techniques that can be used, but a common difficulty with most numerical 

integration techniques is the incompatibility of the circuit time con-

stant with the integration step. This results in excessive computer 

time because of convergence difficulty. 	CIRCUS uses Pope's 

exponential numerical integration method so that even if the 

integration steps are large the incompatibility problem between 

circuit time consfant and the integration step may not be severe. 

Besides the above-mentioned three rnaor advantages, CIRCUS has 

the following desireable features 

(a) The input format is so flexible that there are hardly any 

restrictions. 

) A tree is defined as the branchesjoining all the nodes in the circuit 
but forms no closed loop. A normal tree is then a tree of the circuit 
that contains all the independent voltage sources, no independent current 
sources, a maximum number of C's, and a minimum number of L's. 

SeeAppendixA for detail. 
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(b) Any current, voltage, and power dissipation can be printed 

a 	 and plotted as outputs. 

•(c) Junction device parameters can be stored on a library tape 
'I 	 and.be  used when called. 

(d) Except for the ohmic resistances of the junction devices, 

a1l.pararneters can be varied one at a time or all at once, 
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CHAPTER 3. THE DEVICE MODELS 

In order to simulat 

circuit elements must be 

Whereas the conventional 

and capacitors (R, L, C) 

or a linear differential 

electronic circuits on the cOmputer, all 

properly described by well-behaved equations. 

elements like generators, resistors, inductors, 

are all described by either a linear equation 

equation, the electronic devices cannot be 

described by a simple equation compatible with those of R, L, C. These 

devices must be represented by a model. 

An ideal device model should account for all the physical phenomena 

in terms of concepts that electrical engineers understand, via resistors, 

capacitors, generators,etc. In addition it should be powerful enough 

so that the model holds true under all operating conditions. Such' an 

ideal model is too complicated, if not impossible. But any good model 

should follow the same reasoning. 

The hybrid-iT model is an example of a good transistor model 6) 

That this is a linear model necessitates breaking it into several 

separate models under different operating conditions (normal, inverse, 

cut-off, and saturation operations) 7 . The transistor T model avoids 

this problem by incorporating .nonlinearities as well as the charge-

control concept in the model 8,9)  Using this model as the central 

idea, other models for p-n junction devices can be obtained with 

appropriate modifications. 	 . 

The prime objective of this chapter is to describe the basic 

principles, assumptions, and limitations of the models so that CIRCUS 

users can avoid erroneous results or excessive computer time because 

of lack of understanding of the models.  

. . fi A simple Ebers and Moll transistor model 10) i 
. s 	rst described 

from reasonable assumptions. Some of these assumptions are then re-

moved when additional circuit elements are added to complete the T 

model. Models appropriate for diodes, tunnel diodes1 zener diodes, 

junction field-effect transistors, and four-layer devices are derived 

as a consequence of the transistor T model. 
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10) 
ATHEBIPOLARTPSISTOR"r'ODE 

In order to make the mathematics simpler, it is convenient to 

make the following assumptions: 

• 	(i) The ohmic voltage dropsin the base, ernitter,and collector 

regions areneglected. 

The effect of terminal currents on the stored charge in the 

base as well as in the depletion layers is ignored. 

The transistor is operating under low-level injection 

Recombination in the base is negligible. 

The transistor is assumed to be homogeneous. 

From these assumptions and two more basic physical laws 11), 

ev 
c 	c (e 	 (3-1) 

the 'law of the junction,' and the contiruity eauation 

DV2  c' 	2_ + 2 	- 	 ( 3-2) 
TBIN  

where c' excess minority carrier concentration at the edge of the 

p-n junction. It can either be hole concentration or 

electron concentration, 

c 	minority carrier concentration at thermal equilibrium 0
. 

It can either be hole or electron concentration, 

* Low level injection implies that the injected carriers are small 
compared to the majority carriers. 
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V = voltage across the junction, 

with M as the factor to account for the depletion 
}IKT 

layer and surface recombinations, 

TBN average lif'time for the carriers 

C = hole-electron pair generation rate, 

V gradient. 

Ebers and Moil have shown that the low-frequency, steady-state behavior 

of PNP bipolar transistor can be described in terms of terminal currents 

and voltages. 

I(l + N) (eN Veb1) - i('_i) 
	 (3-3 cs 	 ) 

IC = 
	 + IcsU + ) (e 1v)

ES  

'B = 1E - 1c '  

where 

subscript N means normal operation of the transistor, 

subscript I means inverse operation of the transistor. 

* In order to be consistent with.CIRCUS notation, these two equations 
are slightly different from the conventional Ebers and Moll equations: 

+ 	(vcb/ ) 
a (e

Veb/
) + a (e a (e 

Also, Ebers and Moll equations ignore surface-and depletion-layer 
recombination. 
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• 	 Schematically Eq. (3-3) and Eq. (3-4) can be represented as in rig. 3-1, 

where 	- IEs(N +I + 1) 
110 - 
	N 3I+l) 	' 

+1) 

CO 

1C0 

Q I 	_ 
.8 

FIG. 3-1. 	 Model of PNP Transistor s  

The model shown in rig. 3-1 is good only at low, frequencies. 

At higher frequencies, junction and diffusion capacitances must be 

included: 

a. Junction Capacitance 

Junction capacitance arises because of the difference in 

doping between the p and the n region. With this difference, 

a concentration gradient results on each side of the junction, 

giving rise to a tendency for holes, to diffuse towards the n 

side and electrons to the p side. As the holes and electrons 

	

• 	 become thermally ionized from the doped atoms, they diffuse 

towards each other and leave behind the immobile charges, forming 

a depletion layer. This depletion layer acts very much as a 

capacitor because on one side there are positive immobile charges 

and on the other side there are negative charges. Upon application 

	

• 	 . of reverse bias, more dopants are ionized and mobile charges 

*Similar model for NPN Transistor but with current generators' 
directions reversed. 
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drift away from the junction, resembling very much the movement 

of charges when a voltage is itnpiessed upon a capacitor. 

12) Norwood and Shatz have shown that in general, if the 

net dopants of the transistor follow a power law in the 

depletionregions (see rig. 3-2), 

- NA = Bxk, 	
(3-6) 

where 

ND 	donor concentration, 	 / 

NA = acceptor concentration 

B,k = constants;. 

then the equation for the junction capacitance can be found easily. 

Oq 
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Using Poisson's la..i, 

2
q 
 (ID_Nt) 	

q 

where q electron charge, 

potential across the denletion layer, 

C = dielectric constant, 

and from electrostatics, 

	

L = -' 
	

(3-8) 
dx 

they show that the junction capacitance follows an inverse 

poier law.: 	. 	 . 

C =_—!!----, 	. . 	 ... 	 () T 	
(V+Ø) 

	

where n -!_ 	doping gradient, which varies between 0.2. 

	

kf24 	 . 	. 

and 2.0, 	 . 

1 
I  

B 	
(k+i) 	 . 

	

Iqc 	 . a = 	
k -i- 2 	

constant, 

0 contact potential,which varies between 0.2 and 1.1 V. 
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Incorporating the two junction capacitors in the model, the 

new bipolar transistor model becomes: 

c 
TA 

1 4:0 	 CO 

FIG. 3-3, The PNP Transistor Model with Junction Canacitors. Included. 

b. Diffusion Capacitors. 

The diffuston capacitance arises because of the charge 

storage in the collector, and emitter base. When the transistor 

is forward biased, there are charges stored in the base. As 

the junction voltage VBE (VBC for inverse operation) increases, 

majority carriers are injected from the emitter (collector for 

inverse operation). As a consequence, minority carriers are 

drawn into the base to neutralize the majority carriers. This 

balancing of charges• can obviously be represented by a capacitance, 

d 
c  
D 	

dIVBEI 	 - 
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If recotnbinätio.n is negligibly small: in the base, the minority 

carrier distribution inthe base isas shown in F1g.3-. 

4 

FIG. 3_4• Minority_Carrier Distribution in the Base of a 

Homogeneous PNP Transistor s  

Therefore, the net charge stored in the base 0 becomes the area 
BN 

under the straight line multipliedby the cross-sectionalarea of 

the transistor A and the electronic charge, q 

pnw 
BN q A - 

Combining Eq. (3-11) with Eq. (3-10) and remembering the Law of 

the junction, it is easy to show 6) 

2* 
C =01 1- 

Li 	NCN 2D' 
p 

	

* In general it is C 	1 D = 0NcN KD p. 

where K is the factor to account for the field in the base. It 
varies between 2 (homogeneous) and 10. 

(3-li) 

(3-12) 
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where I 	normal collector current, 

W = base width, 

diffusion constant in the base. 

	

89 	
2 

Beafoy and Sparkes ' have shown that 	is equal to the 
p .. . 

fundamental time constant of the intrinsic base region Of the 

transistor, TCN, 

	

• T =-. 	 (3-13) 
CN 2D 

The importance of the fundamental time constant lies in the fact 

that the transistor is a charge-controlled device and the switching, 

speed depends on the amount of charge supplied or removed from the 

device. Since to a first approximation the stored base charge QBN 

is directly related to the fundamental time constant TCN, 	
0 

	

QBN TcNIc 	 (3-14a) 

the dominant factor of switching speed is the fundamental time constant. 

Furthermore, under the charge-controlled assumption Q BN is related to 

the average mipority carrier lifetime TBI, 0 

	

BN = TBNIBN, 	 (3-14b) 

where I 	norrral base current. 
BN 

When the transistor is operating in the saturation region (or,  

inverse operation), the collector base junction is forward biased 

and is injecting minority carriers into the base. Therefore, a 

similar Tci  can he introduced to model the inverse diffusion current. 

Of course when. a junction is reverse biased, the diffusion capacitor 

becomes insignificant. 	 . 	 • 	 . 	 . 	

0 
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Including the diffusion capacltors in the high-freauency 

• 	 T model is the same as removing the constraint that the terminal 

currents do not &ffect the base chargé storage. The high.-

• 	 frequency T model is shown in rig. 3-5. 

c 	 c, t  
--HF-- 	-HI 

C. 

FO r 4C 

LJ 
Io 	 ico• 

FIG. 3-5. High-Frequency_Bipolar 

• 	 Transistor Nodel. 

The constraint that there •  are no ohmic voltage drops in 

the three regions can be relaxed if ohmic resistances are added 

to the model (rig. 3-6) as resistors. 

Wo 

J. e  

FIG. 3-6. The Bipolar Transistor with 

Ohmic Resistors Included. 
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In order to handle radiation effects, two independent 

photocurrent generators' 	(Ic, I).are added to rig. 3-6, 
giving rig. 3-7 

	

al :

be  I 	::t1 	
+ ONTCNILS 

ee
40 

	

bc - 	 + øiTciIcs e 

	

'be = 	
+ 	

'es 
(eONVbe 
 - 	- i.cs (e 'V  - 

	

:::: 

:1 :: 

'Cs 
(eO1c - 	

- 'es (ONybe
e 	- 

= 

B 

C. 

I 
co 

FiG. 3-7. Bipolar PNP Transistor Model used in CIRCUS 

For NFN, the current generators' directions are reversed. 
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c. Overall Contraints on the Bipolar Transistor. Nodel 

Although the derivation of the bipolar transistor model 
e. 

is based on homogerus transistors, themOdel can be applied 

equawell to drift transistors (see Fig. 3-8 for differences 

between homogenous and drift transistors). 

I. bo...se.. 	 W 	boe. 

(&) 

FIG 3-8 Lxcess MinoritvCarr e Concentrations at the 

base of (a) hornogenus tra--nsistor (h) drift transistor. -*-- ---  

However, there are implicit assumptions used during the 

derivation of the model which should be considered as con-

straints of the model. These assumptions are: 

(1) Distributive nature of the base is ignored. 

in the development of the model, the base is not considered 

as a distributive structure but is modeled by a lumped element s  

Under this approach, the base resistance rb  is considered as one 

distinct lumped resistor which is independent of current level 

and frequency ran - e. Of course, it' reality this is not true. 

(see Fir- . 3-9.) 



01-1 

FIG. 3-9. Distributive Base,. 

Furthermore, because of the lumped assumption, the 

excess.phase effect is not included. For instance, fora 

step-emitter current input, the charge built up in the base 

as predicted by the model will be as shown in rig. 3-10a 

compared to the actual case in Fig. 3-10b. 

"A 
,q 	'e&5i 	 / 

trCo.s'p 

(t) 
FIG. 3-I0a and 3-10b. (a) BuildThD of the base charge 
piFe 	_the 

Due to this excess phase effect, there may be some small 

discrepancies in the switching times 

(ii) Thermal effects of transistor parameters are not 

taken into account. 

Among some of the important ones are, 
	, 	'ES' TCN, 
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'S 

(iii) High level injection1. 

When the injected minority carrier.concentration becomes 

comparable with that of the majority cärrie's, side effects 

may become appreciable and affect the performance of the 

transistor. These effects may cause: 

changes in contact potential, 

changes in collector resistance due to conductivity 

modulation by the minority carriers, 

appreciable drift current flowing in a primarily 

diffusion transistor, 
• 	 (d) concentration of transistor action at the peripheral 

of emitter contacts, 

(e) avalanche multiplication. 

These effects are not included in CIRCUS, although junction- 

• breakdown phenomena are specially handled by CIRCUS. Once 

breakdown voltage is reached, a special warning message is 

issued, 

• 	 These constraints may lead to the conclusion that there 

is much more to be desired from the model. Yet it should be 

emphasized that these constraints are all higher-order effects 

and do not become important unless under extreme conditions. 

Moreover, many of the effects are actually included in the 

parameter measurements. For instance, the TCN measurement 

to a certain extent includes the effect of the distributive 

nature of the base. Detailed discus'sion of parameter measure- 

ments will be presented in Chapter 4. 



B. THE DIODE MODELS 

a,' Conventional. Diode 

FIG. 3-12, Switching Diode Model, 

Basically the switching diode model (Pig. 3-12) is embodied in 

the transistor model. It is just half of a transistor, minus the 

dependent current generator, with similar equations for the junction 

capacitance and diffusion capacitance, 

CT 	
- 	 . . 	... 	

( s-is) 
(O+VD )' 	 . 

CD 	KD 	D + 1) • 	 I 
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The diode:current, prirnarily diffusion, follows the well-known 

diode equation 

/OVD\ 
= Ie 	-i) 	 (3-17) 

where I = reverse saturation current 
$ 

MKT 

Again, 
1ppD  is the photocurrent generator. 

b. Zener Diode 

In a zener diode, besides the normal diode operation, the 

breakdown process becomes a vital part of the diode's current-

voltage characteristic. Thus the zener diode model can be 

properly derived from the normal diode model by adding the 

carrier multiplication process. Mi1ler empiricaliy1  shcd 

that the reverse current of a zener diode follows 

15N 

N  
(1 - 

BV 

where I 	reverse saturation current without zener 
$ 

• 	 multiplication, 

BV = breakdown voltage, 

in = constant. 

• Therefore, if 
'R 
 (Eq. 3-18) is substituted for the reverse 

current I in the switching diode model (rig. 3-12), azener 

diode model results. 
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' 	Tunnel Diode 

Since the tunnel diode is formed by a p-type and an 

n-type material, one would expect its model (Fig. 3-13) 

to be similar to a switching diode (rig. 3-12). 

TV 

 ooJe. 

-O-- 
I,?  

FIG. 3-13. Tunnel Diode Model. 

The difference between a tunnel diode and a conventional 

diode is that due to degenerate doping a tunnel diode has 

a negative conductance region in its I-V characteristic 

(rig.  

FIG. 3-.14.I-V Curve of a Tunnel Diode, 
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Because of this special doping, the junction capacitance 

and the diffusion capacitance are extremely difficult to 

measure 	Tnerefoxe, the diffusion capacitance is not included 

in thetunnel diode model (rig. 3-13), and the junction capacitance 

is treated as a constant instead of voltage-dependent as in 

• Eq. (3-0). Furthermore, it is obvious fromthe.I-V curve (?ig. 

3-14) that the curve has three distinct regions (I, II, and III) 

each of which can be represented by a form involving exponential 

term(s). A linear combination of these terms will then approx-

imate the I-V curve 

1 	 +1 	.+I TD 	tunnel 	excess 	diffusion 

= AAV, AV  + BB(eB1V_ eB2\)t C (eCV - 1) 	 (3-20) 

ry  

Ce  

8kv) 

V 

FIG. 3-15 The Various Current Components of the 
Tunnel Lrode Current, 



d. The Four_jL Device ModeL 

The four-layer device model (rig. 3-16) may represent 

either a silicon-controlled rectifier or transistor with a 

substrate as in an integrated circuit. It is an extension 

of the transistor mOdel by connecting two complementary 

transistors to each other (Pig. 3-17) 

D 

- 	a1 	 ONVbe  -. 

	

be 	
+V 	l 	

N1  CM1  EC e 
be  

OhlVbc 

	

Cbc 	 + 	T1 'CE e 
	

+ °N 2  cN21BS eON2VbC 

- 	a3 	 . 	. 	. 

	

cs 	 + 01 	CI 'SB. e 

(+v )3, 	2 	2 

	

'be 	(i+ 

CS 

IEC( 	 - ICEe

Vb 

	

1bc 	
+ 	

2) 'BS (eON2V 
	(i+_L) ic(e0h1c_ i) 

- 'EC (ee_ 1) - 'SB (eO12VCS_ 

	

'Cs 	
(i 

+ I2) I5(e0125_ ) - 	 CN-2Vbc_ 1) 

BS 

FIC'.3-16.Four--Layer Device Model, 
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La) 	 c1) 

FIG. 3-17.(a) Integrated circuit NPN transistor 
Equivalent circuit. 

(b) Silicon-controlled Rectifier Equivalent 
Circuit. 

C. THE JUNCTION FIhLD-EFFECT TRANSISTOR (JFET) ODEL 

As can be seen in the construction of a typical junction field- 

effect transistor (Fig. 3-18), the device consists of two p-n junctions. 

/ 

FIG. 3-18. N-Channel Junction Field-Effect Transistor. 

Consequently, some of the pertinent concepts for a diode are used for 

the JFF.T too. 

Jus L as in the tiansi tor 	the mcdeiiin:i attemDts to depict 

the behavior of the dovice in teris of ternir.l currents and voltages. 
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To a first approximation, the fainilia.r I-V characteristic (Tig. 

3-19) looks exceedingly similar toa series of exponentially rising 

curves of the form 

( 	X SD) 
\1 - e 	 (3-21) 

5• 

FIG. 3-19. Current Voltage Characteristics of the n-channel JFLT. 

Therefore, the dominant dc behavior of a JFET can be modeled by a 

current generator 
'D•  This generator depends exponentially on the 

source-drain voltage (VSD)  and gate-source voltage. (VGS): 

( 

= •I 	\l - e 	/, 	 (3-22a). 

	

f1 (vs ) , 	 ( 22b) 

	

ox = f2 ( VG ) . 	 (322c) 
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In practice,fcralarge source-drain voltage the source drain current 

is approximately constant and Eq. (3-22a) predicts 

'DSY 	 (3-23) 

Therefore, the rncdel is quite accurate foralare source-drain voltage. 

However, for operation below pinchThff, an accurate relticn for the 

n-channel drain current 	16) 

	

G0 IVSD 
- K (1

1SD 	0 
- 
V) 	- (0 

- 
VGf/2}J, 	(3-24) 

where C, K are constants 

0. contact. potential; 	 = 

but Eq. (3-22a) predicts 

jo~
_

S 
2 

XD 	 _
+ !.2LPL + . . 	 (3-25) 

Obviously Eq. (3-2) and Eq. (3-25) are slightly different. To 

minimize the discrepancy, I, and 	 shou'd be measured carefully. 

As mentioned earlier, there are two p-n junctions in aJFET so 

that two equivalent diode models can be used for the junctions. In 

other words, the current flowing through a junction is 

i (eoV-  i), 	 (3- 26) 

where I 0 5  0 are constants, 

and the capacitance across a junction is 

C 
C .-2-.- 

, 	 (3 -27) 

Then the JFLT model becomes (Fig. 3-20). 

For p channel, the sign of the voltage terms in Eq. (3-24) should 
be reversed. 
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Incorporating ohmic resistances and photocurrent generators, 

the complete JFET model is 

c;r 

'S p 

FIG. 3-21. Comolete JFET Model. 

It should be pointed out that the JFET is primarily a majority 

carrier device where current flow is mainly majority drift current. 

Therefore, there is no diffusion capacitor in the model. Moreover, 

of the various dependent current generators in the model, the most 

important is because under normal operation the two junctions 

are always reverse biased. 
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D. UNIJUNCTION TRANSISTOR(tJJT)MODEL 

Although there is no built-in model for the UJT, Steele 17  has 

suggested a two-transistor nodel which can be used in CIRCUS. 

B&sei, 

FIG. 3-22. UJT Symbol 

• 

FIG. 3-23 Steele's UJT Model, 

The model in rig. 3-23 is most suitable for CIRCUS because the 

two transistors connected back-to-back form a four-layer device hich 

is standard in CIRCUS. 

D. A. Hodges has suggested a simpler two-transistor UJT model 	 H 
(see ref. 18). 
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CHAPTER 4. PARANETER MEASUREtjENTS 19  

This.chapter
, 
 describes the techniques used in measuring thedevice. 

parameters. These techniques are far from.unique, but they are the 

outgrowth of a comparison between different methods. They repi'eseit 

a compromise hetreen ease and accuracy of the measurements. 

Each of the six built-in device models in CIRCUS requiradifferent 

number of parameters (Table 4-1). However, many of the techniques are 

common to several device models and therefore will not be repeated 

for each deiice type. 

It should be pointed out. that in the models, each parameter is 

considered as a distinct entity. In actual measurement it is never 

possible to isolate one parameter from the othez parameters and second-

order effects. The best one can do is to minimize the contributions 

due to other parameters in each measurement. The inevitable inclusion 

of second-order effects in each parameter measurement tends to add 

accuracy to the models, 

A. TRANSISTOR PARAHETERS 

a. Tc, Tci 

Of the two main ideas contained in the transistor model (viz., 

the charge control concept and the exponential I-V characteristic 

of the junctions) the charge control concept pertains more to the 

switching time estimates. Therefore, one would use the charge 

control idea to measure TCN, Tci. 

If interest is focused on the time response of the continuity 

equation (3-2), one can obtain the basic charge control equation 

by.letting the second deriveti.ve with respect to ditance in 

equation (3-2) go to zero 

'BN 	
_~ 
	 (4-1) 

TBN 	 dt 
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where Q, 	total base charge 

base charge + charge in depletion layers 

= 	
+ TC 

+  QTE(S 	Fig. 1 _1), 

= base time constant as defined in (3-36). BN 

/ 

/ Q TC 

N / 
2ef1etor%_ 	(&e.$ 

FIG. -l. Charges_intheBase. 

Since Q = CV, Eq (4-1) can be put in terms of average depletion 

capacitances CET  and 	with 

jv 	I LB final 	a 
-. f 	(Vh+Øl)' 	eb 

- 	 IVEB_initial! e 
CE.. = 	 (4-2a) 

final - (VEB initial 

I VCB final1 	a2  

f (V b +Ø2 )n 2 b I 

CCT = 	 (42b) 

J V3 final1 - IVcB initial 

Therefore, Eq. (4-1) beccres 

1L~ 	 (L3) 
BN 	

T 	
El 	dt 	CT 	dt 	dt 

BN 



-3 t_ 

• 	Remembering . 

'CN 	= 
1ev 	\. 

IESke N BE - 	 . 	
. 

therefore 	. . . 

_!_ 	d IcN(t) 	 d 1(t) 

dt 
- 17 

 dt 	eNICN 	dt 

where 

CN 

•- 1c 	 I 	 • 
: • 	 fin.1 	initial 

• 	 . 	 . 
2. 	 • 	

•: 

• 	 • 

: 	 • 

Because 

VcB ( t )  

•• 

= 	 VBE ( t) - KIc(t) 	(R, + r) 
• 

(4_5) 

where 	
K,which is less than 1, is to account for the transistor 

loading effet on RL, 	 • 	• 	 • 	 • 

then 	 • 
dVCB(t) 

• 	 • 	 • 

x (RL+) .SJiL! + 	
d ICN(t) 

•• 

() 
dt dt 	6N'CN 	

dt 

And from.Eq e (3-l), • 	 • 	 • 	 • 	 • . 	 • 	 • 

QBN(t) = 	 IT(t) TCN, (-8) 

• 	 . 	

• 	 Q 	(t) BN • 	 • 

I 	(t) 	• 	• 	 • 	 • 	•• 	• CN • 	 • 	 •• 
• 

. (49) 	• 

TBN N 

• 	 • • 
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Substituting equations (45), (7), (48), (4-9) in equation (4-3) 

gives. 

N'BN 	eN[TCI + ( CET + CcT) 	+ 	CCT (RLc)I_ 	
+ IcN ( t ) ; 

NCN 

(L.1O) 

solving Eq. ( 11_10), 

ICN(t) = 	N 'B 	e+), 	 (4-11) 

• 	where• 	 1 
T- 	ITCN + 	C1 + CET )  --- + h CCT 	L'c)J 	

(412) 

1 	 NCN 

Since the 10% -90% turn on rise time(t ) is 2.2T, 
rN 

then 	t 	2.2 e
ITcN + 	C1 	CET) 	

+ K ci (RL+IJ ('T-13) 
 NCN 

Implicitly assumed in the charge control model, t, is independent. C I 

of collector current. Therefore., a plot Of t vs. 	will give a 
1 CN 

straight line and T can thus. be.extracted from the intercept. However,CN  
typical plots of tN  vs. 	(Fig. 42.) suggest.. TCN  is dependent on 

CN 
collector current. 



4: 
Yd4 

.1. 

FIG. 142..  Plot of t  rN vs. ---- 	 . 	 . 

CN. 	 .. 

To extract TCN,  Eq. (4-13) can be rerranged as 

rN 
TCN

= 2N 	
[(cr + CET) ®N'CN + K(RL + r) CCT]  (4-1) 

For small RL,  the approximation can.be  made, 	 . 

rN 
(4-15) 

CN 
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The circuit used for the Tr  measure:ent is shown schematically 

in Pig. 	3. and typical results are shown in fig. LL to fic. 47 

Ik 

tr 	 ::Tn 1- 

FIG. 4..3,  T 	easurerrient (Similar measurement can be used Ci  Ci 
to octairi •I 

b. 	
'ES' ON 'Cs' 01 	

H 

from Eq. (3_4), at V 	 0
CB 

	

(ONV13E 	 --

ES 	 (4..16) 

V >> 	, thenBE  

• 	 'C 	'ES e 
	 • 	(-17) 

A plot of lo 	\T 5. V 	yields 
ON 

as the slope and 

1E5 as the intercept. The circuit used is as shown in 

rio. Ll_8 
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2 	4 	 10 

tc (ma) 

Fig 4..L4T 	vs I of 2N2369A. 
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£9i 

FIG. -8. 
°
N' 'ES Measurement. 	. 

A similar. measurement (fig 19)  can be used to obtain 'Cs  and 01. 

VC CS 

V 
FIG. 149.  O, 1s Measurement. 

At high current levels due to the onset of high-level injection, 

the straight-line behavior of log I. vs. V is no longer true. This.CB  
can be interpreted as due to the ohmic voltage drop of the bulk resis-

tance. Typical results are shown in 4-10 to 413 . . 
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C. 	r,r,r be c 

rh can be obtained from dc as well as ac measurement. As 
nentioned in the pr3vlous section, the dc rb  can be obtained 

from log 1i1 vs. Veb plot with 

at hich current and small r 	(418) 
b 	 - 	 e 

C1 

FIG. 4_l4. dc rb Measurement. 

The ac. measurerent is based on the hybrid-i ecuivalent circuit 

(ri g . 4_15). 



2--- 
?4 1 

FIG. 4-15. Hybrid-iT Equivalent Circuit, 

It can be seen from Fig. 4-15,. that when the imaginary part 

of Zr equals zero, for small re  the real part of Z. is approximately 

rb. To a first approximation, if ICrb >> 	, and re  small, then 

Re 	at T 	
(Typica],results: see rigs. 4-16 to '4-17.) This 

Y11 "b 

ac estimation gives a lower bound of rh.  Resultsof ac and dc 

measurement of rb  are shown in (Table 4-2). The apparent discrepancies 

between the two measurements are due to the distributive nature of 

the base, and current crpwding effects. 

ac 	rb 

dc 	rb atI. 	5mA 

2N2369 50 Ohms 25 Ohms 

2N709 84 Ohms 48 Ohms 

C. 

Table 4-2. ..' ac and 4ç rbe 



500 

tr 

0 

' 200 

too 

50 

3° 
to 	zo 	 50 	tOO 	200 

FREQUENCY (MH1) 

Fig. 4-16. ac 	1 of 2N7Ci as obtained fron BoorLtcn R X  reter 



5001 

200 

0 

r--I 100 
>- 

LL 

c) 
50 

20 
10 	20 	 50 	tOO 	200 	500 

FREQUENCY (MHz) 

Fig 4-17 ac rb  of 2112369A as obtained from Boonton Rx  meter 



-51-- 

re can be obtained by plotting VCE 	'B vllth the collector 

open  

FIG. 14..18. r 1easurement e 

Since the collector is open, Vcg 	'B re (ie., the slope of 

Vs. 'B is r. Practical measurements show, at low current 

level, the curve is not a. straight line (rig. 14_19). This is 

due to the dependence of a on current level.: For present-day 

transitors, re  is always small and it can be assumed that r 0  

0.1 2 instead of actually measuring it. 



v c  

FIG. 4-19. VCE VS •  I }3 S 

Typical results of:re  are shoirn in rig. 4-20 and rig. 1121 ; 

can be obtained by plotting VCE (sat) vs. I. At high collector 

current,.the plot shows a straight line withaslope approximately 

equal to r.  At low currents the nonideal behavior is again due C . 

to the anomalous nature of cx lypical results for r  are shown in Figs. 

4..22 and •-23 

d. 	a1 , 	n1, a2, 2'  2 

Ideally, to obtain the three parameters for the depletion 

capacitance equation three linearly independent equations are needed; 

CT 	 (-l9) 
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Eq. (4-19) is but just one such eu3tion and therefore, 

seemingly inadequate to solve the three para:ieters. However, 

as, many meassreaents as desired can he made on CT  and suitable 

numerical techniques (ieasi-suuare fit and some basic statistics)20 

U 	LU C, ti act I ' 	r J p 	cs T ro 11 c r cau 

in the praent cisc, the method has been tried to 	t'act 

the three parameters facn the depJeticm caracitance measurement. 

However, the numerical nature of the method tends to force the 

solution into a smaller contact potential than realistic. There-

fore, it is mOdified so that a best fit is obtained over a range 

of contact potentials 	This range, t,can best be selected from 

vs. 	curves. Typical curves are shown in Fig. 4-2}4. 

05 IC 

I I 

FIG. 	L24. 	I vs. VBE to Select A 	Range 
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Reasonable results are obtained from this method and are 

shown in :Tabie 4-3 and Figs. 4-25, 4-26., (See Appendix B 

for detail discussion of the numerical programs.) 

TRANSISTOR a1  n l  V, a2  n2  

2N2369A 5 x 10 2  30 .9 3.7 x 10_li .22 	.9 

2N709 9.6 x 10 .9 1.9 x 10_12  .18 	9 638 

TABLE 4-3.Junction Capacitance Parameters. 

e. 

(at 1 1KHz) can be measured with the commercial 

instruments like the Baird Atomic BETA TESTER. ,  To measure 
• 	a simplede test circuit can be used,. Fig. 14-2T.. 

_ a 

• 	 FIG. 427. 	Measurement. 

Resu its are shown in Figs 1 28 through 1_31 
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DIODE PAiAETERS 

ost of the dodc para,.-,eters arc,  similar to tie transistor 

parameters and, therefore, 3dentic1 procedures can be used. 

can be measured by reverse bicasing the diode with a voltage 

VR. Then the current which flows follows 

V 
(L3l) 

Rs 

Knoiing VR  and 'R' Rs is known.K can be obtained by the reverse 

recovery time measurement. The diffeence in recovery timeSbetween 

a zero biased and a forward biased gives the diffusion capacitance. 

Since 

Ciff = KiD, 	 (-32)• 

Knowing CDiff and 
1D'  K as kno 

TUNIEL DIODE PARAMETERS 

Because of the instability of the tunnel diodes, device measure-

nients can be extremely difficult. For instance, the junction capacitance 

can best be measured around the valley point V(Fig. '-32). At other 

points,measuremcnts are difficult to perform. For this reason, although 

the junction capacitance follows the equation 

C 
C(L33) 
T 	(vs 	

5)n 
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L 

'P 

VP  Vv  

FIG. 4-32.I-V Characteristic of Tunnel Diode. 

insufficient measurerwnt forces one to model the junction capacitance 

as a constant and ignore the depletion capacitance. 

The I-V Characteristic (Fig. 432)  can be modeled by (see rig. 

3-15) 

-M 	( 	-2' 	1 cv I 	AA  V e 	+ BB\e 	-ë 	/ + Ce - 1,/. 	 (t-34) 

In order to extract the seven parameters from one equation (4_34) ,  

numerical techniques have to be used again. Ideally, the least-square 

method mentioned in detail for the transistor parameter measurements 

(Appendix B) can be used with no problem However, in practice, unless 

the seven-dimensional solution space of the parameters are knowr, 

stability of the solution is hard to achieve. 
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To solve for the parneters in Eq.. (4.314)  the equation has to 
21) be broken into three raons of operation 

VV, 
p 

V 	 . 	. . 	. 	 (35) 

I 
> 

21, 

IC e 
cv 	

(436) 

region betwee'-i (a) ad (b) 

In region (a), plotting in (I/V) vs. V will give a straight 

line with intercept in AA  and sicee -A. Similarly in region (b), 

plotting in (I) vs. V will give in C as :intercept and C as slope. 

Knowing AA,  A, C, C,a difference curve g(V) can be constructed for 

region (c): 

-AV 	CV 	
( BV -B 2V\ 

g(V) = 1(v) - AA V e 	- C e 	BB\e 	-. e 	/ . 	('4-37) 

The BB,  B 1 , b2  can then be solved using the least-square fit method. 

The program used to solve BB,  B, and B 2  is shown in Appendix B. 



D, JFET PARAMETERS 

All the single-valued parameters of a JFET (see Table J-l) cax 

be measured in the identical fashion used for bipolar transistor 

parameter measurements (see part A of this.chapter) and. therefore 

will not be repeated here. The and I can be obtained from 

- VSD characteristic (Tig. 431.). 

V05> VGS3>  VGS4>  Vcss 

FIG. I_33. Typical 'D _VSD Characteristic of JFET 

For eve.'y Vs, there is a distinct characteristic curve (e.g., for 

VGS1 it is curve 1 ). Associated with this curve is the equation 

-ev\ 
=•l - e X SD1 	 (4-38) 

For large V, 

'D'SY 
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Therefore 1  i can be determined
SY  

can he obtained from the siooe 

a series of curves (Fig. 4_33), a 

and•tabies of I 	vs. 	as wel].
GS  

irmdiateiy for the VGS  of interest. 

1D 
of in 1 - - vs. V curve. For 

ISY 	
SD 

series of I and 0 can be obtained
SY  

as 0 vs. VGS  can be constructed, 
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CHAPTER 5. EXA1PLES AND CONCLUSIONS 

In this chapter, the results of an inverter circuit, arnonostable 

mültivibrator circuit, an astable multivibrator circuit, and an amplifier 

circuit are presented. Comparisons between the experimental and the 

computer-predicted results are shown. The significance of the device 

parameters are further illustrated by examples of the inverter circuit 

and the amplifier circuit. Wherever applicable, the usual definitions 

of rise time, fall time, delay time, and storage time (see fig. 5-1) 

are adopted in this chapter. 

PLL 

Ou±r t 	I 

td = turn-on delay time, 

tf  = fall time, 

t5  = turn-off storage time, 

t 	rise time. r 

FIG. 5-1. The Definitions of Switching Tires 
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A. IUVRTER: CIRCUIT 

The CIRCUS input statements of the inverter, Fig. 5-2; are sho;•m 

in rig 5-3 	The comparsor btecn the experlLmental and the ccmmutr- 

predicted switching times are tabulated. in Table 5-1a. The output wave-

forms of the two responses are. sho:n in rig. 5-4. As seen from 

rig . 5-4 , good agreements between the experimental and computer-

predicted tires are obtained. 

EIIIIi'vi 

II0 ' I 5 'Ir, 

FIG. 5-2. Inverter Circuit. 
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"INVERTER CIRCUIT" 

DEVICE PARAMETERS 

TRANSISTOR,2N2369,NPN,RB,25.,RC,5,,RE,.66,A1,5.E-12,PHI1,.9,N1,.30, 

A2,3.7E-12,PHI2,.9,N2,.22,IES,1.8E-1,T}ETAN,37.2,ICS,5,75E-1, 

THETAI 1 34.5 

BN,.001,.002,.005,.01,.02,.05,65.5,68.,69.4,65.5,27.4,27.8 

BI, .0007, 0 0017, .0025, .15, .17, .18 

TCN, .001, .002, .005, .01, 3.6E-10, 3.9E-10, 3.9E-10, 4.E_10 

TCI, .001, .002, .005 5 	4.85E.-8, 6.2E-8 

END 

RS,1,2 1 26.4 

Ci,2,3,3.3E-6 

C1,3 1 7 1 500. 

RB,3,4,500. 

RC,5,6,1000. 

V1,6,0,10. 

V2,7,0,-1. 

T1,4 1 5 1 0 1 2N2369 10FF 

PV1,1,0,0.,2.9,0.,1.E-9,1.1E-71.E-9,2.E-7 

INTERVALS, 1.E-9, 2.E-8 1, 
i.E-B, 1.1E-7, 5.E-9, 1.6E-7 0  1.E-8 1 2.E-7 

• 	
PRINT,VN5,PV1, 

PLOT,VN5 	 - 

DIAGNOSTICS 

EXECUTE 	 • 

END OF JOB 

FIG. 5-3. Input Statements of the Inverter Circuit. 
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tdflS tf ,flS t,nS - t,nS 

EXPERIMENTAL 6.3 12 0. 19 

COMPUTER- 6.6 14.9 0 14.9 
PREDICTED  

TABLE 5-1a. Comparison between the Experimental 

and Computer Results of the Inverter. 

• 	 The significanóe of the bipolar transistor parameters can best 

be illustrated by observing the. effects of changing each parameter 

on the performance of the inverter circuit. Each transistor parameter 

(except the unimportant r and r) is changed by 10% and the correspond-  

ing percentage changes of the switching times are compared in Table 

5-lb. 

. 	
•• H 

.1 
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PARANETERWHICH I 
CHANGED BY.iO% 

CHANGE 

t d 
t 
f 

t 

1 - 	 .2 INS 

ICS 1.3 0 5.3 

BI 1.3 -22.9 5.5 

BN 1.2 - 	 .7 4.2 

TCI 1.9 - 1.6 5.4 
No 

• 	 TCN 1.3 - 	 .7 Observable 
8.5 

THETAI 1.1 0 Change 3.2 

THETAN -.9 - 1.8 -11.3 

N2 -1.1 - 	 .5 - 5.0 

Ni 1.7 - 	 .1 5.8 

PHIl - 	 . - 	 .1 3.7 

P1112 1.2 0 4.3 

A2 5.8 0 20.1 

Al 514 - 	 .2 8.3 

RB 1.4 2 • 6.0 

Table 5-1b. Relative Change of the Switching Times 

of the Invertér when each Transistor Parameter is 

• 	 Changed_byl1O?o. 
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B. EMITTER COUPLED ASTABLE MULTIVIBRATOR CIRCUIT 

The input statements of the circuit are shown_'ig.5!4. 

EMITTEPS COUPLED ASTABLE ULTIVIBRATOR" 

DEVICE PARAMETERS 

TRANSISTOR,2N2369,NPN,RB,25.,RC,5.,RE,.66 1A1,5.E-12, 

PHI1,.9,Nl,.30,A2,3.7E-12,P1i12,.9,112,.22,IES,L8E-14, 

THETA14,37.2,ICS,5.75E-14,THETAI,34.5 

BN,.001,.002,.005,.01,.02,.05,65.5,68. ,69.'4,65.5,27.'4,27.8 

BI,.00075,.0017,.0025,.15,.17,.18 

TCN, .001,.002 ,.005, .O1,3.6E-1O,3.9E-1O,3.9E-1O,.E-1O 

TCI 9 .001,.002,.005 16.4E-8,4.85E-8 16.2E-8 

END 

RB2 9 1,0,20. 

RB1,6,1,10. 

RF,2,1,1000. 

RC1,6,2,0O. 

RE1,3,0,600. 

RC2 1 6 1 5,50. 

RE2 91 4,0,600. 

C1,4,3,5.E--10 

T1,1,2,3,2N2369 

T2,2,5,4,2N2369,OFF 

V1,6,O,1O. 

INTERVALS,4.E-9 1 4 E-8,2.E-9,6 E-8,1.E-8,1 3L-7,2.E-9 

1.6E-7 11.E-8 9 2.E-7 

PRINT,VN2 

PLOT,VN2 

EXECUTE 

END OF JOB 

FIG. 5-4. Input Statements for the Astable Circuit. 
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The astabe nultivibrator circuit is shown in iig. 5-5 and 

the responses are shown in fig. 5-6. 

CA 

('C 

FIG. 5-5. Emitter-CouDied Atable '1ultivihrator. 

Although the 50% pulse widths of the two waveforms (rig. 5-6) 

are both appr.xirnately 25 rsec, there are some apparent discrepancies. 

This is because the experimental waveform is the steady-state waveform 

observed on the oscilloscope, whereas the computer solution is the third 

waveform of the transient solution. If the true steady-state.solution 

from CIRCUS is compared with the experimental waveform, a smaller 

discrepancy should be expected. 



'° 

cs 
LL 

0 
> 

9 

0 
I- 

ul 
-j 
J7 
0 
'S 

z 
> 6 

	

51 	 I 	 I 	 I 

	

0 
	

20 	40 	60 	80 

TIME (nsc) 

Fig 5-6. Emitter-coupled astable multivibrator -esoonse 



-79. 

C, -.- A [ I'PLIFIER CIRCUIT 

Though the device models in CIRCUS, are nonlinear, they obviously 

apply equally well to 1 inear circuits. Therefore, for ccrp1eteness, 

the performance of an amplifier circuit (fig. 5-7) is also checked. 

The experimental and computer-predicted results are tabulated in 

Table 5-2a. The response is shorn in fig. 5-8. 

Vi=io' 

Rl8 , k 

0  

JL 

10  

IOO 

/1 
/OOS 

FIG. 5-7. Amplifier Circuit. 



"AMPLIFIER" 	 . 

TRANSISTOR,2N2369,NPN,RB,25. ,RC,5. ,RE, .66.,A1,5.E-12,PHI1,.9, 

NI,. 30 ,A2 9 3.7E-12,PiI2,.9 2N2 ,.22,IE,1.8E_1Lt,THETAI,37.2,ICS, 

5.75E_14,THETAI,34.5 

BN,.001,.002,.O05,.O1,.02,,O5,65.5,68.,6g.4,65.5,27.',27.8 

BI,.00075,.0017,.0025,.15,.17,.18 

TCN,.O0l,.002,.005,.01,3.6E-1O,3.9E-1O,3.9E-10,4.E-10 

TCI ,.001, .002, .005,6.tl-E-8,4.85E-8,6.2E-8 

END 

RS ,1,2,25. 

C1,2,3,1.E-.7 	 S  

RB2 2 3 1 0 1 1.6E 3 

RB1,3,6,8.2E3 

RE,5,0,100. 

CE,510,3.3E.-6 

RC,4,6 9 510. 

V1,6,0,10. 

PV1,1,0,0.,.014 50. 1 1.E-8,1.00E-7,1,4E-8,2.E-7 

T1 9 3 9 4 1 5 1 2N2369 	 S  

INTERVALS,2.E.-9,8.E.-9 ,5.E-.9,4.E-8,1.E-8,1.E-7,2,E-9,1.3E-7 ,1.E-8,2.E-7 

PLOT,VN4 	 S  

PRINT,VN,PV1,ICT1,IBT1 	 S  

EXECUTE 	 S  

END OF JOB 
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Fig 5-8. Arniifier response. 
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Voltage Gain 

Avo 
dc 	Collector  
Current, mA 

dc 	Collector 
Voltage, Volts 

t 	flS 
r tf ,flS 

EXPERI11LNTAL 110 7,14 6.33 - 	 38 1414 

COUTFR- 
110 7.148 6.18 46 45.5 PREDICTED i  

TABLE 5-2a.C6mparison Between the Computer-Predicted and 

the ExDerimental Results of the Amplifier. 

As seen from the tàb1eCIRCUS prediction is good for both dc 

and transient response. The input statements for the amplifier 

circuit are shownin fig. 5-9. 

Although the relative significance of the bipolar transistor 

parameters are compared with each other in the ir.verter circuit, it 

may be illuminating to examine thesarne effects on an amplifier 

circuit which is in the active region all the time. Each transistor 

parameter is changed again by 10% and the relative change of the 

output is compared in Table 5-2b. 



PARAMETER WHICH IS 
CHANGED BY 410% 

  % CHANGE  
dc 	COLLECTOR - 

tl 	 ,' VOLI.7'  AL,. 	.7AIF. CURR(I t t 
f 

lBS .2 .1 - 	.1 -6.6 

ICS .2 - 	.2 - 	.1 -6 8 

BI .5 .2  

BN -1.8 1.5 2.2 

TCI 0 0 - 	.1 -6.8 

TCU 0 0 2.1 -5.2 

THETAN -7.8 6.7 5.2 1.0 

THETAI - 	.1 -6.0 

N2 -2.8 -9.1 

Ni No I'O 
0 57 

Observable Observable 
- 	.2 -6.9 

PHI2 change change - 
71 

A2 7t - 	.9 

Al . 0 -6.7 

RB -6.9 .6.7 8.3 

• . Table_5-2b. Relative Change of the Output of the 

Amplifier_when each Transistor Parameter is_Changed 

by+10%. 
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D. MONOSTABLEMULTIVIBRATOR CIRCUIT 

The input statements for the monostable mu1tiibrat6r circuit are 

shown in fig. 5-10.. 

"MONOSTABLE MULTIVIBRAT0R" 

DEVICE PARAMETERS 

TRANSISTOR,2N709,NPN,RB,48.,RC,7.,E,.8,A1,9.6E-13,N1,.38, 

FF111, .9,A2,1.YE-12,N2,.18,P1112, .9,IES,3.55E-14,THETAN,33.5,ICS, 

8.7E-14 1 THETAI 1 30.8 

BN 5 .001,0002,0005 9 .01,.02,74.1,72.,60.3,44.3,21.8 

BI,.0057 1 00097,.02,.18,.21,.24 

TCN,.001,.002,.005,.01,1.05E-10,9.88E-11,1.27E-10,1.42E-10 

TCI, . 001, . 002, . 005, . 01,3. 14E-8 ,3. 0+E-8 ,3 .14E-8 ,2. 85E-8 

END 	 .. 	. 

RF,1 1 4 2 9.1E3 	 . 	 . 

RC1,2,5,1.E3 

RB2,3 9 5,1.E4 

RB,1,6 0 1.E4 	 . 

• 	RC2 14,5 11E3 	 . 	••• 	. 	 . 

C1 9 2,3 1 3.3E-11 

T1,1,2,0,2N709,OFF 

• . 	T2,3,4,0,2N709 

v1,5,0,10. 	. 	. 

PV1,6,0,0.,3.,0.,1.E_9,1.E_7,1.E_9,4.E_7 	 • 	 • 

• INTERVALS,2.E-9 1 5.E-8,1.E--8,3.E-7,2.E-9,4.E-7 	 . . 

PRINT,VN4 	 • 	•• 	. 	 • 	.• • 	• 

PLOT,VN4. 

• EXECUTE 	 . 	.• 	. 	• 	 .. 	• 	•• 	• 

END OF JOB 	 . 	 . . 	. 	.. 	•: 	• 



The monostable circuit is shown in rig. 5-11. 

VI:Iov• 
—07 r 

• 	 ,oc'o 

TL 

,- 	C:33 j4 
1:vI (5 

V /1IIIIIJ-® 

Iy5 	 I 

FIG. 5-11. onostab1e 11ultivibratcr Circuit. 

The responses of the experimental and comDuter predicted are 

compared in rig.  5-12 and Table 5-3. 

trI5 
tf,flS 50% Pulse Width,ns 

EXPERiMENTAL 	20.5 16 240 

COMPUTER-PREDICTED 	14.8 19.2 241 

• TABLE 5-3. 	Con.narison Betwen the ComruterPredicted and 

Exrircntai Results of the •cnostble 	uitivibrator, 
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E. SUARY AND CONCLUSION 

CIRCUS-computed results can generally be separated into two categories. 

The dc and steadystate results are in one category and the transient 

results are in the other (see Table 5-11) and 5-2b for the effects of 

transistor parameters on the dc and transien results). 

The dc and steadystate results are usually in good agreement with 

the experimertal reults. This is because the important paremetel's for this 

ctegory (for instance BN,BI,Is,Ies,re,c,QN,I for bipolar transistor) 

are easy to measure and therefore are relatively accurate. 

The transient results are comparatively less accurate .The CIRCUS 

switching-time predictioms are very often higher than their actual values. 

This is because the important parorneters (for instance Tci,Tci,ai,a2sO1,02, 

for bipolar transistor) are not only subject to probable measurement 

errors, but also they are either arproximations of more accurate formulas 

or numerically solved quantities. For instance, the T obtained 
CN 

from Eq. (4-15) is actually approximation of Eq. (4-i'3). Therefore T 	is 
CN 

larger than what it should be. Furthermore, the a's, n's, and 0's 

in the capacitance parameters are obtained from numerical methods 

and may not be their true values. As seen from Table 5-ib, deviations 

of these parameters ( especially the a1 , a2, '' Tci ) do cause 

some appreciable changes in the switching times. 

In conclusion, CIRCUS is a very generaland useful computer-aided 

design program for circuits with junction devices only. It does not require 

too much computer time (see Table 5-4). The models are good under most 

operations, and the accuracy of the simulation is mostly limited by the 

accuracy of device parameters. Its power lies in its nonlinear models, 

making CIRCUS most ideal to analyze circuits where nonlinearities are 

important. The flexibility of its format and the inclusion of the mode]. 

library makes CIRCUS one of the easiest program to use. 
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APPENDIX A. CIRCUS USER'S MAUUAL 2U 

This chapter describes the input for:nt, the output options, and 

the program restrictions of CIRCUS. The varcus device models us'ad 

in CIRCUS were dccribcd in Crat'ter 3 Na lL - toetn- r witn  

mental verification of the e>:aTnies wè'ee 	presexited in Charter 6. 

• 	A, BERKELEY SYSTEN CONTROL CARE3 

For no plotting, no library models: 

CIRCUS, 5.1 100, 127000.427104, CHEN (User's acceurt,user's name) 

REQUEST T. INPUT, LIB 7353, CIRCUS 

COPY BF (T, CIRCUS) 

UNLOAD (T) 

RETURN (T) 

REWIND (CIRCUS) 

CIRCUS. 

7-8-9 

Using library tape, no plotting: 

CIRCUS, 5, 100, 12700.427104 9  CIJEN (User's account, user's name) 

REQUEST T. INPUT, LIB 7353, CIRCUS 

COPY BE (T, CIRCUS) 

UNLOAD (T) 

RETURN (T) 

• 	 REQUEST Ti. INPUT, LIB 6222, ODLIB 

COPY BE (Ti, TAPE ii) 

UNLOAD (Ti) 

RETURN (Ti) 

REWIND (cIRcUS) 

REWIND (TAPE 11) 

CIRCUS. 

7-8-9 
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for SAVE option (see.sec. F of this chapter): 

In addition to either(i) or (iI), one more card: 

REQUEST TAPE3. OUTPUT, SAVE 

should be put in front of CIRCUS. card. 

for RESTART option (see sec. F of this chapter) 

In addition to either(i) or(ii), one more card: 

REQUEST TAPE3. INPUT, SAVE 

should he put in front of CIRCUS. card. 

for CRT plottingt 

In addition to either(i) or(ii), the following: 

EXIT. 

DNP. 

FIN. 

SFL(50000) 

CIRCUS. 

should be inserted between the CIRCUS. card and the 7-8-9 card. 

for CalComp plotting: 	. 	 . . . 

In addition to either(i) or(ii), the. following: 

EXIT. 

DP. 	 . 	 . 	. 	. 	. . 

FIN. 

SFL(50000) 	. 

COPY BR (CIRCUS,NULL) 

should be inserted between'the CIRCUS. card and the 7-8-9 card. 
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B. GENERAL CONViTIQTS 

(1) Naximum E1cnents: 

Resistors 	 20 

Capecitors 	 200 

Inductors 	 200 

Mutual. Inductaices 	 200 

Pulsed Current Sources 	165 

Sinusoidal Current Sources 	0 

Pulse Voltage Sources 	75 

Sinusoidal Voltge Sources 	75 

dc Voltage Sources 	100 

Transistors 	 40 

Diodes 	 100 

Zener Diodes 	 100 

Tunnel Diodes 	 25 

Four Region Devices 	 . 10 

Field Effect Transistor 	9 

dc Current Sources 	 0 

The nodes of the circuit are numbered consecutively from 0 

to N with 0 assigned to ground. N should be less than 200. 

The higher node number is assumed to have higher voltage than 

the lower node number 
o. 	--t- SV 

e.g.,(a) Vi, 0, 1, 5. means  

Following the voltage convention, node 1 is 1-  5 V with re-spect 

to node 0.. 

(b) Vi, 0, 1 9  -s 	r.cans vi 

In this case although the convention dictates node 1 to have a 

higher potential, a minus sign achieves the desired 

result of node 0 more positive than node 1. 



Currents are assurnedto flow from higher potential to lower 

potential. 

For PNP transistors, positive, currents are flowing out of the 

transistors and for NPN transistors, positive currents into 

the transistors. Diode currents are flowing from anode to 

cathode. FET.currents are positive going into device and the 

voltage convention is VG > VD > V. 

The input data can appear anywhere within the 80 columns of 

an IBM card. The exact column location is immaterial (i.e., 

format free). 

The order of the input cards is also immaterial except the 

PHOTO CURRENT and CHANGE card should follow all the other cards. 

The number format is very flexible. Shown below are some 

	

allowable and equivalent statements: 	. 

Ri, 1, 2, 1230 

Ri, 1 9  2 9  1230. 	 . 	. 	. 	. 

Ri, 1 9  2 9  1.23E3 

Agf'1Tfl3l 	 f\IT1+ , 	 , 1 rtjc.A 	 1-hg 
S 	 S LLlA_ 	 .i S 	 S4 	 S 

The units used are second, ohm, farad 1  henry, volt, ampere. 

Scaling is usuafly unnecessary and, if.the model library is used, 

is unadvisable. 

Each node must have a dc path to ground. 

Zero element values are not_allowed. 
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C. IHPUT STATEhENTS 

(1) Title Ca -'d. This card does not have toaprear in the data. 

However, if it does, it must be the first card 'itm the title 

enclosed in quotation marks (e.g. "TRIAL RUN ). 

(ii) Use Model Library: 

If USE MODEL LIERAIY statement is used, no device narameters 

are needed for input data, hut the system control cards must 

	

be those of 	A (ii). If the parameters for the particular 

• device used in the problem do not appear on the model library, 

they rnustbe provided accdrdingly (see J). Also, if several 

circuits are run as one job and if the first circuit does not 

use the model library, subsequent circuits cannot use the 

model library either. 

• .D 	ELEMENTS_CARD 

(i) Resistoi,capacitors, inductcrs, and dc voltae sources are 

described by the format. 

Xnane, rn,n,v, 

e.g., Ci, 2, 3, l.E-9 

where X is R, L, C, or V, 

name < 3 aiphameric characters, 

n = element nodes, 

v = element value. 

for mutual inductance, the format is 

K, L1 , L2 , u, 

	

e.g., 	K12 5  Li, L2, .991 

whereK =.coupling, coefficient label, 

name < 3 ciphameric characters, 

L1 , L2  = inductor labels, 

U = coupling coefficient, always smaller than I. 
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Transistors: 

b' c' e' label, 

e. g., 	.TlO,I, 2, 0, T13333 

where 	i 	
1
c' 1e are base, collector, and ernitte 

node number respectively, 

name < 2 aiphameric characters, 

label <6 aiphameric characters. 

Switching diodes, zener diode; andtunnelldiodes are 

described by the format 

Ynar!e, n
c' 11a' label, 

e.g., 	D5, 3 9  0, HP2300 

ZD23- 2, 3., 1N2310 

TD1, 39 0 9, GE101 

where 	Y D for switching diodes, 

= ZD for zener diodes 

TD for tunnel diodes, 

name < 3 .alphámeric characters, 

n c , n a = cathode and anode node number 
•  

respectively, 

label < 6 alph'americ characters. 

Four-Region Devices 

MTname, n n, n n label 
b' c 	e 	s' 

e.g., 	MT1, 1, 2, 3, tL, ERL103 

where 	MTrefix for 4region devices, 

• 	name < 2 alpameric characters, 

%' c' 1e' 	
base, collector, emitter, and 

substrate node nmther respectively, 

labl < 6 alpharneric characters. 	 • 
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(é) .JFET: 

FT name, r1, D' 
fl, 	' ci, 

e.g., 	FT 1, 1, 2, 3, 313O 

where 	ne = I alphamer5.c character, 

are gate,c1ran, source node number 

rcspccELveiy, 

label < 6 alphameric characters. 

(vi) Sir'usoida] Volta;c Sou es 

'0 

SV name, n 1 , n2,VO I V, t, t, 

SVI, 3, 4, 0., 5., 0., 1.E-6 

where 	name < 3 aiphameric characters, 

fl 1 , 12 = nocle numbers, 

V0 	average voltage, 

V 3 	ampl.tude, 

to  delay in seconds, 
S 
	

t
p 	

period in seconds. 
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(vii) 	Pulsed Sources: 

V I  H 
PV name, ni, '2' V0  V 1 , to 	t, tf  

or 	PJ name, n 11  n2 , t0 ,. t 	t 	tf  

e.g., PJ1, 3, 	4, 	0., 	5.E-3, 	0., 	0., 	l.E-O, 	0., 	l.E-7 

where PV = voltage prefix, 	. 

PJ current prefix, 

n1 , n2 	node nuibers, •• 	• 

.V1 , V0  = voltage levels, 

Ii, l o  = current levels, 
- 

t0 delay time, 

t 	= 
r 

rise time, 	 . 
. .. 

td = duration of pulse, 

tf  = fall time, 	. 

period of pulse. 	. 	. 	 . . 

With approriate t, td, tf , triangular, rectangular, etc., vaves 

can be obtained.  
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b. 	OUTPUT STATtENTS 

Any variables in Table A-i can be printed and plotted. 

TABLE A-1 

Variable Description 

i) 	. L,inea 	eleents: 

Resistor votae 	. VR name 

Resistor Current 	. 	 . IR name 

Resistor ocwer. 	dissipation 	. 	 . . PR name 

CapacLtor voltae VC nare 

Capacitor current 	, IC name 

Inductor voltage 	 ' VL name, 

Inductor current IL name 

Pulsed volta:e , 	 PV name 

Sine-wave voltage 	 , SV name 

Pulsed current pj name 

Voltage across current scurce VPJ name 

(ii) Transistor: 

Base-collector voitace VCT name 

'Base-emitter voltage . 	 ' 	 VET name 

Collector current ICT name 

Emitter current lET name 

Base current IBT name 

Collector-base capacitor current JCT name 

Emitter-base caDacitor current • 	 JET name 

Collector-base derertdent 	'.enerator current 	SCT name 

Emitter-base deperiant generator current 	' SET name 

Power dissipated in transistor PT name 
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Variable Descriptiri 

ii) Diodes_and Zener Diodes - 	 - 

Junction voltage VD name 

Junction current ID name 

Junction canacity current JD name 

Junction generator current SD name 

Power dissipated in diode PD name 

(iv) Tunnel Diodes: 

Junction voltage VTD name 

current lTD name 

• 	 (v) Li_Layer Devices: 

Base current IBMT name 

Collector current 	 • ICMT name 

Emitter current IEMTnarne 

Substrate current ISMT name 

Base-eNitter voltace VEMT name 

Base-collector voltage 	• VCMT name 

Collector-substrate voltage - VSMT name 

Base-emitter capacitor current 	.JEMT name 

Base-collector capacitor current JCMT name 

Collector-substrate capacitor JST name 
current 	 .- 

Emitter junction generator current SENT name 

Collector junction generator current SCMT name 

Substrate junction generator current SST name 

• ..••i 
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Variable i)escriotion 

JFIT: 

Gate current. IGFT name 

Source current ISFT name 

Drain current IDFT name 

Gate-source vcltme VSFT name 

Gatec1rain voltace VDFT name 

Gate-source capacitor current JSFT name 

Gate-drain capacitor currant JDFT name 

Gate-source junction generator current SSFT name 

Source-drain channel current SCFT name 

FET power dissipation PFT. 	name 

General Purmose: 

Node voJ.tae VN node no. 

Difference or sun of two node volt ages D n, ± n2  
Any variable minus its initial vaJue variable name 

Integration interval 	. DT 

Statements: 

(a) 	Print Statement: 

This statement must ampear In every ciruit run. 	Its format 

is: 	PRINT, name1 , 	. 	. 	. 	. 	. 	. name, 

where 	name 	any of those in Table 	A-i, 

e.g., 	PRINT, VN3, 	IBT2, PT1, IRC, SD1 

(.b) 	Plot Statement: 

Any paameter(s) 	in tiie PRI;'.T statement can. be plotted cn a 

graoh if the follcwin 	card is providod: PLOT, name1,.  
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where 	narne = any of those in Table A-i, 
3. 

e.g., 	PLOT, VN3, IRC. 

Monitoring maximum ratings: 

Any parameter(s) appearing in the PRINT statement can be 

cldsdy watched so that its value does not exceed the specified 

maximum. Then during the output printing, an asterisk will be 

placed beside those values in excess of the maximum. 

MAXIMUM RATINGS, name , max value , •....... name 1., max value., 1 	 1 	 1 

where 	name1  = any of those in Table A-i, 

e.g., 	MAXIMUM RATINGS, PT1, .3, 15T2, l.E-2. 

Intervals Statement: 

INTERVALS, Lt 1 , t, . . . . Atil, t, 

where Ati = print interval during period i, 

t = timeat.the end of period .1, 

e.g., 	INTERVALS, l.E-9, 1.5E-8, 5.E-7, 6.E-6. 

END Statement: 

If the electronic device parameters are entered in as data, 

END tells the program that all the parameters have been entered 

in. In a run where several circuits are submitted, END tells 
the program that there are more circuits following to be executed. 

EXECUTE tatement: 

EXECUTE signals the beginning of execution 
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(g) Circuit Parameter Variations 

Except for the ohmic resistances of junction devices, all paraneters 

can be varied one-at a time or all at once. A typical in?ut configuration 

might look like 

-: (normal circuit input) 

EXECUTE 

(parameter changes) 

EXECUTE 

(more changes) 

EXECUTE 	 - - 

END OF JOB 

Between the EXECUTE cards, -the following can be changed: 

(1) Any fixed component value 

X name, V: 

where 	paramater chane prefix., 

XR,L,CorV, 

V = new value, 

e.g., 	*R3 9  1.2E3. 

(ii) Any pulsed and sinusoidal sources: 

PV name,V0 , V1  t, trt 	tf 9 t )  

CPJ name, J 0 , J1  t0 tr  td3 t f  t 

-- 	 *SV name, V0 , V, t, t 

(see Dl(v4 and (vie for the meanings of the symbols) >  

e.g., 	SVl, 0. 9  2.3 1  0., 1.E-7 
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To change the coupling coefficient, photocurrent, peak rate, 

title,or intervals, the. user simply supplies an appropriate 

new card.. 

Fixed value device parameter changes: 	. 

CHANGE, label, p 1 , v(p 1 ), . . . . ., p, v(p), 

and for parameter tables, 

CHANGE, label t, values, 	 . 	. 

where 	label model number, 

= fixed-value parameter name, 	. . 	. 

v(p) 	value of p) 

t 	table parameter name, 	 . . . 

e.g., 	CHANGE, 2N2368, 1ES, l.E-16, N2,3 

CHANGE, 2N2368, BP, 001, 002, 50 ,70 

If the model library is used, any parameter(s) of the device of 

interest; can be altered temporarily during the run by supplying 

CHANGE card(s) at the endof the data (i.e.,before the EXECUTE card). 



-A 15- 

F; SAVE AND RESTART OPTION 

Either for post-run recovery ;hen time limit is exceeded or 

because the user desires the analysis to be stopped at one.particular 

time instant, the results of analysis up to that point can be saved on. 

a magnetic tape by the command 

SAVE., 	 . 	. 	. 	. 

In a separate run, the analysis can be resumed withthe saved tape 

mounted by the command 	 . . . 

RESTART 

followed by new INTERVALS card, 

e.g., if the program was stopped at ills instant, the response 

after .]4ls and up to 6ps can be obtained by the following cards 

in a separate run: 

RESTART . 	 . 

"RESTART RUN" 

INTERVALS, l.E-7 6.E-6 

Only title and INTERVALS card are allowed for a RESTART 

execution. 
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HOLD FINAL CONDITIONS OPTION 

If the user wants to change certain components of the circuit at 	 e 

a.particular time during the analysis, he should use HOLD FINAL.cODITIQNS. 

instead of RESTART. Right after the changes, the analysis will continue 

with a new INTERVALS and EXECUTE card, 

e.g., (circuit and intervals description) 

HOLD FINAL CONDITION 

EXECUTE 

(changes and a new INTERVALS CARD) 

EXECUTE 

END OF JOB 

DIAGNOSTICS 

The [Z] •and [S] (see chapter 2) matrix plus the initial conditions 

of the circuit can be obtained by this card. 

FINISH CARD 

END OF JOB. 

DEVICE PARAMETERS AND PHOTOCURRENT 

(i) Device parameters format: 

If the parametersof a device are not on the MODEL LIBRARY, 

they must be provided (see Table -1 for the number of 

parameters required for each device). 
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(a) Trans.stor 

	

a1 	 OVbe  
C 	= ---.---+O T e 

	

be 	
+

C N 

	

Vb)I 	
N  

a 

	

2 	 Ibc 

	

Cb e 	 + O,Ti e 

+Vb) 2 

	

be 	+ 	Is'be_ 	(e°bc_ ) 

(1 + L) i(e I bc_ i) - I(e N be 

	

'bc 	 cs 

.i (I)) 

2 

	

Tcn 	f3  (i fl ), 

Tci 

1. Co 

FIG. A-LNPN Transistor, 



-A 18- 

The format is: 

• DEVICE PARAMETERS 

TRANSISTOR, label, type, p 1 , v(p.), ... p, v(p), 

• table value, i, ... jri 
	y, 

END 

where label = model nuinber<6 alphameric characters, 

type 	NPN or PNP, 	• 

P. = name of single-valued parameter, 

v(p1) = value of parameter, 

table label any of BN, BI, TCN, TCI. 

Single-valued parameters 
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- Mat•heati•ca 	Symbol 	A-l) Input Symbol 

0N 
THETAN 

a2  A2 

PHI2. 

N2 

01 THETAI 

I IES 
es 

'I ICS 
Cs 

Table parameters: BN, BI, TCN, TCI - all functions of current; 

e.g., DEVICE PARAMETERS 

TRANSISTOR, 2N2368, NPN RB, 62., RC, 20, RE, .01, 

Al, 4.9E_12, PHIl, 1, Ni, .29, A2 9  5.E-12 2  

PHI2, 1, N2, .23, IES, E.E-16, ICS, 2.9E_14, 

THETAN, 39.6, THETAI, 32.2 

BN, .001, 30 

BI, .001, .05 

TCN, .001 1  1.E-7 

TCI, .001, 1.E-.7 

A word of caution should be given here: Whenever a table 
is used for the device parameter, it must be arranged in ascending 
order with respect to the variable. 



Ip 

Co\o &e 

(b) Diode and Zener Diode 20- 

a 	 O.VD 

CD = (Ø+VD )n.DS  

I IS( VD - i); 0 

I 
for zener diode I 	S 

R 	v 
\ 	BV 
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The format is 

DTODt, label, p, v(p1), ,. pri v(p) 

or 	ZENFR DIODE,label, p 1 , v(p 1 ). 	P, v(p), 

where label model number -56 alphameric characters, 

• 	p1  = parameter name (see below), 

v(p) 	parareter value. 

• 	 PARAMETER NAMES 

Mathematical Symbol (Tig. A-2) 	Input Symbol 

rb 
	 RB 

r 	 RS 
• 	 S 

a 	 A 

0 	 PHI 

n 	 N 

IS 	
IS 

0 	 THETA 

KD 

BV 	 BV 

m 	 H 



TP 

O.hott CioJQ. 

FIG. A-3. Tunnel Diode Model. 
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(d) Four-Layer_Device 

a 	 be 
Cbe 	 fl1 + eN CM1 EC ° 

(01  + Vhs )

be  
Cbc 	

yb 	
+ ii. 

T 11 	a 	+ e TCM2 13S 

(02 
53 	 %V5 	 - 

Cc8 	
+ 	

+ e2 Tc12 'SB  L_ 
3 os__________ 

( + ..._) 	

(ie)_i(1v1_i) 

'bc = (i +) 
	

( 2vbc) + 	

+ 	) 	

(oIc) 

	

Je °i1e 	I i2s 
) .1) - 'SB'e 	-i 

(i+. 	) 1SB 

(00 V08 ) 	( eN2vbC ) 

 BS  

	

as 

ON 	f(I),8 	=f(1 ), 	=f(1 ), 	Rf(I ) 

	

1 	1 N1 	N2 	2 N2 	I 	3 I ] 	12 	4 12 

TCM Z.f
5 1N' TCM 	 Tci 	f7(I1

) t
T 1 	f8(11 ) 

C 

.s 

L 
FIG. A- 14. Four-Layer Device Mcie1. 



The format is 	 -A 24 

MICROTRANSISTOR, label, p 1 ,.v(p1 ), ... •p, v(p), 

table label, i, ... i, y19 	y) 

where label = model number < 6 aiphameric characters, 

p. 	single-value4 parameter name, 

V 	 v(p.) = value of parameter, 

table label any of BN1, BN2, BIl, B12, TCN1, TCN2, 	V  

	

TCI1, TCI2. 	
V 

SINGLE-VALUED PARAMETERS 

Mathematical Symbol (rig. A-'l) 	Input Symbol 

• r RE 
e 

RB 	V 	 • 

RC 

r: .RS 

V 	 .a1 Al 

01 	.• • PHIl 
V 	

• •. 	 Ni 	 V 

• 	 a2 • 	 A2 
V 	 V 	

PHI2 
V 	

112 N2 

a3  A3 

03 • 	 PH13 

• 	 11 3  • 	 N3 

• 'EC V 	
• 	 ISN1 

'CE 
TSI1 

V 	
'BS 

• 	 ISN2 
V 	 • 	 V 	

• 	 i 

SB ____ 
• 	 1S12 

---------- 
• 	 0 • 	 THETN1 

• 	
Ni 

• 	 0 THETN2 

0 - 	 THETI1 
1 

• 	 V 

0 • 	 V 	 V • THETI2 
'2 

Table Parameters: BN1, BN2, BIl, B12, TCN1, TCN2, TCII, Tc12,V  all functions 	V 

of, current. 
/ 



I, 

S. 
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The format is: 

FIELD EFFECT TRANSISTOR, label, type, p 1 v(p), . 	. 	
. 

v(p 1 ) 	table label, i, 	• 	• 	 •• 	i, Y19 ynj  

wre label 	model number 	6 aiphameric characters, 

P. 	= 	single-valued pararneter.name (see below), 

v(p) 	= parameter value, 

table label 	any of ISY, THETA,. 

type 	= NCHANNEL 	or 	PCHANNEL. 

SINGLE-VALUED PARM&R 

Mathematical Symboi(fig. A-5) 	Input Symbol 

R RS 
$ 

Rd RD 

RG 

C COS 
Os 

V VS 
S 

NS 

e THETAS 
S 

I • 	 ISS 
ss• .  • 

• 	 C • 	 od • 	 •• 	COD 

V VD 

P. ND 	• 

THETAD 

• 	 I sd 
ISD 

Table parameters: 	THETAX, ISY 	all functions •of Vg5 
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(ii) Photocurrent 

All the photocurrent generators of the devices have the 

following format: 

• PHOTOCURRENT, label s  ID, y
b' tS 9  t1l... t1,  ii, 

• where label = model name, 

1FF for transistor base to collector generator 

IPP for transistor base to emitter generator 

ID = IPPD for diode phot66urrent 
• 	 1FF for FET drain to gate generator• 

,IPP for FET source to gate generator, 

nominal curve peak radiation per second, 

t S = time at which radiation starts, 	 • 

th. time of radiation tate, 

i.= jthvalue•at  th time (amp )• 
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APPENDIX B LEAST-SQUARE FIT METHOD17) 

There are occasions when it is necessary to find in variables 

from one equation plus large amount of experimental data. It is 

easy to see one equation is insufficient to solve for m unknowns. 

The trick is to generate in linearly .independent equations using 

Taylor's expansion and n experimental data (m n). 

As is well known, any function g can be expanded in Taylor's 

series, 

g(x, e1 , e2, .. em) g (x, e10 , . . e ° ) + -1- de1  + •. + -1-. den , 
e1 . 	 em 

where e's are the unknowns, 
• 	 x 	is the point where measurement is made. 

0 

• 	 Suppose the approximate values of e's are known and equal to e 's, then 

e1  e1° + c1  

(B-2) 

e 	e°+c , 
m 	1 	m 

where c's are small constants. Combining Eqs. (B-I) and (B-2) 

gives 	 - 

g(x, e1, ... em) 	g (x, e10, .. e°) + 	c1  + 	• + &- Cmi 
el  

evaluated at (e10, ... em°)  . 	 (B-3) 
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• 	Because there are experimental errors in the gathered data and 

• there are neglected higher-order terms in the Taylor expansion, Eq. 

(B-3) will not be exactly the same as the experimental data point z. 

However, if the guesses (cots)  are good, the difference, c , between 

the measured and the predicted can be made small. Therefore, the 

idea is to make this difference go to zero. 

In general, for n measurements there correspond n equations: 

	

._&_(x1 ) 	C1 	g(x1 , e1°  . 	e' ) - z1  

I 	I 	•• 	 I 	I 	I 	I 
+ 	 = 	 (B-u) 

1 	1 	1 	1 	I 	I 
L(x) 	C 1 	g(x, e . . e 	- 2 
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Now it is reasonable to assume that errors introduced during the 

measurements follow the normal Gaussian distribution. Therefore, to 

minimize the difference between the measured and the guessed values, 

one would want to minimize the sum of the errors: 

aCk  y C] 

	

	2 	£3 	0 for K 1 ... m 
a

• 	From Eq. (B_LI), 	 = -s- 	
(B-6) 

aCk . 	k 	• 

Using Eq. (B-LI) forE and.Eq. (B-5), Eq. (.B-5) becomes 

1 

 [ 	

1Zj - ( x3 )] 	for K = 1 .. m 

(B-7) 

.2 	• 	 .. 	 ••. •.,•. 



To put (B-7) into a more concise form, 

let 
I..... 	

. 	aim  

A = 

a 	........ 	a' 
ml 	 mm 

ci 	 •l .yl 

C ,. 	b= , y 

I I.. 
C b' y' 

m m ii. 

f11 	1fim 

I 	 I 

H '  
I 	 I 
I 	 I. 
I 	 I 
II 

- f_ 	........f' ni. 	 nm 

g 
= 	• 

where 	a ki ae1 	ej4  

j=l 
for.k = 	1 	..... 	rn, 

ag  
bk (z. - 	(x)) 

ej i 	= 	1 	.... Tn 

a(xj) S  

f.  

aek 

y. =zi 	- 	g(x.) . 
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Then (B-7) becomes 

[A] [C] 	[b], 	 . 	(B-B) 

where 	[A] = [F]'. [F], 

[bJ 	= 	[F]' ty].; 	... 

implies transpose. 

Gauss elimination is then used to solve for the c's in Eq. (B-8). 

With each iteration, better guesses of e ° 's can be found. Ideally, 

with infinite nuthber of iterations, exact values for es  can be 

found,although in practice this is not done. Usually, criteria are 

set up such that once the e ° 's producafter several iterations meet 

these .. criteria, the iterations would stop. One of the possible 

criteria involves using elementary knowledge of statistics. 

If the standard deviation a is defined as 	. 	 . 

a=-- 	( 
	

( B-9) 

where 	y measured value , 

	

p = mean value 	y. , 
y 	

nj=l 

then the index of correlation, r, between the data and the predication 

can be defined as. 	 . 

af 	I 
(B-b) a 	 na2 

' 

-7 	 y 

/ 
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where 	Cr is the standard deviation of the prediction. 

Using Eq. (B-9), Eq. (B-b) becomes 

2 
rb- 	 (B11) 

Fl 

With r so defined, a meaningful comparison between the various 

iterations can be made because r = 1 signifies the exact coincidence 

of measurement and prediction. Usually for.a. small number of variables, 

say three, convergence .towardsr = .98 is very fast. 

Each of the two following programs consists of a main routine to 

• 	set up the matrices (F, A. b, C), a subroutine to solve the matrices, 	J 

a subroutine to calculate the correlation index,and a subroutine to 

plot the measured and predicted values to give visual appreciation of 

the proximity, of the results. In the first program, the three parameters 

• 

	

	of the junction capacitance, a, n, are extracted from n capacitance 

measurements. In the second program, B, B 1 , B2  are found from the 

partial I-V curve of the tunnel, diode. 	 . 
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,CAPAC7,2O,4230Q.4271)4,cHEN 	 . 	. 
iN(5,1330) S  

CAP'C. 
EXIT. 
DMP. 
D4P(1r- or) 

S 	
- 	PROGRAM CAPAC(INPUT,OIJTPUT) 
•****-*** 	 **.x_***  C 

L E AST SDJARE METHOD FOR tALU 	 IN 	 ION C 	CAPACITOR 
C 
C 	***•** 

DIMENSION X(2S)Y25)c(2),B(2),E(2),A(2,2),F(25,2),FT(72s,z(, 
bYFIT( 75)  9 WORD(8) ,pHI( 7) ,G( 2) ,GG(2) ,ZFIT( 25) 
COMMON P H I 
DATA END /L/ 

C 
C 	X, Y= MEASURED VALUES 	

S 

C 	EESTIMATD VALUES 
C 	F=ARRAYS OF THE PARTIAL DERIVATIVES EVALUATED AT VARIOUS X 
C 	FT=TRANSPOS OF F 
C 	CRESULT.ANT MATRIX FROM FT*F 
C 	R=RFSULTANT VECTOR FROM FT*Y 
C 	WORDTTTL 	 . 	 . 

G,G,COM°,ZiT = DUMMY VARI.ALES 

1 READ 59WORD 	 . 
S FORM.AT(8A10) 

P1NT 9 9 WORD 
0 OR1T ( 1  HT 9 8fl H *****************************************k 

* *** *** * *** * ** * ** * ** * 
IF (lJ'D(1)..Jr))ST!- o 

4 READ 1O,I,G,DHI,NlSTEp 
10 FORMAT(12,8X.,4F10.5,I1, 

• 2,(x(1 .'7-(J))J=i,I) 	 .........•..•_•• 
20 ORMAT(2FlO.5)  

.. 	
•- 	 ...•• ....................- 

PRINT 219 G9,V 
2FR1AT( 	E INITIAL G'JES EU= *,2E1OZ7* FI1NESS=*,F8.4) 

... --. .....
. 	 .........-----.--.---.-•-- ....................................... .-- •.• 

7 2 Lfl 
E(i)G(1) 	 . - 	. 	..• 	S ..  

E(2)=G(2) 
I 
C 	PARTIAL DERIVATIVE ARRAYS ARE SET UP 	 . 	. 

DO  
O=PHT-x(K) 	

S (K 1) 1 • / (2**E ( 7)) 
•• •• 	............... .• 	 • 

-- 	 .. ... 

•••••••••C 
	... ..•. 	 - .................................... 



- C B COLUMN VECTOR 	IS SET UP 

DOqJ=l,2 	 .. 	- -. 

C 
C THE 	TRANSPOSE 	MATRIX 	FT 	IS 	SET 	UP 	 . 

DO 	A 	K1,I 	 -.. 	-------------- . 
FTUjK)F(K,J) 	

.-..-........ 

8 B(J)=R(J)+FT(J,K)*Y(K) ..---------..---.------------.-----------.------- -------------- C.. 

C A 	MATRIX 	IS 	SET 	UP - ..................... .-.-S.---.--------- -- -- ---- ----------.-- ............- ...........- 
----f------------ ----- ---------------- 

DO 3 J=12 
---. ooi: 

A(M,J)O -.-----.----.---.-----.----...--.-.... 
-. DU3N1I 	

. 	 ........ 

3 A(M,J) =A(M,J)+FT(M,N)*F(N,J) 	 . --...-.- -----------.-.. 	-------- -----------._ -------. S-. 	

..--.. 

C SUBROUTINE GAUSS CALLED TO SOLVE FOR C 

LL+1 
-.---.- 	 . 	- CALL 	GAUSSL,A,B,C) 	 ...._-.---.-- 

DO 6 K=1,2 ----...- .....-.--..-.----.-.. ---- -S--.-----------.--*.------ 

C 
-. FITNESS 	TEST 	

- 

vFrTtTX,ZE) 
IF(L.GT.30)GOTO 	11 . --S-------.--S-.  .--,- ..... - 

T7 	1-0 
11 11=11+1. 
40 FORMAT(* 	DHI 	*9F8.3,* 	FITNESS  

PRINT 	40, 0 HI(1)9V 
- 	- - 	- TC.LT.V)12,13 

12 COMP=\/  
--.-----S-----.-.----,.S  

- 	
-.--- ...........-.-_-- 

S  GG(i.)E(l) 	 . 
- -------------- 	-----.----. .--. _- 

DO 	1.4 	K1,I 	 ---------- . 
ZFIT ... YYfTK) - 	- 	- 	

-,-.--.-----------.------ 

13 DHIHI+DI\/  
-- JTtT 	 r'T6 	

---_---*____ 

GO 1022 
16 PRINT 	609DHI(2)9COMP,GG 	 . 
6..) FORMAT(*OBEST 	PHI 	*9F8939* 	FITNESS 	*9F8.49* 	A 	*,E12.4,*N 	*q .  

- 	 -- ------------------- ......-. 
1E120 4 ) 	 - 
CALL 	YGRADH(I,X,Z,ZFIT) 
GO 	TO 	1. 
END 
FUNCTION 	FIT(IX,YC.) 

-. 
C 10 TEST 	HOW CLOSE 	THE CALCULATED RESULTS FIT 	THE MEASURED RESULTS 

C 

DIMNTON 	X(2B) ,Y)  

... CO\4'C. N 	PH I 	 -.............- ------ .. 
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RETURN 
4FI1,SQRT(i.W) 

RETURN 
F NI) 
SUR0UTINF G.AUSS(A,R,C) 

C 	**)*  
C 

GAUSSIAN ELIMINATION wrTbUiPTV 

C 

C 
C 	ARRAY AA IS 3EING FILLED 
C 

1)0 1 1=1,' 
4 
1)0 1 J=1,7 

.............ALi,JA 	I,J) 	 .. 

1 CONTINUE 

C 	D=NORM.ALIZTNG FACTOR 
.............................................................. 	 . 	

. 	 ............................
-.. 

1)0 2 1K,3 
A.A ( N, I) AA( N, I)-r)*AA( K I) 

......................... 2CO.NTT\ftjE 	 ............ 	
.. 

.C=OFST RED RESULTS .............---. 
C .,  

CT2 JAA fZ1"/I 2 '21............................. -.-.- 
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T1T(1' 	4A( 1,2)*H/AA( 1 • , • 1 

RETURN 

SUBROUTINE YGRAPH(M,X,Y,YFIT). 
IMFN3ION X(25)9Y(25),YFTT(25) 

DATA 1FFF9I399I000,IPPP/1HF91H ,1H*91HI/ 

YMFN=Yi1)  
YMAXY ( 1) 
DOII,M 	. 	 ----.----..---.-.--.---------.--.. 
IF(YMIN .GT • 	YCI)) 	YMINY(I) 

'jF( YMAX •LT. Y( 1)) 	yMAXY-cr)........-.--- 	
..-.--.-------------- 

IF (YMIN • GT. YFIT(I)) YMINYFIT(I) 

IF 	 ' FITfi 	
.-.---.--..........-. 

3 CONTINUE 
PINT i,yMINr,YMAX 	...... --..---.----.---.----. .-------.-- 

10 FORMAT (1HO,X,E13,7X , E1.1 	 -------------------------- 

2---------- ------------------___  

101.O+l0.0*(Y(I)-YMIN)/(YMAXYMIN) 
IOMAX1)(IN0( 10,100) ,1) 	

__ ................. 

ID=1.3+100.0*(YFIT(I)YMIN)/(YAYM 1 N) 

• ..........tAX0(rA1N0(IP000)01) 	.
- . . 

IF (ID .NE. IP) GO TO 1030  

PRINT 10109X(I),IFFF 
1010FORMAT (1X,E13.5,6H 	-,IOOA1) 

GO TO 111)0 
1O7KI01. 	 - --.--.--.----- 

RINT l0l39X( I), ( IBBB,J1'K) ,IFFF 
.........

GOTO1 10 O 	- . 	
. 	 .................-.--------.------.--.- 

1030 iP=iPPP 
100=1000 	 .• - -•..-- 
IF (I 	.(75T. 10) GO TO 1040 

- 

•...=
---. 

IPpI000 	
----.--------. 	--------. 

IOO=IPPP  
trJOYT

- 	 _________-.---.,.--.--.-----.---. 

IO=IP 
IPID!.JMY 

1040 IF (10 .GT. 1) GO TO 1060 
KIP-101 
IF (K • GT. 0) GO TO 1050  

PRINT 101O,XU),I0O,IPP 
GO TO 1100 

fOOONTINUE 
PRINT 13109X( I) ,IOO ( I3BR,J1,K) ,IPP 	 • 

GO TO 1100 
1060 K110 - 1 -- 	................. ......... . -.-.----------.---.--.-. . 

<2=ID_IO_1 
IF (K2 .GT. 0) GO TO 1070 
PRINT 10-109X(I),(tBBB9J1 9 K1)9I 9 P 

GO TO 1100 
1070 CONTINUE 	

. 	 .............................----•-------------------- 

PRINT 10109X( I), ( IBBB,J1'Kl) ,100, (IBB,J1,K2) ,IPP 

11:c01 NTTNJE 
 

PRINT 111,YMIN,YMAX  

ll1 I ='ORiAT 	 /16X-F13-----. 

1. ---------------------------- --------------------------------------------------------  
?x,E13.) 	. 	- 	. -.-.- •. -... 	• 	- 
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0 IE 0 • 427134, CHEN 
'UNL5,135JO) 

DIODE. 

PROGRAM 	DIOOE(INPUT,OUTPUI)  

C LEAST 	SQUARE METHOD 	FOR CALCULATING COEFFICIENTS OF THE PARTIAL 
C TUNNEL 	DIODE 	CHARACTERISTICS 
C 

DIMDN..ION 	X(25) ,Y(2) ,C(3) ,B(3) ,E( 3) ,A(3,3),F(25 , 3) ,FT(325) 	Z(25) 
.................... .-..'... 

FJTF2'S) ,worDc8 ) ------------'-'----.--.--.--.--- 
DATA 	ND 	/3HEND/ 

C 
C X 9, 	Z= 	MEASUR) 	V A L U E S 

F=ESTTAATFD VAL'FS 	 - - 

C F=ARRAYS OF THE 	ARTIAL DERIVATIVES EVALUATED AT VARIOUS X 
FTTRNSPO5E 	OF 	F 	......................

-'-_-'-- ................ --. 	-.' 

C C=RESULTANT MATRIX 	FROM 	FT*F 
C BRESJLTANT VECTOR 	FRON FT*Y 	 - 

C ORD=TITLE 
.. 

1 READ 309WORD 
''TD FOR1ATT87 1,0r 	. .. 	.. 	"..-'-. - ............ _______..,__.- 

P R I N T 	3 1 , W OR 0 
31 FORiAT ( I Hi ' 8 1  

2**  

IF 	(40R0(1).EQ.END)STOP 
1.T,I,F: 

 

3: 
 

0R"1AT(I2,8X9 3F1D.5) 
READ2O,(X(J),Z(J),J1,I) 	

. 

20 FORMAT(2F19.) 	 . 

Lfl 
RINT 	21,E 

-. G'.JES 	E'(FT 	= -,.3F10 	
-..................... 

- 

w=D. 

C P A R T I A L 	DERIVATIVE 	ARRAY.S ARE 	SET 	UP 
C 

2 00 	3 	K1.I 
- 	 .'..--'--- --- -fEX 	CE c 2* ,- )-*Th))  

F(K,1)=O1-02 
( Kq 2) =E ( 1) *X ( K)*O1 

F(K,3)C1)*X(KH02 	 . 
Y(K)=L(K) 
YFI 1(K) =E (1) *(Ol —Q2) 

3 Y(K)=Y(K)—YFIT(K) 	 . 	. 
CALL 	YGRAPH(I,X,Z,YFIT) 	 .

-.- 	-.. 

r 
C0LU;'1N VECTOR 	IS 	SET 	UP 

00 4 J=1,3 

C 
C 	THE TRANSOST MATRIX FT IS SET UP 
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004 K=1,I 
FT(J,K)=F(K,J) 

	

- 	48(J)=5(J)+FT(J,K)*y(K) 
C 

	

C 	MATRIX A IS SET UP 
(. - 	 - 	- 	- 	

----.-.--.-.-..---,---.-.----- DO 5 J1,3 
DO 5 

DO 5 N=1,I 
- 

S CONTn)E 
C 

	

C 	SU3ROUTINE GAUSS CALLED TO SOLVE FOR C 

LL+1 
CALL .3AUSS(A,5,C) 
1F(L.GT.100)Go TO 9 
DO 6 K=1,3. 
E(K)E(K)+C(K) 

6 CONTINUE 
PRINT 51.E 

51 FORMAT(*DNEW E( r )=  
C 

	

C 	FITNESS TEST 
C. 

V=FIT(r,x,z,E) 
PRINT 40 ,L,V 

4i FORiAT(*3L= 	 FIT= *,F11.5) 
C 

	

C 	CONvERGENT T E S T 
L 

	

1' 	(-r- 	I I 	• (.9951) 7,8 
7 IF(V.LT.(w+.901) )GO TO 9 
8 WV 
GO TO? 

9 PRINT 5DgLV,(E(K)9K10) 
Su FORMAT(*OAFTFR -*,139* TNIES ,FITNESS= *,F11.7,*,PERFECT IMPLIES 

1 FITNESS =1. */*QTHE E ARE *93E12.4) 
CALL YGRAPH(I,X,Z,yEIT) 

TO 1 
STOP 
ENT) 
F!JNCT10NFIT(r,X9y 9 C) 

.aj:  
C 
C 	TO TEST HOW CLOSE THE CALCULATED RESULTS FIT THE MEASURED RESULTS 

- - 	

- 	 ; - 

DIMENSION X(25),Y(25),C(3) 

CONSTAINT8 TO AVOID DIVERGENCE 	 - . .. 

I lABs (C (1)) ,.jT.500. ) C (1) =10 0  
IF(Aoocc(2) ) .DT.50.T, )C( 2)=50. 

...- .... .......
- 

ERRC)R=n 

	

T)O1J=1,I 	. 	 ------....-------.-.--.--,.-..- 
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SUMSUM+Y(J) 
1 ERRORE 	OR+(Y(J)—C( 1)*(EXP(C(2)*XJ) )_EXP(_C(3)*X(J)) 
AVE=SUM/FLOAT(I)  
SIGMA=O 	 ---------

.-- TD02Kl,I ---. 	- 

2 SiGMA=5IGMA+(Y(K)AVE)*2 ............-- . 	 . 

C FIT=INDICATION OF 	THE 	EXACTNESS OF 	THE 	RESULTS 	. 	. 

C F I T = 1 	IMPLIES 	P E R F E C T 	
--.. .............--.-- .................. 

C FIT=O 	INDICATES 	SINGULAR 	POINT 
-.--..----.----.........-------.-.. ........ 

C . 

W=A 135( ERROR) [SIGMA  
--------------------------- 

----------------------- -TcJ;G;1v34 
.----------- 

3 F110 	
............................. PRINT9O1 . 	

- .................................------------.---i-___.-____ 

gUi FORMAT(JTHE 	FIT=O 	*) 

4 FIT.SDRT(1.—W)  
----- 

-..-.-- 

RETURT 	- 	 .----.- - -------.------ 

F: ND 
SUBROUTINE 	GAUSS(A,BC) 	 .- -- 

C GAUSSIAN 	ELIMINATION 	WITHOUT 	PIVOTING 	. 	. 

*•X-****** **** it ********* **-***-**3H****** * * * 

DIMENSION 	A(393)9-3(3),C(3)9, AA(34) 

C ARRAY 	AA 	IS 	BEING 	FILLED 

D0.... ....... .... - 
AA(I,4)5(I) 
DO 	1 	J193 	

--...---.-.--- 	- 

AA(i)J)A(1,J) 	 . 	
.- 

• 1 CONTINuE 	
- 	 - 	•-.-- 

C 73 = ° A LTZING 	FACTOR 	 - 

- 
----- DOK=i2 	 -- 	..••------ 	

-:--- - 

• E=AA(<,K) 	 . ....................--.---.----.---.-------------------- 

1)0 	3LK,4 	
. 

• AA( K,L) 	AA( K,L) ID 
3 CONTINUE 

00 2 N  
=AA(N,K) 	 ----------------.-----------............ 

C •. 	 .•• 
- - _c - DIAGOMLIZING 	THE .ARftY± 	_. 

_•___•_7___---------- 	 - .-- - 

DO 	2 	I=K94 	 . 	. 	.. 

-.-.-- •AA(N,I )AA(NiI)—B*A.A(K,I) 
2 CONTINUE 

.. . .. .. ..... ... 

RESULTS 	
•...........-..-.. 	....... 

• C(3)=AA(3,4)/AAC3,3) 	 . 

C(1)(AA(.l,4)(AA(1,2)*C(2)+AA1 , 3)*3)/') 
- - 
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SUBROUTINE YGRAH(M,X,Y,YFIT) 
DIMLNSION X( 25) ,Y( 25) ,YEIT (25) 
DATA IFFF9I3D9,I000,IPPP/1HF91H 
Yr1INY(l) 
YMAX' (1) 
DO ' I=1,M 
IF(Y1IN .01 • 	Y(I)) 	YMIN=Y(I) 
IF(YMAX .LT. Y(I)) 	YMAX=Y(I), 
IF (YMIN .01. YFIT( I)) YMIN=YFIT( I) 
IF (YiIAX .LT. YFITfI)) YMAXYFIT(I) 

3 CONTINUE 
PRINT i5,Y'1IN,YMAX 

105 F01AT  (1H0915X9E13.,87X9E13.5/19X,101H--- ------ ----- ------------ 
1--- 	 - 
2--------- 
DO 1100 I=1,M 
IO= 1.0+100 • .0* ( Y (I) -'(MI N) / YMAX-YM I N) 
IO=MAX:) (MI RQ  (10,100) , 1) 
IP=l.3+1O0.0*(YFIT(I)-YMIN)/(Y1AX-YMIN) 
I 0 =MAXT.rAIN3(IP01001,1) 	- 
IF (IC .NE. IP) GD 10 1030 

1008 IF (ID •NE. 1) 00 TO 1020 
PRINT 1010 9 X( I), IFFF 	 . 

101:3 FORMAT (1X,E13.56H 	-10OA1) 
(30 10 1100 

.. (1 K10-1 
PRINT 1J109, X(I),(IB33,J=i,K),IFFF 
GO 10 110(1 

1030 IPP=IPP? 
100=1000 
IF lIP .01. 10) GO 10 1040 
IPP=I000 
raO=IPDP 
I '3 U Al H H = 10 
IO=i 
I = ID J MM Y 

1040 IF (ID .OT. 1) 00 TO 1060 

IF (K .01. 0) GO 10 1050 
2IT 	i3F'3X(1)I0O,TPP ................................ 

GO TO 113(1 
INTtUE 	 ............--- 

OR I NT 1310 ,X (I) , 100, (I FF30 ,J=1, K) , I PP 
00 TO 1103 

1060) K1=I3-1 
K21P-i0-1 
IF (K2 0 01. 3) 00 10 1070 

-- 	RIT ii 5X( I)9(I3,j=1,K1)9t0O,T 
00 TO 1100 

107(1CNTINUE 	. 	 *-..-. 	.. 

PRINT 113,X(t),(I3F0,J=i,K1),IO0,IIBBB,J;1,K2),IPP 
1100 CONTINUE 

PRINT 111D,YMIN,Y4 , AX 
1 110 FORMAT (1 X, 10 1M 

/ 1 6X ,Fl 3.5,87 
2X,E13. 5) 
PRINT 1120 

1FCRThATflTOt 1PRESENTS.TRE PRED TTPDTNTT28HO*'TEPRESENT5 THE 
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This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or 
Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such con tractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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