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. A COMPREHENSIVE STUDY OF CIRCUS
’  Edward K. Chen |
Lawrence Radiation Laboratory
University of California’ -
Berkeley, California

September 1969

ABSTRACT

CIRCUS is a computer program for the tirﬁe ~-response analys.is _
of electroﬁic circuits, It is most suitable for analjrzi.i'.lg circuits where v
nohlinearitigé are essential for proper operation, This report presents’
a self-contained study of CIRCUS. Models for all the presént-day
junction déviées afe studied in detail, Techniques to measure the model
parameters a.re'presented“together with represenfa_tive measurements,
Corhparison between the computer -predicted and experimental results
of various digital circuits are sh.own. A descriétion o‘,-f héw to use

CIRCUS is_ also included,



CHAPTER 1. INTRODUCTION -

‘ Wlth electronlc circuits beconlng more and mcre sophlstlcafed
and complex, a complete mathemat;cal analyszs by hand is 1mpo=slble.
At best a flrst-order analy51s Wlth crude approxlmatlons can be
carried through. Experimentation and exnerlence become v1tal in
any de81gn.

Since the advent of conputen-alded de81gn proorams, the time-
consumlng and tedlous task of solv1ng compllcated equatlons and
experlmentaflon is partially eliminated. Furthermore a much mcre
accurate model can be used to represent the dev1ces. Slde effects
which were not obvious in flPQt order analy81s)w1ll show up in the
conputer sLmulatlon. Parameter valratlon effects can be compensated
optlmum deslgn is achlevable,and extreme cases whlch are destructive
to the circuit can be simulated and studied w1thout actually destroying
the circnit.

Among the various nonlinear computer-aided design programs, CIRCUS
is one of the most general and versatile, It is the fourth generation
of Branin'e TAPl) and the direct descendent of Maimbergv et al's NET-1 2).
Because of ife generality and complexity, a detaiied'study is desirable.

The pnrpose of this report ie-to present a_éelffcontained study :
of CIRCU8; First the models for bipolar transistors,vjunction field-
effect tnansistors, switching diodes, zenef‘diodes, tunnel diodes, and

four-region devices are studied in detail. Techniques to measure the



model parameters are presented together with examplary measurements

(for 2N709 and 2N2369A). Ccmpapison‘between the computer predicted

and the experimental results of various digital circuits are shown.

A description of how to use CIRCUS is also included.

R
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CHAPTER 2. GENERAL DESCRIPTION OF CIRCUS

In general any time-domain circuit analy31s program which is
.capable of handllng nonlxnear effects has to resolve three major

problems~

'.(a)‘ Suitable models, préferably nonlinear and applicable under
» ’all operating conditions, representing tHe large signal

:'behav1or of the devices must be found.

" (b) The circuit analysis technique used should be simple and,
for ease of oomputation, numerically oriented towards

computer solution,

(c)__Numer1cal technlque snou]d be sophlstlcated so- that no

excessive computer time is required.

Fof,(a),vCIRCUS has built-in nonlinear models for almost all
present-day junction devices excepf 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 3,#). This
‘approach is no different from the traditicnal 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 equatlons.

The program first converts the ]unctlon dev1ces into their equlv—
voltage or current
alent clrcult models with conventlonal R, L, C and, generators. Then

AC >
the topology of the circuit is translated into the 1nc1dence matrix
of zeros and ones, with a "1" representing a branch connecting two nodes,

and a "0" if there is no branch connecting the two nodes. After this,
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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 eqd?ations-can be written in the

normal form:

[X1 = [210x)+ [s1CUl + [STCOD - C13, (21)

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

these are the state variables,
(2] 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,

~

[S] is the matrix representing the derivative of the independent

voltage and current sources,

« implies first derivative,

Since.Egi>(2-l)-inVOlveé 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 nﬁmerical‘
integration techniques is the incompatibility of the circuit time con;_"
stant with the integration step. This results in excessive compﬁter‘ |
time because .of " convergence ‘difficulty. . CIRCUS uses Pope's
exponential numerical integration methdd §g SO_that even if the |
integration steps are large the incompatibility problem between
circuit time constant and the integration step may not be severe.

Besides the above-mentioned three hajér advanfqgés, CIRCUS has

7 EX D
the following desireable features ):

(a) The input format is so flexible that there grefhardly-any.

restrictions,

%) A tree is defined as the branches joining 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,

#%) See AppendixA for detail.
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(b)

(a)

“Ga

Any current, voltage, and power dissipatioh can be printed

and plotted as outputs.

Junction device parameters can be stored on a library tape

(e)
- and.be used when called.
Except for the ohmic resistances of the junction devices,

“all parameters can be varied one at a time or all at once,
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'CHAPTER 3. THE DEVICE MODELS -

Iﬁ order to simulate electronic circuits on the cbmputer, ali
circuit elements must be properly described by well-behéved equations,
Whereas the conventional elements like genefators,.fesistors;'inductors,
and capacitors (R, L, C) are all described by‘either a linear equation
or a linear differential 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 addifion it should be powerful enough
so that the model ‘holds true under all operating condltlons. Such‘an
ideal model is too complicated, lf not 1mp0531ble. But any good model
should follow the same reasoning.

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

That thié is . a linear model necessitates breaking it into séVerag
separate models under different'dperating ¢onditions (hormal5'invérse,
cut-off, and saturation opérations);7). The transistor T model avoids
this problem by incorporating nonlinearities as well as the ¢harge-
control concept in the model 8’9).V Using this model . as the central
idea, other models for p-n junctlon devices can be obtained w1th

appropriate modifications.

- The prime objective of.this chapter ié to describe’ the basic A
principles, assumotlons,and llmltatlons of the models so that CIRCUSA
users can avoid erroneous results or excessive computer time because
of lack of understanding of the models.

A simple Ebers and Moll transistor model }O)Vis first descfibed
‘from reasonable assumptions. :S§me of’theée assumptibns are then re-
moved when additional circuit elements are added to complete the T
model, Models appropriate for diodes, tﬁnnelldiodesi zener diodes,

junction field-effect transistors, and fourélayer devices are derived

as a consequence of the transistor T model.
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A. THE BIPOLAR TRANSISTOR "T' MODEL 10)

In order to make the mathematics simpler, it is convenient to -
make the following assumptions: |
(i) The ohmic voltage dropsin the base, emitter,and collector
 regions are neglected, T
(ii) The effect of terminal currents on the stored charge in the

base as well as in the depleticn_layers is ignored.

o

(iii)  The transistor is operating under low-level injection .
(iv) Recombination in the base is negligible.

(v)f~The transistor is assumed to be homogeneous.

From these assumptions and two ﬁore basic physiéal laws l;),
¢' = c (eP- 1), - (3-1)
o R
the 'law of the junction! and the contiruity eqﬁation 
: ' '
w2 o' =8 4 S -, | o (3-2)
Qt Tpy '

excess minority carrier concentration at the edge of the

R |
where c¢

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

electron concentration,

¢ = minority carrier concentration at thermal equilibrium.

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,

E%;-with M as the factor to account for the depletion”

0 =
‘layer and surface recombinations,
TBN = average life time for the carriers,

G = hole-electron pair generation rate,

<]
L]

gradient,
Ebers and Moll have shown that the low-frequency, steady-state behavior
~ of PNP bipolar transistor can be described in terms of terminal currents

and voltages:

. I_.(1+ B ( 0.V ' ( oV . : B
Ip= L el eb-l) - Iggle I Cb-l)a . (3-3)
oV I '(1+‘B)(ev ) .
IC = -IES( N eb-l) + s I e I Cb-l . - (3-1)
g :
I - o
Ip = -1 - 1.,  (3-5)
’ﬁhére

subscrip{ N meahs 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:

I

\' | Ve y
q eb/KT_l) . . l(e e /KT_l)’

KT - KT_
a21(e -1/ + a,, \e ' 1/.

.

I

1

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'représented as in fig.v3—l,

where:

IES(BN + BI + 1)

I =
EO
: BN (BI + 1)
_ ) IGS(BN + BI + 1)
Teo © : .
BI (BN + 1) )
X ‘Ico

&
GRA
1

eI. I'c . gh- _I'&.
?11’ | » } . p}( +1
8
FIG, 3-1. ~_Model of PNP Transistor,

The model shown in Pig. 3-1 1is goad only at low.fréquencies.

At higher frequencies, junction and diffusion capacitances must be

included: .

a,

Junction Capacitance

Jﬁnction 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 junétion,
giving rise to a tendency for holes to diffuse towards the n
'side and electrons to the p side. As the holes and electroné

become tﬁermally 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 cne side there are positive immobile charges
and on the other side there are negative charges. Upon epplication

" of reverse bias, more dopants are ionized and mobile charges

#gimilar medel for NPN Transistor but with current generators'
directions reversed. '
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drift awayvfrom‘the'junction, resembling very much the movement

of charges when a voltage is impressed upon a capacitor.

Norwood and Shatzlz)havevshown»that in general, if the
net donants of the transistor follow a power law in the

depletion’ reglons (see ?lg. 3-2),

. k : ' . :
N - = . -
hD NA BX , . | (3-6)
where
ND = donor concentratlon, , /p‘
NA = acceptor concentratlon,
B,k = constants;.

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

%

depletion
width

[

!

I

[

I
i
{

I

J
VV

FIG. 3-2, Power Law Concentration in the Depletion Layer,

IR SN

o R
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Using Poisson's law,

2 GI;N ) k S - -
d“y Dk X '
—.—EL - = q ettrne s m—: = - q ..B_._.... s o . . (3"'7 )

'vd2 _ € €

electron charge,

L2
=g

-4

= .
4]
Nea)

u

‘potential across the depletion layer,

<
i

[p)]
n

dielectric constant,
and from electrostatics,

E = - %f : (3-8)
‘they show that the junction capacitance follows an inverse

- power laws

Cp = —~ o - (3-9)
Vv +9)
where n = -}5- = doping gradient,which varies between 0,2
_ _ k+4 '
and 2,0,

. f 1
(k+1) (k+2)
_ |laBe . -
- B B e e = constant,
k + 2

2
u

contact potential,which'varies between 0.2 and 1.1 v,
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Incorporating the two junction capacitoré in the model, the

.new bipolar transistor model becomes:

S'fé ' - : - (:’l'l'c

b 1
-6; 1<_— . pN I'/.-

IE st} Y
E *——"—G—O , = —P——<——oC

o C

>p—1 L

Lo e Lo

. B .f\\

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

~b, Diffusion Capacitors:

The diffus;on capacitancg arises because of the chéégé
storage in the collector, anglggitter base. When the:tpansistér
is forward biased, there are charges stored in the base. As
the junction VOltage-vBE'(VBC for inverse operation) incbeases,
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 Qafriers. This

balancing of charges can obviously be represented'by a qépéeitande;

.aQ - D o L .
C o= 2 0 (3-10)

§




#
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If recombination is negligibly small in the base, the minority

carrier distribution in the base is as shown in Fig. 3-4,

LN

—>X
W= base width

- FIG. 3-4, Minérity Carrier Distribution in the Base of a

Homogeneous PNP Transistor,

Therefore, the net charge stored in the base Q. becomes the area

v . _ . BN
under the straight line muitiplied by the cross-sectional area of

the transistor A and the .electronic charge, q3
p._V
_ n
%y * A

Combining Eq. (3-11) with Eq. (3-10) and remembering the Law of
6) '

the junction, it is easy to show

2 &*

- W
Cp = QNICN 20, 3

2
2 ~n ey s _ W
In geni¥al_1t is CD = ONICN EE; ’

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

(3~11)‘

(3-12).
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where I . = normal collector current,

CN
W = base width, .
DP = diffusion constant in the basé._
) ' 8,9) TR
Beayfoy and Sparkes ~*°° have shown that T is equal to the
. b _

fundamental time constant of ‘the intrinsic base region of the

transistor, TCN’-

=¥ S (3-12)

The importance of the fundamental time constant lies in the fact
that the transistor is a charge-controlled dev1ce and the sw1tch1ng
speed depends on the amount of charge supplied or removed from the
devicg.- Since to a first approximation the stored base charge QBN

is directly related to the fundamental time constant Ton?

= - 11
Qpy TCNICN’ (3-1h4a)

the dominant factor of switching speed is the fundamental time constant.
Furthermore, under the charge-controlled assumptlon QBN is related to

the average mlnorlty carrier llfetlme TBN’

»QBN = TBNIBN) i "h‘. ‘  ‘4 | (3-1ub)

where IBN = nqrmal base current.

Wnen the transistor is operating in the saturatlon region (or
inverse operatlon) the collector base junction is forward blased
and is 1n3¢ct1ng minority carriers into the base. Therefore, a

similar '1‘CI can be introduced to model the inverse diffusion current.

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

beccmes insignificant,

I, S

[ S P
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 Including the diffusion capaéitdrs’in the high-frequency
T mocdel is the same as removing the constraint that the terminal
~ currents do not affect the base charge storage, The high-

. frequency T model is shown in Fig. 3-5.

C.DN Cn'.
ef | el
Ctt: CTC_
- i}
Bor \dr—O , O»»—«—-C
oo X y Ic
i N P A P
ST s
| y o
L ' 1co'

FIG. 3-5. High~Fvequency-Bipolaf o

Transistor Model.

" The constraint that there are no ohmic voltage drops in

“the. three regions can be relaxed if ohmic resistences are added
‘to the model (Fig. 3-6) as resistors. | .

O

»x G
i —iF—
Cre . Ce
] e —1} v
i Ye . ' ' Y,
o AN e«-O . O—«us—————-/\/:/\——é——oc
‘ 3,
P_:_._f_t__c_ Y 6“412
CAad b e
L > It
Iee B Xeo

FIG., 3-6. The Bipolar Transistor with

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

o

: : K E
photocurrent generatorsla) (Ipp’ Iép) .are added to Tig. 3-6.,
giving Pig. 3-7: v

a | V evae

be = v oM * O Toyles © ’

1 be : .

a : 'GV'
- 2 ‘A, IVbe

“be T o oy T OrTerles @ ’

2 'be” T '
I = (14201 (ere-l)-I (eI’b°—1)9
be 8 es - . cs

N
0,V | v
L= (1+ 2y e Tbe 1) - ‘(eON'be - 1)o
C BI cS es
I % o= £ (v)
pp - 1D
I = f(t).
PP 2(t) , - 5
B

P X
Prlc B Ye
Bty B 1)
E e () L e
Le Ye : ‘ e Te
O O
* .
I?P . IP? ‘
~J — g
1 _ ¥ <
1£° | . co

FIG. 3-7. Bipolar PNP Transistor Model used in CIRCUS®,

For NFN, the current generators' directions are reversed.

S - S SR
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c.’ Overall Comnstraints on the Bipolar Transistor Model

’ Althouch the derlvatlon of the bipolar‘transistor'model'

e
is based on homoge: nous tPaPSlStO”S, the wodel can be applied
equalbwell to drift trans 1stors (see Tig, 3-8 for dlfferences

»between homogenous and orlft tPanSlStOPS)

'Ph A ‘ _ . v 'anvA

W = bose P | VV-;vbaVse_.
width .  width

co) | : | (b

‘FIG, 3-8, Excess MinofitzACarnier Concentrations at the

 base of (a) homogenbus transistor, (b) drift transistor.

However, there are implicit assumptions used during the
derivation of the model which shculd be considered as con-

straints of the model, These assumptions are:

G) Distributive nature of the base is ignoredlu),

In the develcpment of the model, the base is not considered
as a distributive structure but is nodeled by a lumped element,
Undér this approaéh the base resistance ry is considered as cne
distinct lumped resistor which is Jndepnrdent cf cu*rent level

nd frequency ranse. Of course, in reality this is not true.

(see Fig. 3-9.)
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__.__‘_,A.___._'___ .

| ‘ —liee — - - -

—"V\v : M' ‘V\V |
. - l

FIG. 3-9. Distributive Base,

Furthermore, because of thé lumped assumptidn, the
excess phase effect is not included., For instance, for'a
step-emitter current input, the charge built upvin the base
as predicted by the model will be as shown in Fig., 3-10a

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

, . ,
’Pn ) 'P',"
1 7 \ncrea512&

ﬁ U\CY‘EQSI\S,

<ime ‘E\me,
x. . f o
(a) | | (b))

FIG, 3-10a and 3-10b. (a) Build up of the base charge
predicted by the model, (b) Actual base charge build up.

Due to this excess phase ef‘ect there may be some snall

discrepancies in the swltchlnw times.

(ii) Thermal effects of transistor parameters are not
taken into account. '

Among scme of the important ones are 8 Bi3 ICS’.IES’-T

N"

e

cene Lere
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(iii)  High level injectionlu);

When the injected minority carrier. concentration becomes

"éqmparable with that of the majority carriers, side effects
‘may become appreciable and affect the performance of the

. _transistor. These effects may. cause:

) changes in contact potential,
(b) changes in collector resistaﬁce due to conductivity
" modulation by the minority carriers, '
~ (c) appreciable drift current flowing in a primarily
diffusion transistor, - o
' (d) concentration of transistor action at the peripheral
~ of emitter contacts, - o | |

(e) avalanche multiplication.

These effects are not included in CIRCUS, although junction-
breakdown phenomena are specially handledjby 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 aré 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 discuSsion-éf parameter measure-

ments will be presented in Chapter 4,
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B.. THE DIODE MODELS

a, Conventional. Diode :-

a ' evD
C = — + K I e =,
© + v )P
) D
ev
1,= I (e D—l) .
—O
Y, 1h- |
anode . C=C+C) cathode

FIG. 3-12, Switching Diode Model,

Basically the switching-diode model (Fig. 3-12) is embodied in
the transistor model. It is just half of a transistor, minus the
- dependent cuprent generator with similar equations for the junction

capacitance and diffusion capacitance, -

- o (3-15)
b4 . . .
T (0 + V)1 R ' :
. D
Cp = Kp (Ip+ 1), : - TR _(3-;69

\
SESRN
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Thé_diode?curreﬁt, primarily diffusion, follows the well-known

diode equation

‘ (cavD ) - , : o
Iy=1Ie “-1fy R : : (3-17)
‘where I, = reverse saturation current,
0 = —9——._
MKT
Again, IbﬁD'is the photocurrent generator. )

LA Ay A

b,‘ Zener Diode

In a zener diode, beswoes the normal diode operation, the
brezakdown process becomes a vital part of the diodes current-
voltage characteristic., Thus the zener diode model can be

propexly derived. from the normal diode model by adding “the-
15)

carrier multlpllcat;on pPOCQSS._;MlLleP enwlrlcally shewed
that the reverse current of a zener diode follows'
IR = ISN , : R - ’ | (3-18)
N = ———~—3;47ﬁ"7 - ' (3-19)
-2 | |
BV

where Is = peverse saturation current without zener

multiplication,
BV = breakdown voltage,
m = constant,

Therefore, if IR (Eq. 3-18) is substituted. for the reverse
current I in the switching diode model (fig. 3-12), a zener

diode model results.
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Tunnel Diode%

Since the tunnel diode is formed by a p-type and an
n-type materlal one would expect its model (Fig. 3-13)
to be similar to a switching diode (Fig., 3-12).

X
cahody A A"
O
oy,

FIG. 3-13. Tunnel Diode Model.

The difference between a tunnel diode and~a‘conventi0nal
diode is that due n:degenefatedopinc a tunnel diode has
a negatlve conductance region in lts I \ characteplstlc’
(Fig, : 3-14). ‘

I op

~
<

FIG. 3-14.I-V Curve of a Tunnel Diode,
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* Because of this special doplno, the jﬁncfion'capacitance 1
aﬁd the diffusion capacitance are extremely difficult to
measure., Therefore, the diffusion capacitance is not included
in the tunnel diode medel (?ir. 3-13), and the junction capac1tance
is treatcd as a constant instead of voltage-dependent as in
: q. (3-9). Furtheruore, it is obvious from the I-V curve (Pig.
©3-14) that the curve has three distinct regions'(l, I, and 117)
~each of which can be represented by a form involvina exponential
 term(s). A linear combination of these terms w1l] then apprcy—

imate the I-V curve:

v ITD N Itunnel + Iexcess'+ I'diffusion o _ ,
Ly eAV (c22 -22Y) (ccv ). .
= AAVé + BB e —»e + CC .e,. -1 | (3-20)

FIG., 3-15. The V—;;ouo Current Comnoxehts of the
: Tunrel Diode CUrrent, ITD .
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The Fouf-Layer Device Model.

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

‘either a silicon-controlledJrectifier 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., 3-1T):

c

be.

be

cs

be

be

cs

OnyVbe

B
a o : 0y.V
et | : Ny “be
+0, T I..e ,
(g + v, 0" N Oy EC ’
a : e:.V
2 11 bc S
(¢2 N vb )n2- + 011 TCIl ICE e + 9N2 1CN21BS e
c v
" a , I Gi‘v
3 . Lo CS
LA + 0. T.0 I._ e
DN I, "CI, "SB ’
3_+_ cs . v .
1 (_ 1'be ) 1Vbe . .
(l + -EE‘;-) IEC e - 1 '—: ICE e ‘ 1/ ° o
. NoYbe I : o
14 2] IBS-(e 2 -1) +(1+.i,)' ICE'(e 1'be_ 1) _
B,/ \EF“V\’ﬁl | L
_evae ) ( 12 cs J) . .
-IBC(e "o 1) - 1gple T - Y,

1 ",'OIQVCS ' -<ON?vbC A
1+ —}1 e -1 -1 g \e S ¥ A
_ 51 SB - B

2 : ,

FIG. 3-16. Four-Layer Device Model,

s

i 4
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(b)

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

(b) Silicon-controlled Pectifier Equlvalent»
Circuit. :

C. THE JUNCTION FIELD-EFFECT TRANSISTOR (JFET) MODEL

- As can be scen in the construction of 2 tyrlcal junctlon field-

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

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

Copsoquently; some of the pertinent concepts for a diode are used for

the JFET too.
Jusl as in the transistor case, the medellinz attempts to depict

the behavior of the daovice in terms of terairal currents and voltages, .



To a first approximation, the familiar I-V characteristic (Tig.

3-19) looks exceedingly similar to.a series

curves of‘the fprm

L (1 -@szn)
D~ sy "7 €

of exponentially rising

(3-21)

\l.
<

>

FIG., 3-19.-Curreht Voliage Characteristics of the n-channel JFET,

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

current generator I

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

L ( -exVSD)
ID '- K SY l --e v
ey = £ (VGS)7
OXA = f2 (VGS').

This genefator depeﬁds exponentialiy on the

(3-22a)

(3-22b)

: té-?Qc)
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In practice, for zlarge source-drain voltage the source drain current

is approximately constant and Eq. (3-22a) predicts -
I ~I, . S ‘ . ' (3-23)

Therefore, the mcdel is quite accurate foralarhv source~draln voltage.,

Howevey, for operatlon below plncn of¢,'an accura e'relaticn for the

3 * .16
n—channel,draln current  is )

Ip = Go 1 Vgp - K [(JSD + - vGS) - (¥ - V) 2] 5 (3-2u)

where Gé, K are constants,

¢Z=.cbntact'potential;‘

but Eg. (3-22a) predicts

ev) (OV) | '
I =9y _(XSD ¢ XESDL oL (3-25)

Obviously Eq. (3-24) and Eq. (3-25) are slightly different. To

minimize the discrepancy, ISY'and OX should be measured carefully.

As mentioned earlier there are two p-n junctions in a JFET so
that two equivalent diode .models can be used for the 3unctlons._'In

other words, the current flow1ng throuﬁh a junctlon 1s
o o | | . :
S IE I (e - ), _ | | (3-26)

where Ié, O are constants,

and the capacitance across a junction is

C = P V)n | ' . (3-27)

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

* For p channel, the sign of the voltage terms in Eq. (3-24) should

be reversed,

C .0
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b4 Tp o
S o Ny 3S |
) Cas Cer
1 i
&
G
: ! -—G A\ ) -
- ( X SDh
Ip = Igy L - e ’

SY
( OsVas )
Igs = Igg 'e -1
- (éGDVGD_»‘),
Gb - “SD -
- Cos
CGS = v Ne ?
(VS + YGS) >
C — ' COD o
~Gb T n_
: 3P
. (VD + VGD)'

. FIG. 3-20, Simplified n-Channel JFET todel,’
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Incorporatlng ohmlc resistances and pbotocurrent generatoru,

the complete JFET medel is

G
¥ Y
R
O
| i
Cas < Cop
s g - »
S M <MW
r& 1 o 1 ‘ YD
SS : . SD
Im.

FIG, 3-21. Complete JFET Mcdel.

It shduid be pointed out that the JFET is primarily a majority
carrier.he?ice where current flow is mainly majority drift current.
Therefore, there is no diffusion capacitor in the model, Moreover,
of the Qarious dependent current generators in the mbdel; the most
important is ID? because under normal opération the two junctions

are always reverse biased,
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D. UNIJUNCTION TRANSISTOR (UJT):MODEL ~ )
‘.Although there is no built-in model for the UJT; Steélél7):has'

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

Base i

£m1{ux__44:l - 12‘

Base 4,
| |
_FIG. 3-22. UJT Symbol. |
' ‘ JBase 2 -

lin\&tfgx;'

" FIG. 3-23,Steele's UJT Model. -

The médel,in fig. 3-23‘is'most suitable’for CIRCUS'becaﬁse'the:'

two transistors connected back~to-back fbrm,a_four-layér deQice vhich

is standard in CIRCUS.

¥ D, A,iHOdges has suggested a simpler two-transiétév UJT mCdel’.¢
(see ref. 18). :
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.- CHAPTER "4, PARAMETER MEASUREMENTS

This chaepter describes the techniques used in measuring the device
parameters. These techniques are far from. unique, but they are the
outgrouth of a comparison hetween different methods. They represent

a compromise between ease and accuracy of the measurements.

Each of the six built-in device models in CIRCUS requiresa different
number of parameters (Table 4-1), However, many of the techniques are
‘common 1o several device models and therefore will not be repeated
for each device 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 paraneter from the othef paraneters and second-
order effecis. The best one can do is to minimize the contributions
due to othef parancters in cach measurement. The inevitable inclusion
of secondForder effects in each parameter measurement tends to add

accuracy to the models.,

A. TRANSISTOR PARAMETERS

2 Tows Tog

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 respense of the continuity:
equation (3-2), one can obtain the basic charge control equation
by letting the second derivative with respect to distance in

equaticn (3-2) zo to zeros

Q»?' Oru(t)
I, = Bult) El..._i.if_,._’ (4-1)
. 1 at
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= . total base'charge’

where QTN = _
= base charge + charge in depletion layers
= Qpy t QTC + QfEi(sge Fig. ufl),
o Tyy = base time'constant‘as defined_ih‘(3—36).,
£ B o
Q / . Ll
TE |/ Ll Qae
P .
N 1%
Z U

Defletiom, (aiefs-

FIG, 4-1. Charges in the Base,

Since Q = CV, Eq. (4-1) can be put in tefms of averégc depletion
capacitances CET and CCT’ with
IVEB final} a .
. Co ) 1 —dlV .
f W, g eb]
. Vs 8 24s e .
T = |VER initiall , ‘ , (4-2a)
o IVEB finall - lVEB initiall
,VCB finally a,
: : 2 ;
» ny ¢Ven
“ v (Vcb * ¢2) 2 S :
R (ue20)
IVCB finall - |Vca initial'
Therefore, Eq. (4-1) becones ‘ . :
Qurepa v ..(t) V. (t) Q. (1)
IBN. T .- b“.(t) + CET ..d.ﬁlm.g.li.._“..'. + CCT _C_l_l. CcB ] + dl E-.h ' . (4~3)
. T at dt dt -

EN
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Remémbefing~ _ e _ -
CN ES =i o o - h-
therefore “ : '
d VBE(t) = -l‘ d ICN(t) z‘. I - d Im.j(t) h ('4,'5)
- alew . eI >
at - - T dt E GNICN - dt
BE |
' . I, 1 . :
where - >
= . - Ceina1 T Cinitial
CN S . o .
2. .
v Because ) _ . , - ’
Vep(t) = Voo = V() - KIG(0) (R + 7 ) e
-where

then

- And from Eq. -

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

loading effect on Ry,

at T et ,9§1CN Loar e
(3-14),
QBN(t) = ICN(t) TCN; (4-8)
Q. (t) 1. (t) o
BN L. o C(-9)
TeN By -
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’ Substituting equatiomns (4-5), (%-7), (4-8), (4-9) in equation (4-3)

gives: - - _ R
. - = 1 o= g ;f) d I,M(t) T
' ‘ ) N™CH _ ‘

(4~10)

solving £q. (4-10),

) ICN(t) ' :‘ ;‘,N IB (l - € . '1 2 . ' o . o ‘ (”"’ll)
where : _ 1 -
. .T-= By [Fon * Cop * CBT)- S L”CCT.(RL*FE) ] ..(uf12)
Sxien = |

Sincé the 10% ~90% turn on rise time (trN) is 2.2T,

1 -
1 "~ 3 l..-.
o t K Cop (RL+IC}]"(‘ 13)

¥ C
BNI

ﬂ@é_ th Z?EHP@I+KCM,+CHJ o

Inplicitly assumed in the charge control model, Ton is independent.
; X N .

of collecter current. Therefore, a plot of trN:Qé. will give &

Tew

straight line and Y. can thus be-.extracted from the intercept. However,

CN
VS. :3“. (Fig., 4~2) suggest. Tox is dependent on .
Ton - -

typical plots of tPN

collector current.
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<
YN \
L
Fex
FIG, 4-2. Plot of t__ vs._.—j;-. -
N E’ : _ : :
; cN- ' ' e
To extract TCN’ Eq. (4—13) can be reérrangéd as
{ N
ten - - 1 C : =
Ty ~ ; éﬁ - {(CCT +-CBT) o= + K(Rva rc) CCT . (u-lu)
Py -~ ONTeN

For small RL,'thevappfoximétion'can.be made ,

rN

CN 2,28 °

o (4415)'
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Tne circuit hoCd for the TC measurenent is shown schematically
in ‘Plg. 4-3, and typical results areé shown in ¥Fig., 4-4 to Fig, u4-7°.

o . .
10Qd
" Wr—">H?PI85 &
I it ke ‘/
. 1 WV T~
.,
trbL' | nsec O 100 S 7000
_:-l;: .'VEB "\/c's
FIG, 4-3, TCN Measurement (Similar measurement can be used
' - tc obtain T..)
. CcI -
?" Ipss O Iesr Or
from Eq. (3-4), at Vo = 0
e ( »IVBE ) . T e
¢~ T ES - (4-16) :
if Y '
- , V'BE >> o then
} N
_ : eV, : |
: N EBr :
- S . £ a 15, ie 5 5 . nd
| ~ A plot of log IIC[ Vs, VBB yields ON as the s}ope and

IES as the intercept. The circuit used is as shown in
rigo “‘80
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Fig, bl 7.
. Fig, bu-4 TCN vs IC of 2N2369%A
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FIG. u4-8. ON‘ I_. Measurement.

ES

A similar measurement (Fig. ueg) can be used to obtain'ICS and OI;'

. 1,

-

FIG. U4-9. 0, Measurement,

ICS

At high current levels due to the onset of high-level injection,
the straight-line behavior of log IE VS, VCB is no longer true. This
can be interoreted as due to the ohmic voltage drocp of the bulk resis-

tance. Typical results are shown in ‘Figs 4-10 to 4-13 .
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c. - H
- Tpr Ter T
ry can be obtained from dc as well as ac measurement. As
~mentioned in the previous section, the dc r, can be cbtained
.from Jog |IC| vs"yeb plot with o
AV : . ‘
Xy ® BN - at high current and small r,. (4-18)
I _ R
Cy - .

. LO&, Ic i

Vos

- FIG., k-1l4. dc r,  Measurement.

b

The ac = measurement is bascd on the hybrid-m eguivalent circuit
. ; b '
(Tig, t-15) ).
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FIG. 4-15, Hybrid-m Equivalent Circuit,

It can be seen from Pig. 4-15: that when the imaginary part
of Zin equals zero, for small fe the real part of Zin is approximately

. . . . . 1
. T >>
Ty To a first approxlmatlén, if Icrb @EI, and r, small, then

R z-l— at £...
eyll Ty, T

(Typical results: see Figs 4-16 to U4~17.) This"

ac . estimation givés a lower bound of Ty Resulté'bfAnac and dec
measurement of r, are shown in (Table 4-2). The apparent discrepancies
between the  two measurements are due to the distributive nature of

the base, and current crowding effects.

‘ ~ac_ Tp
de vy at IC*= 5 mA
2N2369 50 Ohms | - 25 Ohms: -
|2n709 | 84 Ohms 48 Ohms -

<

Table 4-2. f:gg:and dc 7,




-

Te = 5 ma
Vee= 6 voLrt

m

50 -
. 50 . ! T ¥ | BN B S B | T  |‘ T 1
10 20 ' 50 100 200 - 500

FREQUENCY (MH,)

Fig. 4-16. ac r, of 2X70¢ as obtained from Boonton Ry meter




500

20

 Fig.4-17. ac. r

. -50-

‘.'lc = 5 ma
Vce = . vaous

T T T | I e

10 20 50 100 200 500

FREQUENCY  (MHz)

b of 2N2369A as obtained from Boonton Rx meter .
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CE B

r, can be obtained by plotting V__ vs. I_ with the collector

open (Fig, 4-18),

FIG. u4-18. ry Measurement

Since the collector is cpen, Ver

VCE vs.'IB'is rg. Practical measurenents show, at low current
levely the curve is not a.straight line (Fig. 4-19). This is
due fo the dependence of o on current level;~vFor present-day
tranql<tors, re is always small and it can be assumed that T

e
0.1 8 1nstead of actually neasurlng it,

= IB r, (;ae.,the slope of
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cE

FIG: b=19. Vip vs. IBf

Typical results of r_ are shown in Tig. 4-20 and Fig. h-21 3

r, can be obtained byvplbtting,VCE'(sat) vs. I At high colléctqb

c* .
current, the plot shows a straight line with a slope approximately

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

c
to the anomalous nature of o. Typical results for r, are shown in Figs.

4-22 and 4-23 ,

d. ays Ql, n,, a2? 02, n,.

Ideally, to obtain the three parametérs for the depletion

capacitance equation three linearly independent equations are needed:
a

‘Tt o )

T
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?ig.u-za,'rc of 2N2369A.
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However, the nuneri

C
solution into a smaller contact potential than realistic., There-

;57;

" Eq. (%-13) is but just one such esuation and therefors
) J X / s

seemingly inadequate to solve the three parameters. However,

as. many medsurements as des can be made'on_CT and suitable

nurierical techniques (lzast-sguare fit and some basic statistics)”

czu be used. to erxtract the crs from the measurcmant

In the present case, the method has besn tried teo extract

the three parametars from the dezpletion capacitance measurenent,:

(¢

2l nature of the hefhod_tendsﬂto force th

fore, it is modified so that a best fit is obtained cver a range
of contact potentials. This range, A% can best be selected from

I, vs. Vgg curves. Typical curves are shown in Fig. bL-2bL,

-

log Te

FIG., L-2k, IC vs. Vpp to Select A¢ Range

@ . ARy TEV B aver wve T —

I
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Reasonable results are obtained from this method and are

shown in - Table 4-3 and Figs. 4-25, 4-26, , (Sée Appendix B

for detail discussion of the numerical programs.)

\

TRANSI s*rozz] ay ny |9y a, | ny} oo,
2n23694 | 5 x 1072 | Ls0 | .9 3.7 x 107H] 22| .o
28709 [9.6 x 10713 a8 | +9] 29 = 1074 8] .9

TABLE 4-3. Junction Capacitance Parameters.

e BBy

BN (at 1 KHz) can be measured with the commercial =~
instruments like ‘the Baird Atomic BETA TESTER. To measﬁre

B

a simple dc test circuit can be used, Fig. L-27.-

I - [

Vo o Ve

FIG. L4=27. SI Measurement.

| : '
Results are shown in Figs. L4-28 through L-31, . ' .
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 Fig. 4-30. By of 2NP3E9A.
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B.. ' DIODE PAX

Most of the diede parareters are similar to the transistor
arameters and, therefore, identicdl procedures can be used.
- s )
Rq can be measured by reverse biagsing the diode with a voltage
V . . Then the current which flows follows

R’

1, o= R E T o (u-31)

Knowing VR-and IR’ R. is known.K can be obtained by the reverse
recovery time meaSurement., The differenceé in recovery timegbetween

w

a zero biased and a forward biased gives the diffusion capacitancé.
Since

c Ki , I o (u-32)

piff = - ip>

Knowing CDiff and 1ps K is known.

C. TUNKEL DIODE PARAMETERS

Becauéé of the instability of the tuanel diodes, device measure-
ments can b¢ extremely difficult. For instance,fhe junction capacitance
can best be measgred around the valley point v, (Fig. -32), At other
pdints,meaShréments are difficult to perform. For this reason, although
the junction Capacitaﬁcé follows the equation |

) » C ; . o
c. = o . _ C . (4-33)

T s " ’

h I
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4
<

FIG.-4-32. 1=V Characteristic of Tunnel Diode.

1nsuff1c1ent measurenent forces one to moiel the ]unctlon capac1tance

as a constant and ignore the depletion canac1tance.

The I~ V Characterlstlc (Flg. -32) can be modeled by (see Fig.

3-15)
A

In order to extract the seven pafameters'fr6m one equation (4-34),
numerical techniques have tb be used again. - Ideally, the least-square
method mentioned in.detail for fhe transistor parameter measurements
(Appendix B) can be used with no problem; ‘However, in practice,unless
the seven-dimensional solution space of the parameters are khown,

stability of the solution is hard to achieve,

' - B.V -B.V N '
=AV . o . S :
I=hA Ve 4 BB( .52 ) + cc(ec'f'- J_), - (b=34) -
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To solve fer the paramaters in Eg. (4-34%), the equation has to

21)

be broken intc three regions of cperaticn’™’:
£ fod

=AV
Imn, v e, (4-35)
®) I > 21,
: cv e L .

(c) region between (a) and (b).

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

line with intercept ln A, and sleope -A, Similarly in region (b),

v A
plotting In (I) vs., V will give 1n C. as intercept and C as slope.
As
region (c): -

Knowing A,, A, C., C,a difference curve g(V) can be ccnstructed for

B.V =B v)

Cg(v) = T(V) - A, v e - ¢, Y - BB(e 1. e 2

A (4~37)

TheiBB, Bl"BQ can then be solved using the least-square fit method.

‘The program used to solve B Bl’ and B, is shown in- Appendix B,

B? 2
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D, JFET PARAMETERS

All the single-valued parameters of a JFET (see Table 4-1) can

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 GX and IS

Iy

y can be obtained from

- Vgp characteristic (Fig. 4-31)..

SD

Characteristic of JFET;

FIG:-h-33.Typical'ID -V

For evepry VCS’ there is a distinct characteristic curve (e.g., for
. -

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

- ( _ X'sp
ID = ISYv 1 e .

For large VSD’

(4-38) -
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Therefore, IS? can be determined immediately for the VGS of interest,

: : Ip ,
Gx‘can be obtained from the slopz of In 1 - EB“A vs. VSD'curve. For
' o SY - :

a series of curves (Fig. 4-33), a series of Ig “andley can be obtained

Y

. ] - “as we s V .V an ns ted,
‘and tables qf ISY vs. VGS as well a Gxxvs VGS’Qan be constructed



-70-
CHAPTER 5. EXAMPLES AND CONCLUSIONS

In this chaptef, the results of an inverter circuit, a mcnostable
multivibrator circuit, én astable multivibrator circuit,and.an amplifier
‘circuit are presented. vCompafisoné between the experimental and the
compﬁter-predicted results are shown. The significance of the device
parameters are further illustrated by examples of the inverter circuit
and the amplifier circuif.' Wherever applicable, the usual definitions
of rise time, fall time, delay time, and stovége time (see Fig., 5-1)

are adopted in this chapter.

Infu:t o
putsep

t
1

turn-on delay time,

fall time,

H'.
n

~+
"

turn-off storage time,

rise time.

(a3
1"

FIG, 5-1. The Definitions of Switching Tires.
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A, INVE TLP CIRCUIT

The”CIRCUS input statements of the inverter;'fig; 5-2, are shown
in Fig. 5-3 . The comparison between the experimental and the computer-
predicted nwltcnlr& times are tabulated in Tal le 5-la. The output wave-

forms of tne two responses are shown in T ig. 5-4%, As seen frem
flg. S5-4 ., good agreements between the experlmental and cowputer—

predlcted times are obtained.

Vi=soy

@ :

_RE =/v00 é ._

D

@
| "y | : =57 T
® Ks*l’vlf , ® c‘ﬁa/‘“ @ & ,C/\/ .@ K;wasé‘i

va‘ | | _émzm.

Vaz-ly

.cll!
®

1
Lt

VL

Hons 'ing

e L.

In

FI1G. 5-2. Inverter Ciréuit.
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" INVERTER CIRCUIT"

DEVICE PARAMETERS

TRANSISTOR,2N2369;NPN,RB,25;,RC,5.;RB;.66,A1,5.E-12,pH11,.9,N1,.3o,

A2,3.7t»12,PHI2,.9,Nz,.22,135,1.83;1u;fHETAN,37.2;Ics,s;75E-1u,

THETAL,34.5 ' | o |

BN,.obl,.ooz,.oos,,ol,.02,.05,65.5;63.,69.3,65.5,27.4,é7;é

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

TCN, .001, .002, .005, ,0l, 3.6E-10, 3.9E-10, 3.9E-10, 4.E-10

TCI, .001, .obz,v.oos;_s.ug}s, 4,85E-8, 6,2E~8 L

END |

RS,1,2,26.4

c1,2,3,3.3E-6

c1,3,7,500,

RB,3,4,500,

RC,5,6,1000.

V1,6,0,10.

v2,7,0,-1.

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

PVl,l,o,o},2,9,o.,1.5-9,1.1E-7.1.B-9,2.E-7'

INTERVALS, 1,E-9, 2.E-8, 1.E-8, 1,1E-7, s.Eég, 1.6E-7, 1.E-8,2.E-7

BRINT,VNS,PV1, S
 PLoT,VN5 |

DIAGNOSTICS

EXECUTE

END OF JOB

FIG, 5-3. Input Statements of the Inverter Circuit.
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_ X =»'.A<:Tw¢;xLﬂ'
1é~ . , o 0 COMPUTER

VOLTS

10 =0

of
1

(coLLECTOR voLTAGE )

VNS5

v T v ] v '|' » U - T
o 40 8o 120 - 160
TIME (ns) |

" Fig.5=4. Inverter response.
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td,ns tf,ns s,ns tr,ns
EXPERIMENTAL | 6.3 12 ~ 0 19 !
| |
COLPUTER- 6.6 | 1.9 ~ 0 14.9 |
PREDICTED ' : l

TABLE 5-la. Comparison between the Experimental

and Computer Results of the Inverter.

The significance of the bipolar transistor papameters can best

be illustrated by observing the_effects of changing each parameter

on the performance of the inverter circuit, Each-transistor parametef
~ (except the unimportant r, and rc) is changed by 10% and the Eorrespondv
ing percentage changes of the switching times are compared in Table }




PARAMETER WHICH IS % CHAWGE -

CHANGED BY +#10%
) ty te tg t
ms |2 - 2 l 4.6
s 1.3 ~ 0 y 1 5,3V
BT 1.3 22,9 | s
BN R - .7 w2
et |l ae f-16 | R
v - o No - .
‘TCN ’ N 1.3 "= 7 | observable -i »ng
THETAI 1.1 ~ 0 Change 3.2
THETAN | -4,9 | -1,8 - '., | oenes
N2 |[-1a -5 | - 5.0
N1 1.7 < .1 : | 5.8
PHI - | - ' 3.7
PHIéi' 1.2 ~ 0 | 4.3
a2 || s.8 ~ 0 20.1
pr | s - .2 . 8.3
RB 1.4 - .2 | 6.0

~Table 5-1b. Relative Change of the Switéhing'Times

of the Inverter when each Transistor Parameter is

Changed by +10%,
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B, EMITTER COUPLED ASTABLE MULTIVIBRATOR CIRCUIT

The input statements of the circuit are shown in Fig, 5-k..

'BHITTER COUPLED ASTABLE MULTIVIBRATOR"
DEVICE PARAMETERS

TRANSISTOR,2N2369, NPN,RB 24.,RC 5.,RE,.66 Al,5.E- 12

PHI1,.9,N1,.30,A2,3.7E-12,PKI2,.9, N2,.22,IES,1 8E-14,
THETAN,37.2,1CS,5,75E-14 , THETAIL , 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,.01,3,6E-10,3,9E~10,3.9E~10 ,4.E-10
TCI,.001,.002,.005,6,4E~8,4,85E-8,6,2E-8

END | |
RB2,1,0,20, -

RB1,6,1,10.

RF,2,1,1000.

RC1,6,2,40C.

RE1,3,0,600C.

RC2,6,5,50.,

RE2,4,0,600,

Cl,4,3,5.E-10

T1,1,2,3,2N2369

T2,2,5,4,2N2369,0FF

' V1,6,0,10.

INTERVALS,Q.E—Q,9.E-8,2.B-9,6.E-8,l.E-8,i.4E-7,2.E-9

" 1,6E-7,1.E-8,2.E-7
~ PRINT,VN2
PLOT, VN2

EXECUTE
END OF JOB

FIG. 5-4. Input Statements for the Astablé Circuit,




-77=

Tﬁévastab]e'multivibrator'circuit is shown in Tig. 5-5 . and

the responses are shown in ¥Fig. 5-5 .,

@ RIS
—
| 7:’(1’5.'— zs 41 ()= 40¢ ‘ -
S v v N . : ACR =5
. R el ¢ P
— & ) : )
S IR B s § N i - ( 2
N . ' 32N135q SN 3 AN23¢q
. -
a - i
KL = ey
Ci= 500 PF
RRATAG o -
; ' S $‘_*~/:f=éfvc S REA ={ et
)] :

~ FIG., 5-5. Emitter-Coupled Astable Multivibrator.

Althoﬁgh the 50% pulse widths of the two waveforms (Fig. 5-6)
are both appfokimately 25 nsec, there are some apbarent discrepancies.
This is beCauée the experimental waveform is the Steadyfstate waveform
observed on the oséilloscope,whereas the computer solution is the third
waveform of the transient solution. If the true steady-state solution
from CIRCUS is compéred_with the experimental waveform, a smaller

_discrepancy should be expected.
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Fig 5-6. Emitter-coupled astable multivibrator response.
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C. AHMPLIFIER CIRCUIT

Though the device models in CIRCUS. are nonlinear, they obviously -
apply equally well to 1 inear circuits, Therefore, for écmpleteness,
the performance of an'amplifiervcircuitl(fig; 5—7) is also checked.

The expériméhtai and computef-prédicted:results are.tabulatedvin

Table 5-2a. The response is shown in Fig. 5-8,

o

‘5d=8uuk<: ’ SO | <:1KC =‘5’°

o B S 1 2w

TN
: ?Vl‘ +
O  RBazlbK
— - —=Ce=3-
ovi o f' E 3‘%/L
014 —
: '\
sods 109 :’4h$’

FIG., 5-7. Amplifier Circuit.
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WAMPLIFIER™ .

TRANSISTOR,2N2369,NPN,RB,25, ,RC,5. ,RE,.66,A1,5,E~12,PHT1,.9,

N1,.30,A2,3,7E-12,PHI2,.9,N2,.22,1ES,1,8E-14 , THETAN,37.2,ICS, | S

5.75E-14,THETAI,34.5 | L o | T
BN,.001,.ooz,,oos,.01,.02,.05,65.5,68.,ae;u,65.5,27.u;27.8 . o é
BI,.00075,.0017,.0025,.15,.17, .18 |
TCN,.001,.002,.oos,.01,3.65-10,3.95-10,3.9Eélo,u.E-io
TCI,.001,.002,.065,s.uz-s,u.esz-s,e.zs-s N

END

RS,l,2;25.

01,2,3,1.847 - R o o o -

RB2,3,0,1.6E 3

RB1,3,6,8.2E 3
~ RE,5,0,100.
CE,5,0,3,3E-6 ’ o _— R - , : i
RC,4,6,510. |
v1,6,0,10. | o | S PR , %
Pv1,1,o,o.,.o;u,o.,l.Ege,l;OOE-7,1;uE-8,2.5-7

T1,3,4,5,2N2369 | |
INTBRVALs,z.Bfg,s.E-g;s.5;9,u.B-s,1.358,1,EQ7,2.5-9,1.33-7;1.tf8;2.ﬁ~7'
PLOT,VNY . IR |
PRiNT,VNu,PVl,ICTl,iBTl |
EXECUTE |

END -OF JOB . _ - | o ;

FIG, 5~9. Input Statements for the Amplifier. |
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X= AcCcTuaL
0= COMPUTER

100 , 200.

TIME  ( p sec )

Fig 5-8. Amplifier response.
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Voltage Gain llgcé_collector ~dc  Collector | t ;ns 'tf,nsw
4 Avo - Current, mA |Voltage, Volts r '
EXPERIMENTAL| ®110 7.4 5.33 Y "
COMPUTER- _
| prEDICTED | 110 7.48 © 6.18 46 us.5

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

the Experimental Results of the Amplifier,

As seen from the table,CIRCUS prediction is good for both dc

~and transient response, The input statements for the amplifier

circuit are shown-in fig; 5-9, .
Although the relative significance of the bipclab transistor
parameters are compared with each other in the inverter circuit, it"

may be illuminating to examine the same effects on anvémplifier'

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.
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PARAMETER WHICH IS % CHANGE

CHANGED BY 410% : dc  COLLECTOR
: VOLTAGE GAIN | CURRENT t te
IES .2 .1 - .1 -6.6
1cs. .2 - .2 - -6.8
BI : .5 -2 - .1 -5.8
BN -1.8 1.5 2.2 -6
TCT ~ 0 ~ 0 - .1 -6.8
TCN ~ 0 ~ 0 2.1 -5.,2
CTHETAN 7.8 6.7 5.2 1.0
'THE»’II‘AI - .1 -6.0
N2 -2.8 -9.1
B Nl No No o 6.7
PHIi:_ Observable Observable - .2 -6.9
PHIé | | change ‘cﬁange - .4 -7.1
n R - .9
Al‘ ~ 0 —637
RB 6.9 6.7 8.3 4,5

~Table 5-2b. Relative Change of the Output of the

Amplifier when cach Transistor Parameter is Changed
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D, MONOSTABLE MULTIVIBRATOR CIRCUIT

The input statewents for the nonostable mult1v1brator circuit are

shown in -Fig, '5-10,.

"MONOSTABLE MULTIVIBRATOR" -

DEVICE PARAMETERS

TRANSISTOR,2N709 \NPN,RB,48. ,RC, 7.,RE, .8, A1,9.6E-13,N1,.38,
PHI1,.9,A2,1.9E-12,N2,.18, PHI2,.9,TES J3.55E-14 ,THETAN,33,5,ICS,
8.7E~14 ,THETAT ;30,8 '
BN,.001,,002,,005,.01,,02,74,1,72,,60.3,44,3,21.8
BI,.0057,.0097,.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 E-8,3.04E-8,3,14E-8,2,85E-8
END '

RF,1,4,9,1E3

RC1,2,5,1.E3

RB2,3,5,1.E4

RB,1,6,1.E4

RC2,4,5,1,E3

€1,2,3,3.3E-11

T1,1,2,0,2N8709 ,OFF

T2,3,4,0,2N709

V1,5,0,10,

PV1, 6 40504 43.,0.;1.E~9,1,E-7,1,E-9,4,E-7

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

PRINT, VN4

PLOT , VN4

EXECUTE

END OF JOB

FIG, 5-10. Input Statements for the Monostable

fjultivibrator Circuit.




monostable circuit is shown in T¥Fig, 5-11,

The
Viz Iov -
® ‘
‘/‘{.KL\:HQ RB=IOK o RCJ\: IbOO
A ‘W \ .
— ’ RF:Q'JK " . ‘/b
o L - Tz
RE=ioh |  V® I ANTO9
1) ™ Cl:.’»sf .
2N709 l '
H

5
PVi
. l,() , *

100ns | InS
© FIG, 5-1i. Monostable Multivibrator Circuit,

Thé'responsec of the experimental and computer predicted are

compared in Fig. 5-12 and Table 5-3, .

tr;ns teyns | 50% Pulse Width,ns
EXPERIMENTAL - 20,5 16 240
COMPUTER-PREDICTED| 14,8 19.2 24]

Betwcen the Comnuter-Predicted and

T
4a

TABLE 5-3. Compariso
Exoerimental Results of the Fenostable Multivibrator,




VN 4 (coz.x.acmr-z VOLTAGE OF .Qz) VoLTS

Ox

-8t -

X = ACTUAL
0. COMPUTER

20 40 240

-’— T j---—--l . "

TIME (nsec)

Fig 5-12, Monostable multivibrator respomse.
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E, SUMMARY AHND- CONCLUSION

CIRCUS comwuted reoultu can generally be separated into two cateJor
The dc and stea dyostate ‘results are in one caterory and the transient
results are 1h'the other (see Table 5-1b and 5-2b for the effects of

trans 1stor pararctero on the de and_transienf*resqlts).

The de and steady-state results are usually in good agreement with
y y ...) <

the experlrrntul results, This is because the important paremeters for this

' caterory (for instance B, ,B_,I 'I ST oL ,6,.,6. for bipolar transistor)

N*"I* ¢cs* es NI
are easy to measure and therefore are relatively accurate.

The transient results are comparatively less accurate, The CIRCUS
switchihg~time predictions are very often higher than tnelr actual values,

This is because tbc important parameters (for 1nstance Tcy’T 1337935 1’¢z’

l,n2 for blpOlaP transistor) are not only subject to probable measurement
errors, but also they are either auyrox1mat’ons of more accure te formulas

or numerlcally solved quantities, For 1nstance, the TCN obtalned

from Lq.(u -15)1is actually approximation of Iq.(u -1, Therefore TCJ is

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

in the capacitance parameters are obtained from numerical methods

and may not bevtheir true values., As seen from Table 5-1b, deviations
10 a2, CN’ TCI ) do cause

some appreCJable changes in the switching times.

of these parameters ( especially the a

In conclusion, CIRCUS is a very general and useful computer-aided
design program for circuits with junction devices only. It does not reguire
too much computer time (see Table 5-4), The models are good under most
operationé,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 model

library makes CIRCUS one of the easiest program to use.
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Inverter Emitter-Coupled - ' Am 1fiep | Monostable
» - ~ | Astable Multivibrator | P , Multivibrator
COMPUTER CP
TIME IN SECONDS| 2 G 2 15

TABLE S5-u4. COMPUTER TIME REQUIRED TO ANALYZE VARIOUS

"CIRCUITS DESCRIBED IN CHAPTER 5.
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APPENDIX A. CIFCUS USER'S mMANUALZY)

This chapter describes the input. format, the cutput cptions, and
the program restrictions of CIRCUS, The varicus device models used
in CIRCUS wére described in Chapter 3, Exarples together with experi-

mental verification of the exarples wév& - presented in Chapter 6.

A, BERKELEY SYSTEM CONTROL CARL3

(i),'?of,no plotting, no library models:

CIRCUS, 5,.100, 127000.427104, CHEN (User's account,user's nara)
REQUEST T. INPUT, LIB 7353, CIRCUS
.COPY BF (T, CIRCUS) |
UNLOAD (T)
RETURN (T)
~ REWIND (CIRCUS)
© CIRCUS.
- 7-8-9

(ii) Using library tape, no plotting:

CTRCUS, 5, 100, 12700,427104, CHEN (User's account, user's name)
REQUEST T. INPUT, LIB 7353, CIRCUS -
“'COPY BF (T, CIRCUS)
UNLOAD (T) |
RETURN (T)
REQULST T1, INPUT, LIB 6222, MODLIB
COPY BF (T1l, TAPE 11) |
UNLOAD (T1)
RETURN (T1)
REWIND (CTRCUS)
REWIND (TAPE 11)
CIRCUS,
7-8-9



(iii)

(iv)

(v)

(vi)

-A 2-

for SAVE option (see sec. F of this chapter):

In addition to either(i) or (i), 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 TAPES3. INPUT, SAVE

should be put in front of CIRCUS. card.

for CRT plotting:

In addition to elther(l) or(ii), the following:

EXIT.
DMP.
FIN.
SFL(50000)
CIRCUS. | S
should be inserted between the CIRCUS. card and the 7-8-9 card.

for CalComp plottlng

In addition to either (i) O“(ll) the,foilowing:

EXIT.

FIN.
SFL(50000)

'COPY BR (CIRCUS,NULL)

should be inserted between the CIRCUS. card and the 7-8-3 card.
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(i)

B, GENERAL CONVENTIONS

Haximum Elements:

" Resistors 200
Ca?acitorsA » - 200
Inductors ’ 200
Mutual Inductances 200

v‘Pulséd Current Sources 165
Sinusoidal Current Sources '~ . 0
Pulse Voltage Sources s

. Sinusoidal Voltege Sources 75
dc Voltage Sources . 100
Transistors . ' 40
Diodes 100

- Zeney Diodes ‘ 100
Tuvnnel Diodes C25
Four Region Devices 110
Field Effect Transistor 9
de Current Sources 0

(ii)

(iii)

the lower node nurber

e.g.,a) V1, 0, 1, 5. means V! °‘£Lfl

Tre nodes of the circuit are nunbered consecutively from O

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

The higher node number is éssumed to haVe‘higher voltage than
T
¢—— +5V

~'Following the voltage convention, node 1 is + 5§ V with respect

to node 0.,

. O ——— b_

(b) V1, 0, 1, -5 means o

In this case although the convention dictates node 1 to have a
higher potential, & minus sign achieves the desired

result of node 0 more positive than node 1.
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(iv) Currents are assﬁmed-to flow from higher potential to lower

potential.

(v) For PNP transistors, positive-currents'ére flowing out of the
transistors, and for NPN transistors, positive currents into
the transistors. Diode currents are flowing from anode to |
cathode., FET-currenté are positive going into device and the

>V,

voltage convention is Vg >V g

D

(vi) The input data can appear anywhere within the 80 columns of
an IBM card. The exact column location is immaterial (i.e.,

format free).

(vii) The order of the input cards is also immaterial except the

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

(viii) The number format is very flexible, Shown below are some

. allowable and equivalent statements:

Rl, 1, 2, 1230
RL, 1, 2, 1230.
'R1, 1, 2, 1.23E3

However, no decimal point is allowed for the exponent.,

(ix) The units used are second, ohm, farad, henry, volt, ampere.

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

is unadvisable, _ ’ : _ . : a

(x) Each node must have a dc  path to ground. : . v

(xi) Zero element values are not allowed. . - o e R
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C. INPUT STATEME
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NTS: \

(

i) Title Card. This card does not have to appear in the data.

" However, if it does, it must be the first card with the title

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

(ii) ' Use Model Library:

‘If USE MODEL LIBRARY statement is used, no device parameters
:'afe'needed for input data, but the systém‘cdntrol cards must
bévthose of A (ii). If the parameters for the parficular
-device used in the problem do not appear on the model library,
they must be provided accérdingly (see'J). Also, if several
circuits are run as one job and if the first circuit does not
use the model library, subsequent circuits cannct use the

model library either,

D. ELEMENTS. CARD

(

i) Resistors,capacitors, inducters, and de ~ voltage scurces are

“described by the format.
Xname, m, n, v,
e.go Cl, 2, 3, 1.E-9
where X is R, L, C, or A
name < 3 alphameric characters,
m, n = element nodes,

v = element value,

for mutual inductance, the format 1s.

Ka Ll’ L2a u,
K12, L1, L2, .991

K =.coupling coefficient label,

&»
name < 3 alphameric characters,

Ly, 5y = inductor labels,

u = coupling coefficient, always smaller than 1.
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(ii) Transistors:

_Tname, . m, n_, N, label,

e. g., .T10, 1, 2, 0, TI3333
where 'hb’ né, n, are basg, ;ollectqr,and emitter
node number respective 1y,
name < 2 alphamerlc characters,
A label <6 alphameric’ claracters.
"(iii) Switching dlodes, zener diodes, and ‘tunnel diodes are

described by the format

- Yname, N Ry label,

e.g., D5, 3, 0, HP2300
. Zp2, 2, 1, 1N2310
TD1, 3, 0, GF101

D for switching diodes.

where = Y

i

ZD for zener diodes

TD for tunnel diodes,

name < 3 alphameric characters,
D,
‘respectively,

n_ = cathode and anode node number

-label < 6 alphameric characters.

(1v) Four-Reglon Devices'

€L ey in'rl 1, 2, 3, 4, ERL103
where  MT preflx for u -region dev1ces,-
name < 2 alohamewlc characters, _
nb? nc, ne, ns = base, collector, emitter, and

substrate node number respectively,

label < 6 alphameric characters.




(V) JFET:
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- FT nare, Moy Mps Tigy label,
Cofley FT 1, 1, 2, 3, 3N13Ch
where name = 1 alphameric character,
Ny Bp, Ng are gate,drain, source node number
(= ; . :
respectively, '

label < 6 alphareric characters.

(vi)  Sinusocidal Voltage Sources:

SV nan v o, V.
SV name, Nys Ny Vs 1 to’ tp’

'ecgo, . Svl’ 3, q’ O.’ 5.', o.’ loE"6

where - name < 3 alphameric characters,
Ny, 1, = node nurmbers,.
V0 = average voltage,
VJ = amplitude,
to = delay 1in seconds,
"t_ = period in seconds.
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(vii) Pulsed Sources:

or tps td? tes oo

nyy Vgs Vo, t.

2’

PV name, n

l’

t t

or PJ name, nl,.nz, I, or trs td’ p’

to, t

e.g.  BJ1, 8, 4, 0., 5.E-3, 0., 0., 1.E-9, 0., 1.E-7 '

where PV = voltage prefix,
PJ = current prefix,

Nys B, = node numberssy
'.Vl, Vo = vqltage levels, -
Il,_161=’current levels,
““*"f;“z“aéiay time,
t = rise time,
r _
4 = duration of pulse,
'-tf = fall time, _
'.tp = period of pulse.

vwith‘appropriate tr’ td’rtf’ triahgular,'reptahgular,;ef?.,'wayes

can be obtained, -




L. OUTPUT STATLMENTS

Any veriables in Table A-1l can be printed and plotted.

TABLE A-1.

“Base-emitter voltage

Variable - Description

Resistor voltare ' " VR name

Transistor:

—— 3 £ et s s

Base-collector voltage

Collector current

Emitter current

Base current

Collector-base capacitor current
Emitter-base capacitor current
Collector-base dependent senerator current
Emitter-Lkase dependant cenerator current

Power dissipated in transistor

Resistor Current | ) IR name-
Resistor powsr dissipation S PR neme
Capacitor voltage o Ve ﬁamei
Capacitor current IC name
Inductor voltége ' VL name
“Inductor current IL name
Pulsed voltagze , PV name
Sine-wave voltage '~ SV name
Pulsed current . | PJ name
Voltage across current scurce VPJ nem

VCT

VET

ICcT
IET

IBT

JCT
JET
SCT

SET

nanie

name

name
name
name
neme

name

PT name



" Variable Description .

(11i) Diodes and Zener Diodes: o S ‘ .
Junction voltage VD name
Junction current o ) ID name .
Junction capacity current JD name
Junction generator current SD name
Power dissipated in diode A PD name

(iv) Tunnel Diodes:
Junction voltage ‘ ' VID name
current ; S . ITD name

(v) H-Layer Devices:

_Base current ' ’ . " IBMT name
Collector current : o - ICMT name
Emitter current’ , IEMT name ;

. . Lo 1

- Substrate current : ) - ISMT name

‘ Basebemiiter voltage .VEMT name :
Base-collector voltage : | VCMT name :
Collector-substrate voltage' : VSMT name-

' Base-emitter capacitor current  JEMT name _ B . §
_Base4collector capacitor current JCMT name '
Collector-substraté capacitor ~ JSKT name ’ |
current . - S . - S Lo

Emitter junction genérator current. SEMT name

Collector junction generator current SCYT name N ' .

Substrate'junction generator current SSMT name
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Variable Descripticn
(vi) JFPET:
Gate currcent. : . : " IGFT name
Scurce current ‘ : ‘ISFT nare
Drain current o ) IDFT name
Cateé-source voltage : VSFT nzne
Gate-drain voltage ' S VDFT nar
Gate-source capacltor current: JSFT name
Gate-drain capacitor currcnt ~JDET nanme’
Gate-source junction generator current SSET name
Source-drain channel current o ~ SCFT name
FET -power dissipation : ~ PFT- name
(vii) General Purpose:

Hode voltage: _ , " . VI node mo,
Difference or sum of two nede voltages "Dmny £ ny
Any variable minus its initial value -~ %variable name
Integration interval : ' DT

Statements:

(a)

(b) -

Print Statement:

This statement must appear in every circuit run. Its format

is: PRINT, namel, o o s e o e o namen,j

where nare; "= any of those in Table A-1,

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

Plot Statement:

Any patrameter(s) in tlie PRINT statement can be plotted on a
1.

raph if the follewirg card is provided: PLOT, DATE) 50 0eees MEANE 5
. $
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where name, = any of- those in Table A-l
: i

e.g.,  PLOT, VN3, IRC.
(c) HMonitoring méXimum.ratinas:

Any parameter(s) appearlng in the PRINT statement can be
closdy watched so that its value does not exceed the specified
maximum. Then during the output printing, an asteplsk will be

"placed beside those values in excess of the maximum.

MAXTHUM RATINGS, name , max valuel, veeiees. name;, max value,

where namei.= any‘of those in Table A-l,

e.ge MAXIMUM RATINGS, PT1, .3, 1BT2, 1.E-2.

(d) Intervals Statement:
INTERVALS, Ot,, t, « .« « .« Otg, tyo
where  Atj prlnt interval during perlod i,

t; = time at. the end of period i,

e.g., INTERVALS, 1.E-9, 1.5B-8, 5.E-7, 6.E-6.

(e) 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 éxecuted.

(f) EXECUTE Statement:- .
" EXECUTE signals. the beginning of execution. .
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(é) Circuit Parameter Variations:

Except for the ohmic resistances of junction devices, all parameters
" can be varied one.at a time or all at once. A typical input configuraticn

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:

(i) Any fixed component value

=
o
®
2]
o
i

* = parameter change. prefix,

X=R, L, CoryV,

<
n

new value,

€.gey #R3, 1,2E3.

(ii) Any pulsed and sinusoidal sources:

tgs tf, tp,

tos T tgs tes tp,

*PV name, V t , t

O’ Vl’ o
J

r;’

*PJ name, JO’ 1

#3V name, VO’ Vl’ to’ tp
(see D{vl) and (vi) for the meanings of the symbols),

e.ge %*svl, 0., 2.3, 0., 1.E-7.
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(iii) To change the coupling coefficient, photocurrent, peak rate, -
title,or intervals, the user simply supplies an appropriate

new. card.. ~

(iv) Fixed value device parameter changes:

CHANGE, label, p,, v(pl), e+ s e +3 Dy V(Pn),A

and for parameter tablesjy
' CHANGE, label t, values,
where label = model number,
Py : fixed-value parémeter néme;_
v(p;) = value of Pi» |
t = table . parameter name,
e.g.,  CHANGE, 2N2368, 1ES, 1.E-16, N2, -3

CHANGE, 2N2368, BN,..001, .002, 50., 70, -

" If the model library is used, any parameter(s) of the device of
~interest. . can be altered femporarily during the run by supplying

CHANGE'card(s) at the;end~of the data (i.e., before the EXECUTE card).
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F. SAVE AND RESTART OPTIOHN

_Lither for post-run recovery when 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 resumad with the saved tape

mounted by thé command
RESTART ,

followed by ﬁaﬁ INTERVALS card,
e;g., if the program was stopped at lus inétant, the response
after lus and up to 6us can be obtained by the following cards
in a separate run: |
| RESTART
 "RBSTART RUN™
INTERVALS, 1.E-7, 6.E-6
Oniy title and INTERVALS card are allowed for a RESTART

execution,



i
|
ot
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G. HOLD FINAL CONDITIONS OPTION

 If the user wants to change cértain components bf‘the«circuit af ' .
a particular time during the analysis, hevshéuld use HOLD FINAL CONDITIONS
instead of RESTART. “Right after the chaﬁges, the analysis will confinue
with a new INTERVALS and EXECUTE card, | |

€eLey (circuit and intervals descriptibn);
HOLD FINAL CONDITION | I |
. EXECUTE o
(changes'and a new_INTERVALS CARD)-
EXECUTE
END OF JOB .

H,. DIAGNOSTICS

The [Z] and [S] (see chapter.2) matrix plus the initial cqﬁditions

of the circuit can be obtained by this card.

I, FINISH CARD.

END OF JOB. B L | - . | ?

J. DEVICE PARAMETERS AND PHOTOCURRENT . ‘ . - s

(i) Device parameters format:
If the parameters.of a device are not on the MODEL LIBRARY, - o
they must be provided (see Table uél_for the number of

parameters required for each device).
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a Ouv;>
1 i De
c = : + 0. T €
be ny N TN >
(8, + V) a
. .. 0.V
L 2 v . Ibc
Che = e + GI TCI e ,
2 .
(¢2 + Vbc)
nY 0.V,
I, = (1+30) Ies( Wve_ ) Icg(el be_ ),
By cs
0.V . 0, .V,
I = A+ E) (elbc-l)- I v(er.e—l),
be 8 cs es ]
' I
' BN = fl (IN),
'BI = ),
-TCN = f3 (IN),
Ter © )-
qu__ } Cbc.
e po— ———4&————f
- + .
Vbe Ve T
O
- % . 1
| “op 1 T |
. ‘fe m A__/-\ [
s<AN = A
1 \j Ui IC
& ?IC guI:;.
¥ ‘ Bt i
- o
o - Leo

FIG. A-l.NPN Transistor.
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The.format is:

* DEVICE PARAMETERS R P S,
TRANSISTOR, . label, type, pi; V(pi),,... ps vip),

where label model number <6 alphameric characters,

1"

type

NPN or PNP, - | : s
p. = name of single-valued parameter, ' - -
1 “e . . |

v(p;) = value of parameter,

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

. - , . <
Single-valued parameters C "
Mathematical Symbol (Fig. A-1) ~ Input Symbol
o . o ‘RC
¢ T - _ A C
. | . o . |
3 B !
2, S | ’.f, B - PHIX
n o - S . N
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- Mathematical Symlol (fig. A-1) Input Symbol
B : ~ THETAN
3 | AZ .
g, - PHIZ
LI : N2 oo
0,  THETAI /
1 - 1IES
es ] »
I : , ICS
cs v

Tabié pérameters:' BN, BI, TCN, TCI - all functions of current;

‘e.g., DEVICE PARAMETERS |
| TRANSISTOR, 2K236€, NPN, BB, 62., RC, 20, RE, .01,
Al, 4,9E-12, PHIL, 1, N1, .29, A2, 5.E-12,
PHI2, 1, N2, .23, IES, £,E-16, ICS, 2.9E-14,
THETAN, 39.6, THETAI, 3Z.2
BN, .001, 30
BI, .001, .05
TCN, .001, 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,
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(b) Diode and Zener Diode .

C = -—-——3—-;1——& KD IS ee'vD;;
(g + VD) '

1 . I (ée Vﬁ - 1)? | ! i

D S

| I,

for zener diode IR S e
| _(_1 -y

: BV

Cathode ™| j‘ [TV anede
s

FIG. A-2. Diode and Zener Diode Model.
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“The format is
DIODE, label, pi,'y(pi),_,.. pn,'v(pn)

or  ZENER DIODE,label, pj, v(p;), ... pn,’v(an

where label = model number <6 alphameric characters,
P; = parameter name (see below),

'“ v(pi) = paraneter value.

. PARAMETER NAMES

:Mathematical'Symbol (Tig. A-2) Input Symbol

ry . | | - RB
r RS
¢ S
a A
g o PHI
n v N
I R IS
0 : THETA
o , , X5 . KD
S : ' BV BV

m . M
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(¢) Tunnel Diode:

| | ./ BV B eV
L ~AV 1 2 (; )
Irp —_‘AAVe _ +V>BB(e -e_?fccie ‘-_1 .

anode  Ts - Cs '. - cathode
o——-/\/\, : T ‘l N » -0
| Tep

FIG. A-3. Tunnel Diode Model.

Thé format is

TUNNEL DIODE, label, p; v(ps)y oue pn, vip_ ),

where label = model number < 6 _alpha'meric’:.charac_:ters,

p; ‘= parameter name (any of RS, AA, A, BB, Bl, B2,
cc, C, CJ of Pig. A-3), ' '
v(p;) = parameter value.
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(d) Four-Layer Device

(B) + Vi) oo ///\ .
8, o erb : : euvbc
2 : X oc 2 :
z +06, T.. I.@e: QGN TC! IBse
e (8, + v, )2 I, oy c B
Cos * et O Ty, Igp @ 2
(8, + V) 3 2 2 9% T —
1 (_galvbe 1) - Iy (aexlvbc-l)
.= 2 "E;I. I.\e -
. { %, ¥be ) (911Vbc )
1= 1+ =2 Ins(°2 ) e pedYgle -
c BN,/ 1,/
| { ©,Vbe ) ( O1,Vze )
- IEc(e «l] - ISB o -1
. \'} O\ f O,V :

B, = £ 0y )y By = (1 00 By Eg(Ty ), By e AT )

TCN';'fS(I"l)’ Tox ® ,fs(xw‘z)-’ TCIJ'. 2 f,(xll) T s fa(IIQ)

2 ’ c12
c
' * L . Y. ,
Tep Loe s
E Yo |¥ Ge 7 " Che 1 Ces | s
—AN I I el AN—
_ &
’ Tre Tpe | \Les S
LS L
b
{
B

FIG. A-4. Four-Layer Device Mo‘g‘xel.

\

1




The

“where

format is -A - S
MICROTRANSISTOR, label, py, .v(p:), s B 5 V(P ),
table 1a§e1, i), 'ﬁ'-in’ Yqs ..;'Yﬁ,

label = model number < 6 alphameric‘cﬁaraCters;_

pi = singlefvalued parameter‘néme; -

v(p,) = value of parameter, ﬁ

table label = any of BN1, BN2, BIl, BI2, TCN1, TCN2,

‘TCI1, TCI2. -

- SINGLE~VALUED PARAMETERS:

Mathematical Symbol (Fig. A-4) Input Symbol
| r o RE
e : .
ry v RB
c .
?s - RS .
a; Al
p _PHIL
nl~ “Nl
a, A2
2 PHI2
_n2 N2
| ag | A3
g, _ PHI3
n, . N3
 IEC ,ISNl
ICE IS;l
Ips - SN2
1 . ISI2
SB L -
e THETN1 ~
N o
) THETN2
"N, |
e THETI1
Il 4
6 _ THETI2
12 ‘

Table Parameters: BN, BN2, BIl, BI2, TCN1, TCN2, TCIl, TCI2, all functions '

of current,
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= Cos 1 .=1 <1l - VSd)
gs (V +V )nS > sd . 'sy - € ?
- Vs gs® :
c
cC . = , © =f (V ),
gd v )'d , oS
. :
oV '
_ ( d gd ) ‘ =
La= I " E-1/, » Isyv- £, (vgs),
SPEINALLIA
gs - *ss il A
\
I:P .
O
) Iss. Is»
R § - ¢ + + C - ¥
S - S GS (%> > D
—AN/ H* 1 AN\—
Y
G
G

FIG- A"Si JFET I’!Odelo
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The format is: . -

FIELD EFFECT TRANSISTOR, label, type, pys v(Pj)s « o « Py

e

,'v(ph) table»label,‘il, .. .. lh, Fys o0 e Yy

_where label = model number < 6 alphameric characters,
Py = singie~valued parameter name (see below),
'v(pi) = parameter value,
table label = any of ISY, THETAX,

type = NCHANNEL or PCHANNEL.

_ SINGLE-VALUED PARAMETERS®POR"FET

Matheﬁaticéi Symbol(Fig. A;S) Ipput'éyﬁbol
R . gs

R, . ‘RD 
R . &6

c . cos

v. - ws
a0 N

e - - THETAS
1 1;': S . Iss

>‘c’ FEE N cop

v,  w

n, . ND

e, - THETAD
Ia - '  18D

_ Table parameters: THETAX, ISY all functions of vgs.,ﬁ




Photocurrent
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All the photdcurrent geherators‘of the devices have the

following format:

PHOTOCURRENT,

- where label

ID

[N
[N

label, Inf_yb, Tor tys eee T, ii’ e iy

model name,

APP for transistor base to collector generator

IPP* for transistor base to emitter generator

IPPD for diode photocurrent

1IPP for FET drain to gate generator

‘IPP* for FET source to gate generator,

nominal curve peak radiation per second,

time at which radiation starts,

.th

J° time of radiation rate,

jth*value at jth time (amp ).
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APPENDIX:B. LPAST—SQUARE FIT FETHOD )

There are occa81ons when it is necessary to find m varlables

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 m‘linearlyﬂindependent equations ﬁsing

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

.Asris well known, any function g can be expanded in Taylor's

series,
g(x, e 13 e2, ces € )= g (x, 19 eee ) + —~—-de + a0 + 5§—-de » (B-1)
. : ael, :
where e's are the. unknowns,
X is the pOLnt where measurenent is made.

em

. : ’ . ]
Suppose the approximate values of e's are known and equal to e 's, then

. = (<] o
ey T ety

[ R,

"
o
o
+
o
>

(B-2)

where c's are small constants. Coﬁbin}ng qu{-(B—l)~and (B=2)

gives S
9, 9
g

: . ' S % _ g
7 - o . o = =3
g(x, € vee em) .'g:(x, €% eee € ) + 5= C) toees v zEmcp

ey _'V - Yep

. " » fe) . o .
evaluated at (el yoaes em-). N

7

(B-3)
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Because'there‘are‘experimentai errors in the gathered data and
there are neglected higher~ordef terms in the Taylor:expansion, Eq.
(B=3) will not be exactly the same as the'experimental data point z.
HoWeQer, if the guesses (e°'s) are good, the difference, € , 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:

.bg vag - . . T -]
5;—{x1) cee 5——(xl) ¢, g(xl, e s € ) -5 €,
1 €n | ! ' S t
1 ' ) 1 $ !
- ! ' ¢ 1 '
' 1 . 1 i i
1 . 1 1 ' '
: : el =]
1 ' 1 § 1 {
i ' 1 i i 1
aa i | I e 1 H
H . t 1 . [ ' i
i { 1 1 . 1 '
% ¢ % N 0 o :
a‘el x'll) ‘_o-u aem ,xn)-J L-Cm f(xn, el XX em )“ Zn Ln

(B-4)
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Now it is reasonable to assume that errors . introduced during . the
measurements follow the normal Gaussian'disfribution. Therefore, to

mlnlmlze the difference between the measured and the auessed values,

-one would want to minimize the sum of the errors-

a . Cj ‘= 2 €j -a-—J- =0 . fOI‘ K = l eeoe M, (B-S)
) : c, .
j:l» j=l ok
From Eq. (B-4), ej = _g : _ : (B-6)
: 9, 3ekv ' ' o o

Using Eq. (B-4) for € ahd_Bq.‘(B—G), Eq. (B-5) beéomes

N ici Zn: a§::j) ‘ag-::y - Z [zj.- g.(x‘j)] gsx ).for K = 1 ee M.

=1 |j=1 AR

(B-7)



To put (B-7)
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©.B 4

into a more concise form,
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ni......‘.'.f
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Y e g
; 3
j=1
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= (z - g(xj )) ag
j=1 °k
_ 3g(x3) ’
T The,

! férﬂk
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1l eiee ny,

1 es e .m,
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Then (B-7) becomes;_

Ifel =03, S ey
where (A} = [FJ* [FJ.'
= [F]' [Y1;

[b]
'vimpiies transpose .

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

. With each iteration, better guesses of e g can be found. Ideally,

with 1nf1n1te number of 1teratlons, exact values for e's can be

found although in Dractlce thls is not 'done. Usually, criteria are

set up such that once the e 1 produceﬁafter several iterations meet |
these .. eriteria, the 1teratlons would stop. One of the p0351ble

. crlterla 1nvolves using elementary knowledge of statistics.

if the standard dev1atlon o is deflned as -

_of 1 2 - . (p
_Jn 2 l:‘(yj W), S | (B-9)
il | . .

~where  y = measured value ,

h =4
"

&
mean value = = 2: Y
. n’ 521 J

then the index of correlatlon r, between the data and the predlcatlon

can be defined as-

- S 2 - -
r:....f.:# __E . o (B-10)
. oy no 2 . o

y
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" where Op is the'éfandard,deviation,of’the prediction;

Using Eq. (B-9), Eq. (B-10) becomes. -

(B-11)

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 towards r = .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,
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 resulfs. In the first prdgram, the three parameters.
of the junction capécitance, a, h,'¢;ére extracted from n capacitance‘
meésufements. In the second program, B, Bl’ B2 are found from‘the

partial I-V curve of the tunnel diode,
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 ~GCAPACS 7520542000 477154y CHEN |

WN(Ss133350)
CAPAC,
EXIT,.
DMP,
DMP(1009)

R

'DQOGRAM CAPAC({INPUTsOU

ARV v
TE W \A‘R‘/\ '(‘/\ ((‘7'1(‘\"7\'

«B 7=~

UTPUT)

A‘-,\-'A‘ 5 36 3% % )\LW%X'**%**-‘ -

- LEAST SQUARE METHOD FOR’CKECULKTTNG COEFFTCTENTS OF THE JUNCTION

__CAPACITOR =

X“f?'vr‘xl\\\\c‘c ié““
DIME NJIQV X(?S)QY(25)

TeYFITH sWORDI(8) sPHI
' cﬁvuqq DHI

Xs Y= MEASURED VALUES
E=ESTIMATED VALUES
F=ARRAYS 0OF THE PARTI
'CT TRANSPOSE OF F
=RESULTANT MATRIX FR
R‘P.%JLTANT VECTOR FR
WORND=TITLE
G’GJ’LOMD ZFIT = DUMM

1 READ '55WORD

5 FODMAT(SA]O) ,
PRINT 9y WORD

Q rOQ”A'(7H1,81H HRF
Iék RS N e 38 NS

?\,\\A,(x,\r EROR IR P R AP

TR R GA W3S 3 2 SN K S e % *k**xw**** W33 3 3383 3
2CL2) sBU2) s E (DY s AT 252 s F (355213 FTT2435) 5773
(2)5G(2)9GG(2)sZFIT(25)

S
%
-
5)

AL DERIVATIVES EVALUATED AT VARIOUS X

OM FT#F
OM ETHY 77

Y VARIABLES

%**n*%**k%**********%******r*****‘%k*%k“*%***
;wn&ﬁ*é*//8A10//81H EE R R X T ¥ S avvg

7638 96 36 9 S % 3 38 3¢ A6 S 0 3 3 3R 56 M 3 L S e \7;;:;(-»(*'\-/\)

IF (WARD(1)eENLENDISTOD

4 READ 1354914G9OHI4NSTEP

10 FORMAT (T298Xs4F1045, 1

DIV=(PHI(2)=PHI(1))/F
CREAD 209 (X(JVeZ(J) o=

20 FORMAT(2F10.5)
O VEFITU X 256)

PRINT 219Gsv
ZTTFORMATL "% INTTIAL

PARTIAL DERIVATIVE AR

an N 2 K=14¢T

N=PHI=-X(K)
FlKa1) =18/ (D%%E(2))
FlKs2)==%¢ (1)*ALDG(O) »
YEIT(K)=E{1)#F(Ksl)

Y (K)Y=Z(K)

2 Y(K)‘V K)*V:IT(K)

1y i e e e e e o
LOAT(NSTEP)
1s1) T

- GUESS E(""I")"’—""'*'""2"’5“1'O‘;’I’Z‘/'a?"F"I'T'T\'lE’SS“’"E“;‘"';'f-'S’.l_x)'~

RAYS ARE SET ue

FiKy1 )y 77

R R E R HT R R AR H R R e e



8 OCOLUMMN VECTOR IS SET UP

DO 8 J=192
—AB(J)=O

c . | U
C THE TRANSPOSE MATRIX FT IS SET»UP

s I

F(KsJ)
Y+FT(JeKYI*Y(K)

Do 8 K
TFT(JeK
8 R J)m

=1
):
(J

A MATQIX s SET upP

DO 3 J=192
TR0 3 M=ET
‘ A(MseJ)=0
TTDD 3TN=19T
3 A(M9J)—A(M9J)+FT(M M)*F(MaJ)
T e i m
C
C

SuBRuJTINF JAUS) FALLFD 70 SOLVE FOQ C
L=L+1 ,

T CALL GAUSS(AeBsC) oTmeT T

DO 6 K=192

5 EIRYEETKYFCIKY) ©

T FTTNESS T?ST

i
Xs

UREIT tT§X523E) - o
IF(LaGTa20160 TO 11
Gy 4D ,
11 I11=11+1 _
40 FORMAT (% OHT= *3FB43s% FITNESSE *3F1Z47) — ° ©
PRINT 409PHI(1)sV
TFUCOMD W L.TeV) 125173
12 COMP=V

BHT(ZY=PHTITIY ™~
GGL1Y=F(1Y
TGGI2y=F(2Yy
DO 14 K=1,l
TAH 2FITIKYEYFRTTIKR)
13 PHI=PHI+DIV

TETITVEQGWNSTEPYGD 10 Té
GO TO 22
16 PRINT 609OHI(2)4sCOMP GG
6.0 FORMAT (¥3BEST PHI= #4F8, 3e% CITNESS’ *9F8B. Go¥ A= *9E12 Go#N= Hy

"1517 Ly
“_w“““_CAEEmiﬁgéDH(I X Z ZFIT) i .
GO THO 1
END .

TFUNCTION FIT(79X9Y9C)

c 33k 36338 36 *rzm******m**v*rk**x%***%x***kw*****k%*%**w***k*k%w****wr**’
A ————— PR -
< TO TEST HOW CLOSE THE CALCULAT&D ?tSULTS FIT TH‘ M*ASURCD RE SULTS

C e .
C 553 336 3 35 G \****%%***f‘*‘%*AW**x*******%xK*xw******wr****%*w*%*w

DIMSNJION X(255,Y(25)5C(,7
Q=N e




| o -B 9-
TR TCTITIGT 80004 16 (1) 220, e e e e
IF(C(2)e6T4204)C(2)=1, o
ERROR=0
T I WNES ) S e e

SUM=SUM+Y ()
1 ERROR=ERROR+(Y(J)=C(1)/(PHI=~ “K(J))#rC(2))%%2

~ AVESSUM/FLOAT(T)
S1GvA=9
DO 2 K=1,T ) ST )
2 SIGMA=SIGMA+ (Y (K)=AVE) %%
=
C FITZINDICATION OF THE EXACTNESS OF THE RESULTS
S CFITEY TEPLTES PCRFFCT - S
C
~ W=ERROR/STGMA T : T
N IF (Wcr2010)3Q4 _ o B
3 FIT=n
PRINT 901 —
901 FORMAT (¥OTHE FIT=0 )
o RETURN i -
4 FIT=SQRT(1e=W)
RETURN B ) ]

TEND
SURROJTINF GAUS

%% rv(-*kv(-,é;r***wi‘**‘%kvék%*%**r‘i- rv‘(-»c,(-fc)(-%(-')r***w*

ek 3 % 36 56 5k (‘flf/f’)("ﬁ"l\".

T S S 5 6 3 3R 36 3052 3658 36 3 0 3 3t £ 363 s %%‘**x%%6*%***%&**w*wwﬁxkké*******&***
DIWCMSION &(79?)93(9)9F(7)’AA(293)“mwum

ARRAY AA IS BEING FILLED

C
- C - . . . - ’ . fe wean . g . [ ,,_._‘_A..u..‘.‘... .
#~<  "GAUSSIAN ELIMINATION WITHOUT'DTVGTING”'
c
c
C
C

DO 1 I=1y2
CAA(T43)=3(1)
DO 1 J=1y2

O TAA(T YY) FATT 50 ST i
1 CONTINUE
c oo e —
C N=NORMALIZING FACTOR
P e SR AN PARTOR
NO 2 K=141
DEARTKGKY ™77 .
DD 3 L=¥y3
CANCG LY EAATKSL) /D . T
3 CONTINUE
Y . ; e
DO 2 N=My»
T T ERATNG KD e ) ) ’
'é “mmﬁfﬁﬁﬁﬂﬂtTZTNG“THE”ARRAYWK”M""“ e e e e e
r
A. TTTITIIS MRS seme s mmed te e e b e e e ler s e mn e o o en

TR0 T 12143
AA(NS, I)—AA(NoI)-W*AA(K;I)
- COMTTJUF e e

C=DESTRED RESULTS ™ = 7o s e o

MaTaka

CTZYEAATZT?Y/K§(2{ZY”“‘"““'”“Mw"m



- : _B 10- "

CTTTETAA(L AT =AN(192)#CT2Y ) /AA(Ts1)
~ RETURN :
TTEND
SUBROUTINE YGRAPH(MsXsYsYFIT)

DTMENS TON' X(25) Y (25) s YFIT(25) - e
DATA ICFcolaqﬂleOO’IPPP/lHFylH s 1H¥*s1HI/
e e NE YL ) . RISl A - — —
YMAX=Y (1)
0 3T I=TeM - e
IF(YMIN «GT & Y(I)) YMIN=Y(I)
CTE(YMAX oLTe Y(T))  YMAXEY(T) == : .
IF (YMIN «GTs YFIT(I)) YMIN=YFIT(I)
e T E YRR LT YFITCT V) YMAX=YFITL T
2 CONTINUE
T PRINT TD05 s YMINS YMAX - - T T T -
1005 FORMAT (1HOs15XsE1345587X3E1345/19Xs101H=mmm=2mmmmmmma oo mmmasoon
1o - , A
Pmm————— —-—— )
T Y T TTO UTET M o B o
I1N=1e0+100De O*(Y(I)-YMIN)/(YMAX YMIN’
IN=MAXJI{(MINO(IOs100)s1) T s
IP=1,2+190. 0*(YFIT(I)—YMIN)/(YMAX YMIN)
CTPEMAXO(MIND(IPS100) 1) ‘ T "
IE (ID oNEe 1P) GO TO 103D
_WM”TUUE—TF”TTDWTNFTMTT'GOMTD”EDQmew““ o i
" PRINT 1010eX{T1)YsIFFF
/—\1010"¢0RMAT (IX9E13e596H T2y 100AYYy T T T
GO TO 11990
10720 K=10=-1 o - T
PRINT 1J139X(I),(IR389J 19()9IFFF
TGO TOT 1100 7 T T h
1030 1°PP=1PPP
100=1000" R o B
IF (19 +GTe I0) GO TO 1040
1PP=1000 Ay ey e e el -
100=1PBP
T TTTTUIHOMMY =10 T o T T
10=1P
TP =10UMMY T T -
1040 IF (1D «GTe 1) GO TO 1060
. S e=1PLIAS T YNt _ -
IF (K «GTe 2) GO TO 1059
BETNT 10105X(T)100s1PP T
GO TO 1100 o
1050 CONTINUE o T B T )
' PRINT lDlOoX(I)oIOO;(IBBR’J 1;();IPP
GO TO 1199 o
o ANBn KYEI0=Y i
<2=1p-10-1 o
IF (K2 «GTe D) GO TO 1070
ORINT 1710sX(1) s (183BsJ=19K1YVsI00IFP T T
GO TO 11“7
7~ 1070 CONTINUE T T
PRINT 1)109X(I)9(18689J 19(1),1009(Id55;J 19<2),IPP
- 1170 TONTTHUE ™" T e T -
DRINT 1117eYMINsYMAX ,
1110 CORMAT (18X, 1~ 1H-So—=SiIIIIinTR I IS oE s gtk g g el
e mmmmm e S m s == m = /16X551345487
2X9E13.3) - ) T T -

el




-B 11-

TPRINT 1120
1120 FORMAT (33HOI RE PRFSENTS THE PREDICTED POINT/28HO% REPRESENTS THE
1DATA POINT/73HOF REPRESENTS BOTH THE DATA AND FHE PR;DICTED BOINTS

2 _IF THEY LIE TOGETHER/1H1)

—

~ RETURN o
- L. END —
C IB OF 2N2369 : o
16 346 o2 N - 1e1 9 )
S =he o 3.12
-345 3423 - T
e =Be 34279 _
~2.5 3448 - N B
=2 3463
-1e5 3482 N o o ) - i
-1 4el?
-9 4el7 - - -
-e8 4Le?26 ‘
e T B S .
~e5 AN
o 4iEg e
-e3 4468
=e2 T 4431 o T - o
- ] E? [ O 2
I R 524 T corm e
END
o . L
; SR A .
A~
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] D

OI0DE s Ts 2542000427104 9 CHEN

RUN(Se13547) '

D10DE o

| Dvarph i DIODE(INSUT»OUTPUT) e
SEGEE Sk IR 30 36 3R 3F 36 3 S0 R 45 E b 3 b 3R 96 36 36 36 28 3 3 36 38 3 % S e 36 %‘7\'ycK%%*‘X“)’(%v"r*%**%'5\"**%.%% 63 et

SQUARE Wcl#OD FOR CALCULATINU COEFFICICNTS OF THE PARTIAL
TJV E DIDDE HA“ACT:RISTICJ T

AN YN
~
—m
1"
......‘

FEE 6 IR SR E ORGSR 36 0% 3 S 3k 3 AR S n%\-vééc\c'(%("" 'r,('m'X‘X‘kk*k:f\#ﬂ',@*t\‘)\‘%**t?\ FR
DIMENSTON X(?5)9Y(25)9C(3)’%(3)9>(3),A(3 3),F(25v3);FT( 23)

9{r‘IT(?‘:)9WQ?3(3)
DATA _NJ /3HEND/

= MEASURZD VALUES
STIMATED VALUES
RRAYS NDF THE PARTIAL DERIVATIVE LVALUATEO AT VAQIOJS X
BANSPASE OF F - oo Ll e
ESULTANT MATRIX FROM FT*F
P%)LTAQT VECTOR FROM FT#Y

AGOAOAOANN
OIIH Hnnu -
IW%HAIﬁf\

1 READ 30 sWORD

TR FORMAT{BATD )T - o . T
PRINT 31 sWORD -
=03 AT(l 1,314&AA%A 539 36 0 TR R T W R AR IR
B P g 7 'X//8A1C}//81H'K‘-X-')'r*'lr("}'T'X")é*‘.\r('%%?\(“:"f*www\'*-,é“r\"z\ KRR
P R R e 36 36 S 36 3 B 3630 R R I RN ,F%"-‘,(-'-)(--‘A—'%"%(——‘(—-){-%-)(-'%(-’—:F%i(--‘A’-) ’
WORD{(1)eEQe ND)STJD
LaalsF e e —
AT{T2+8Xs 3F1/.5)
209 (X (J)sZ{J)ed=1s1)
20 FORM T(?Fl@-ﬁ)
219
AT (TINITIAL GUESS ETT W3F10e5Y T T T T
c PARTIAL DERIVATIVE ARRAYS ARE SET UP
C ) ' -
2 DO 3 K=1»sI
T FTEEXD (E (2 THKTK) o ) T
DZ‘EXJ(-E(3)*X(<))
2113 1) =51-02 e et e
FlKe2)=2(1)%X(K)*01
F{Ke3)=E(1)¥X(K)*02 T i T
YK =Z(K) e — e
YEIT(RY=E(1)#(01~-02) ' Tromm T
3 Y(K)=Y(K)=YFIT(K)
" CALL YGRAPH(TeXeZsYFIT) T i i
~ .
A~ U E COLUMN VECTOR 1S SET Up™ =7 7 TTmommmmmmmmos mmm s
N O 4 J 1 3— —— P . o e e e arme 1 v, S ® % LS4t " b S o S——————— o SO} T o, ——r i tr A PSS —" - ———
R(J)-—u
. T e - e B}
C THZ TRANSDOST MATRIX FT I SET UD




IO NSNS

F\ﬁ(ﬁ

):(\l (“.;m

47 FORMAT (#3L= #9129% FIT= %sF1146)

(‘)(\5:’\

LB 43 e e s
T30 4 K=1y1 T
FT(JsX)=F(KsJ) o
4 BLJ)=3(I)+FT(JsK)*Y (K)
MATRIX A IS SET UP o - -
DO 5 J=1 '3 ST
DO 5 M=1y3 i e
A(MeJ)=D
DO 5 N=1yl , . .
CAIMe ) =A(Me I HFT (MW ) *FINSTY T T T
2 CONTINUE . . e e e
SUBROUTINE GAUSS CALLED TO SOLVE FOR ¢ o
L=L+1
CALL BAUSS(AsBsC)
e JE(LeGOTe100)GO TO 9 B o e
DO 6 K=1y3
B =E(K) +CIK) ) -
6 CONTINUE i )
PRINT 519F , : )
51 FORMAT (#ONEW E(I)= #9351445)

TFTTNESS TS T
CV=FIT(TI9XsZe5)
PRINT 40 4LsV

" CONVERGENT TEST

i'f]

IF (VeGTel(e995)) 748
7 IF{VeLTalW+e201))GO TO 9
5wy 5

50 TQ ? .
9 PRINT vdoL9Vs(t(<)o< 193) o a
SU FORMAT (#OAFTER #s13s% TRIES sFITNESS= %3F11e79%sPERFECT [MPLIES

1 FITNESS =14 %*/%0THF E ARE %#43F12e4) o o '

CALL YGRAPH(IsX9ZsYFIT)

E5FE 1 e

ST’)D

F‘ N .
JwCTI?J FI (I9K9Y9\)

T A1 3 . AL 3 AN N2TNET AT N AL NNE T A £ 2 i
E R N R R R R GE TR S IR S AR A VA O 363 SR e ISR e e 3 S e ST SEESE Fe R R R e e i

10 TEST HOW CLOSE THE CALCULATED ?ESULTD FIT THE MEASURED RESULTS

TRV N T v VA VRN VAR R Vol V4 £ CIETNEIL AT
e W ‘(‘ W T A ?‘

3IﬂerIO\ X(”%)’Y(Z5)9t(3)
Stivi=n

CONSTR AINTS TO AVOID DIVERGENCE

IFTA35(C
IF{ARS(C
IFLARS(C
- ERROR=N
DO 1 J=lI : | e e

— — —

) )
)).GT.SDT.)”(Z)
| =

SECMUNATVE N AL SNV A T 7"
RS R e e S 3 3 3 0



e en s et e e aa

B4

TSJRERSIMEY (JY

7 1 ERROR= F<"<ROR+(Y(J)-'C(1)*(FXD(C(Z)*X(J))--EXD(—C(B)*X(J))))

CAVE=SUM/FLOATI(T)
SIGHMA=D
DO 2 K=1»l
2 SIG AA= 3[64A+(Y(K)—A/')%‘?

FIT=INDICATION OF THE EXA\.TNFSO OF THF RESJLTS

¢
c
C FIT=1 IMPLIES PERFECT T e
C FIT=0 INDICATES SINGULAR POINT
c _ | CrEE ; i
W=ABS(ERROR) /5TGMA
T T T TE W e GF e L P e IS " o - ” T A
3 FIT=0
PRINT 90T T - T
901 FORMAT (¥ITHE FIT=D )
RETTIRN ' T -
4 FIT=5ORT(le=W) :
T T T URETURY T
A

SUBROJTINE GAUSS(As3s0)
36 3R 36 36 3 e AR 6 5 56 58 3 30 3 IR 3 30 S0 \J(~X-3€'-3’r*~)('~‘/r\,cx-pi—x,f;%r\*/v,(-w:‘n k3 vf'»\'»c,{-n 3E 3 K336k e AT Hk

GAUSSIAN ELIMINATION WITHOUT PIVOTING _ - 5

Oy M

=

. N . PRV N . o se e s s oo as
JE 5 3E IR RS 3R a0 S AE AR AE AR 3R % k9 36 3638 30503 36 36 3 3 3 38 36 3 3658 3 36 3 36 5 R 98 36 3 3k E Sk 3 S0 2E 38 36 330 RS R

’)I'?F‘\iSLJN Al3 3)9 3 ( 5)9C(3)9AA(3M+)

c ARRAY AA 1S BEING FILLED S
: _

) A

e om] TETe3 ) - * ,
AA(Ts4)=3(1)
DG 1 J=13 e _ )
AA(T»J)=A(T9d)
1 CONTINUE . SR —— —_ _

~ .
CTTTT N ENOR AALTZ TN BUERCTORT T T T T . e e s st e
C
DO 2 K=1s2 - ( T o )
B=AA(KsK)
DO 3 L=Kek Cmmmm T T
CAA(KL)=AA(K,L) /B
TTTETCONTINUE . - ’ o ' ’ I
A=+
90 2 H=ie3 o T ]
S=AA(N s K) i ~

YY

fmommrw ARRAY A

D0 2 I=Xs4

L AA(NST)=AA(NST)=3%AA(K ) T
2 CONTINUE )

C=DESIRED RESULTS

' CU{31=AA{344) /AA(393) ' -
Ci2V=(AA(2+4)=A0(2+3)%C (?))/&A(Z,Z) T e
L(1\_(L\A<1,~+)—(A\A(1,/)ae {12 +AA 193)u(%)))/AA(h1)

CRETURN




1100

1115

S11207

CONTINLE
PRINT 1110sYMINsYMAX

FORMAT

2X9E1345]
PRINT 1129

FORMAT

S . e e
SUBROUJTINE YGRAPH(MsXsYsYFIT)
DIMENSION X(25)9Y{25)sYFIT(25) o T
DATA IFFFs133Bs1000sIPPP/1HFs1H s1H*»1HI/
CYMIN=Y (1) -
e YMAX=Y (1) e e
a0 DO 2 T=1M : ' )
IF(YMIN oGT o Y(I)) YMIN=Y(I)
CIFUYMAX eLTe Y(I)) YMAX=Y(I) T
. IF (YMIN «GTe YFIT(I)) YMIN=YFIT(I)
TTFTOYMAX GLTe YFIT(I)) YMAX=YFIT(IY —
3 CONTINUE ‘
CUUUPRINT 10059 YMIN YMAX T -
1055 FORMAT (147915X951345987X951345/19Xg101H= == mmmm—m s e oo o
1....._ -
Pmmmm )
DO 1100 I=1e4 T )
 10=140+1006 2% (Y (I)=YMIN) /{YHMAX=YMIN)
IO=EMAXO(VMINDG (10s100)91) .
=L 1.‘+10,.u+(YFIT(I)‘Y1IV1/(Y”AX YMINY
I2=MAXT (MINO(IP9100) 1) B T
IS (1D o«NFe IP) GO TO 1030
IF (10 oNEe 1) GO TO 1020 o
PRINT 1210eX(I)eIFFF :
TFORWMAT (1XsE134596H T~ 1C0ALY
50 TD 1190 .
K=10=1
PRINT 1J10sX(1)s(IBBBsJ=19K) 9 IFFF
GO TO 1190 N i
1030 IPP=1°P? —
100=1002
IF (IP «GTe 10) GO TO 1040
IPP=1200
100=1PPP
IDUMMY =10
I0=1D
e To iy S
1040 IF (1D «GTe 1) GO TO 1060
' (=]P=]0=1 o
IF (K «GTe U) GO TO 10350
T PRINT 1217 XTT) s 100, 1PPT - T T
[CIORR! 113
"'Tﬁ%ﬁ' ow.t GEST e e e _ _- -
- RINT 1)1‘,4(1).100,<1°an J= 19<)pI°D
, o T8 1Tas e e
10560 K1=10=-1
, K2=1P=10=1 )
! IF (K2 «GTe 3) GO TO 1070
CTTTBRINT TUINNKTT) S LIB335 1K1 5100y IPP
530 TO 1130 ' :
1070 CONTINUF ‘ T
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LEGAL NOTICE

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:

A. 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

B. 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 contractor 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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