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_ ABSTRACT '

‘ The role of the dlgltal computer in the design and analy51s of electronic
tlrcults 1s dlscussed ‘with spe01al attention given to the problems created by
steady- state and trans1ent nuclear environments. Examples are presented which

_ illustrate the usage capablllty and llmltatlons of several existing analysis

“f programs. The current dlreCtlon of research and programming efforts in the

" area of automatlc c1rcu1t analysis programs is also considered.
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THE DESIGN AND ANALYSIS OF ELECTRONIC CIRCUITS .
BY DIGITAL COMPUTERS

Introduction

In order to efficiently apply computing machines to an area of science or technology, a
well-defined theory must exist which provides a numerical algorithm for proceeding'from a given
set of initial data to the desired solution. Unfortunately, this prerequisite is not satisfied

.in the 'area of electronic circuit design because in all but the most trivial situation, there

is no algorithm which leads from a specification'sheet‘to the topology of a suitable circuit.

Each designer has his own mental processes for subdividing a design problem into electronic sub-
systems which he can synthesize with circuits whose properties are known and which are part of

his design repertoire. Once a topology has been eeledted, however, it is possible to use the
general and mathematically rigorous theory.of circuit analyeis to investigate the properties of
the circuit and determine the ﬁerit ofAthe proposed design. As a result, most current appli-
cations of compnters . in the design and analysis of electronic circuits generally have been .\\\
directed toward the analysis problem whereas the design problem has been treated through repeated

analyses and optimizations of a predetermined circuit topology.

Whenever the subject of eircuit.analysis is discussed, advocates of the experimental
approach immediately question the wisdom of using computer analysis techniques instead of the
laboratory "bread-board" to verify or optimize designs. In view of the cost of computer time,
the 1naccuracy of component models and the difficulty in obtaining representative parameter
values for these models, it must be admitted that this position is well founded. However, it
should be realized that analysis by means of generalized computer programs does not compete
with, but complements, the usual design procedures. The-advantages of each method can be com-
bined to increase the productivity of the design engineer and improve the performance and
reliability of the final product This paper is therefore intended to call attention to several
ex1st1ng circuit analys1s programs and to indicate a numbér of ways in which these programs
could be used to complement existing design procedures, espe01ally in the design of radlatlon

tolerant circuits.

Existing Circuit Analysis Programs

In order to show the usefulnees of-analysis programs, it is expedient to first discuss'the
input formats of some existing programs and thereby indicate thelr generality and ease of use.

These discussions are by no means complete and should be con31dered only as introductions to the



respective programs. These programs are, with one exception, documented and the reader is

referred to these documents for additional detail.

PREDICT

The PREDICT Analyéis Programl was developed by the Radiation Effects Department of fhe
International Business Machines Corporation, Owego, New York, to predict the effect of transient:
radiation upon electronic hardware. This program, which is written for the IBM 7090 computer,
is predicated upon the assumption that every circuit can be modeled by a collection of resistive,
capacitive and inductive components, voltage and current sources and mutuvally inductive compo-
nents. The maximum circuit size is limited to 300 components and 2000 circuit data cards.
Nonlinearities can be included by detining the resistancé, capacitance; inductance and source
coefficients as functions ot the appropriate voltage or current. The form of these nonline- -

arities can be specified by equations in the Fortran format or by an array of tabular data.

An illustration of the steps required to analyze a simple amplifier using PREDICT is shown
in Flgure 1. First, the schematic diagram shown in Figure la is converted to an pqulvalent
network by replacing each device by an appropriate equivalent circuit¥* as illustrated in Figure
1b. The. PREDICT input format assumes that every voltage source is in series with and every
current source is in parallel with a passive element. Therefore, the internal resistance of
each driving source is normally included in the equivalent network. Next, every node (except
those nodes between voltage sources and their respective series elements) is assigned a unique
number and every passive component is assigned a unique alpha-mumeric name with prefix, R; L or
C to indicate a resistor, inductor, or capacitor.l Names are assignedAto current and voltage
sources by preceding the name of their.respective parallel or series element by a J or an E,

respecllvely.

In order to analyze the amplifier shown in Figure lg,'the information contained in Figure
lc is punched on data cards. The beginning of the problem is signified by a card containing
the word START followed by one or more title cards which serve to identify the problem. All
_passive elements are entered.after the word BRANCHES by listing the element name, its regpective
node pair and the coefficient value. 'In the case of nonlinear elements, the coefficient is
defined by either an equatién or a tabular array as illustrated by the fourth entry under
BRANCHES in Figure lc. Sources are encoded as the source name, the node number. toward which
the assumed positive direction of the source is oriented and the source value or equation. The
name of the voltage or current associated with a particular eleﬁent is derived by prefixing the
element name with a V or I, respectively. Initial conditions and the desired output are then
specified uniquely by these variable names as illustrated in Figure lc. under. INITIAL CQNDITIONS
and OUTPUT. DNonlinearities specified in equation form and the data tables are included after

a FUNCTIONS card. The equations, which are written in the usual Fortran format, méy contain

*
Diode and transistor models are presented in Appendix I.
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exponentiation, multiplication, division, addition and subtraction operations as well as square
root, sine, cosine, exponential, arctangent, hyperbolic tangent and natural logarithm functions.
These equations may be. functions of time, tables, voltage or current. The STOIETME:Card sighi-
fies the conclusion of the circuit specification. This card is followed immediately by a card
containing the real proBlem time at which the solution is to be.terminated, the allowable
numerical integration errors, maximum integration step size, the maximum computer running time,.

etc. This is the only card in the PREDICT data which requires a fixed field format.

After reading the STOPTIME data éard, PREDICT formulates a mathematical model of thé cir-
cuit and numerically solves for the transient response of the desired variables. This solution
is printed in tabular form and, if plots are requested, in a form required for the Calcomp, ‘
plotter. Continue, Plot and Message operating modes are also provided in order that a solution
may be continued past a previous termination point, additional data may be plotted or speclal

operating instructions may be issued to the computer operator.

NET-1

The NET-1 Analysis Program2 was originally written for and developed on the MANIAC II com-
pugér. However, the recent demand for circuit analysis programs has prompted a translation of
this code to the IBM 7090/709& language. This translation should be completed and made avail-

able to the public in'the near future.

The input format for NET-1 is illustrated in Figuré 2 vhere a typical schematic diagram
and the neceggsary NET-1 input data are shown. As indicated in Figure 2, the format for resis-
tors, capacitors and inductors is, except for punctuation and naming conventions, identical to
the PREDICT format. However, in contrast to the PREDICT code, the coefficients of these com-
ponents must be constanls. Therefore, L Llme vayyiug cocfficiente, which arc uscful in modeling

such things as radiation-induced conductivity modulation, camnct be lncluded in a NEI-1 analysis.

The nonlinear behavior of diodes and transistors is included in an analysis by using pre-
prograrmmed diode and Ebers-Moll transistor models. These models are specified by- simply writing
T (transistor) or D (diode) followed by the appropriate node numbers and device code. The NET-1
program then queries a library tape to locate the appropriate model coefficients. While this
feature makes the program very easy to use, it restricts thé versatility of the code by forcing
a built-in model upon the user and not pérmitting the use of models which are more appropriate
fur a particular problem.

In addition to obtaining the transient response of a circuit, the NET-1 program also per-
forms other tasks frequentiy required - in the design of circuits. During a transient analysis,
NFT-1 antomatically prints the state of all diodes and transistors and the time at which any
state changes occur. The pover dissipation of each semiconductor device is also computed and,
if maximum ratings are exceeded, recorded as part of the output data. The power dissipatioﬂ Qf
each semiconductor device is also computed and, if maximum ratings are exceeded, the maximum

dissipation is recorded as part of the output data. NET-1 can also perform steady-state
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analyses to determine whether or not a power suppiy failure or an improper power supply turn-on

‘sequence will jeopardize any of the diodes or transistors in the circuit.

. .CIRCUS

CIRCUS is being developed by the Radiation Effects Unit, The Boeing Company Aero-Space
'Diﬁisioﬁ, for the purpose of simulating the effect of transient radiation upon systems and
‘circuits. This program is currently in the finai,development Staéeé and documenﬁation on

formats and computer requirements is not available at this time. The prOgram'is written in

. FortranAahd has been run on IDM 7094 and Univac 1107 computers.

-MISSAP

'i The MIchigan State System Analysis Program3'is being developed at Michigan State UniVersit&
uﬁdef thé sponsoréhip of International Business Machines Corporation. Although this program has
noéot been reléasgd to the general public, it is of particular interest becuuse it.reprcbcntﬁ one
of the first attempts to automatically analyze a system composed of Lull distributch(trans-'
mission lines) and lumped parameter components. In addition_to formiating a mathematical model
' :of the lumped parameter part of the system, MISSAP generates difference equation approximations
to the'partial differential equations which describe transmission lines. These difference
'eqdétions and the equations characterizing the lumped parameter part of the system are then
solved numerically and the solutions are tabulated or plotted. Fourier transforms of the tran- -

sient solutione are also tabulated and plotted upon request.

The input format for MISSAP-is similar to NET-1 although a fixed field format is required
and no provision is made tor a translslor or diode library. In addition, voltmeter and ammetcr
nnmpements are used to specify the desired output. Special dala cards are olco needed ta indi-

cate the placement of transmission lines in the circuit.

Except for the pre-programmed transistor and diode models, all components ‘considered in a
MISSAP analysis must be linear with constant coeflicients. Thc diode and transistor models are
of the Ebers-Moll form but do not inc¢lude the nunlinenr depletion and A4iffusion capacitance
terms. 'lhésge capaillauce effecto con he npprnximated by including linear capacitance between

the external terminals of the device.

ECAD

The original Vefsion of the Eiectronic Circuit Analysis Program,h ECAP, was programmed for
the IBM 162Q computer. This programming was done in the Fortran language and can therefore be
easily converted to other muchines. ILCAP ie capahle nf performing ac, dc and transient analyses
of circuits containing up to 20 nodes and 60 R, L or C components. Nonlinear elements are
admitted in the analysis by automatically changing component coefficients whenever a specified
component current passes through zero. This program also contains provisions for automatically
determining -sensitivity coefficients (the rate of change of a voltage or current with respect to
some circuit parameter), worst-case solutions, quiescent initial conditions and the standard

deviation of node voltages.
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Although ECAP contains several features which are not found in the programs discussed
pfeviously, the manner in which- ECAP treats nonlinear elements makes it inconvenient to obtain
accurate de or transient solutions of circuits containing semiconductor devices. In order to
approximéte exponential functions, which are encountered in describing the junction capacitance
“as well as the dc characteristics of many semiconductor devices, a large number of piece-wise
linear segments must be used and the number of extraneous circuit elements required to approxi-

mate the behavior of a single device becomes excessive.

Applications of Analysis Programs

It is evident from the above discussion that the modern circuit analysis program is easy to
use and yet‘contains sufficient generality to determine the transient and/or quiescent solution
for a large class of electronic circuits. Because of these properties, the utility of such
programs is bounded only by the imagination of the analyst and the economic considerations

associated with a particular problem.

Circuit Design

In .the general field of circuit design there are many applications where these prograﬁs
can be used Lo advantage. The comparison of several tentative topologies, for example, can be
done economically on a computer because it saves the expense and delay associated with con-
structing the actual circuits. In addition to identifying inferior topologies, these prelimi-
nary analyses may reveal design oversights which could result in excessive power dissipation
and damage to expensive components. The automatic analysis program is also a useful tool in
"debugging" preliminary models of a circuit design. For example, the hypothesis that a certain
anomaloué oscillation or transient response is caused by parasitic capacitance or inductance

can be quickly tested by analysis.

Many of the problems associated with finalizing a design are also expedited by analysis
programs. For example, the need for safeguarding a circuit against .overloads produced by
adverse input or output conditions, power supply failures or power supply turn-on or turn-off
sequence can be determined by analysis. Circuit analysis programs are also useful for per-
forming worst-case analyses to obtain an estimate of the electrical reject rate which might
be encountered in.ﬁroductiqn) Other production problems might also be anticipated by calcu-
lating the effects of such things as the stray wiring capacitance associated with a new package

geometry or the subctitution ol a new component type.

Contract Monitoring .

Contract monitoring organizations can use circuit analysis programs to evaluate a final
design and,thereby be assured of a quality product. Morcover, the design can be evaluated at

intermediate stages of evolution in order to deﬁonstratc the ultimate feasibility of the design



and to avoid needless "deadend" projects and loss of time. These factors are particularly
important when designs are required to operate in abnormal enviromments, such as nuclear radi-

ation.

Radiation Effects

One of the most important uses of analysis programs is in the simulation of environment
or test conditions not readily achieved in the laboratory. An excellent example of such a

situation is the simulation of the transient and permanent effects of nuclear radiation.

Transient Radiation Effects -- When a transistor or diode is exposed to a pulse of ionizing

radiation,‘such as gamma or X-rays, hole-electron pailrs ure generated throughout the device.
Some of the carriers generated near u Junction will traverse Lhe juiction and produre transient
variations in the terminal voltage or current.)’6 These effects can be modeled by inclnding

the appropriate current sources in the device models as discussed in Appendix I.

-To illustrate hov one might use an automatic analysis program to design a radiation-
hardened circuit, consider the problem of comparingvthe radiation sensitivity of the two'ampli--
fiers shown in Figure 3. Both of these amplifiers have a gain of approximately ten, an input
resistance of approximately one hundred kilohms and a low output impedance. The sens1t1v1ty of
each circuit to tramsient pulses of ionizing radlatlon is determined by using the circuit
analys1s programs discussed prev1ously and the models presented in Appendix I. The results of
these analyses, shown by the solid lines in Flgure 4, indicate that for identical exposures
circuit A has a peak response one-third as large 8 Lhe respumac of cirouit B. Mirenit A ls
therefore preferred for those systems with an amplitude fallure threshold. However, if a ;"
systems failure is determined by pulse duratlon, circuit B is.preferred. 'An experimental;

evaluatlon of the two circuits is shown by the dotted llnes of Flgure k.,

The radiation sen51t1v1ty of a circuit is, of course, dcpendent upon . the ch01ce of compo-
nents as well as c1rcu1t topology. For purposes of 1llustrat10n, the proposed ampl1f1er designs
. were also evaluated using 2N336 translotors 1nstead of the 2N1051 code specified in Figure 3.
These analyses, ‘shown. in Figure b, indicate thut athough the relallive hehav1or ,of the Pernlfq
is independent of device type the absolute sen31t1v1ty of’ the circuit is approx1mately doubled
by using the 2N336-transistor. These predictions are experimentally confirmed by the measured

data shown in Figure 5.

A study of the discrepancies betyeen the predicled and measured response inddcates two
likely sources of error. First, the stray wiring capacitance, particularly that between the'
collector and base leads of the transistors, was not included in the analyses and, as a result,
the predicted waveforms show a much faster decay Lhan the mcacured waveforms. Thus, even though
circuit analysis programs greatly expedite the analysis.of cireuits, the analyst must still
exercise considerable Jjudgment in order to include those circuit parameters which are important
and exclude those which are superfluous. Secondly, errors in the measurement of transistor

parameters and inaccuracies in the transistor models also contribute to the discrepancies

10
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between the'predicted and measured responsekbut, in this .case, to a lesser degree than stray
capacitance effects. It should be emphasized, lLuwever, ®hnt aven with these errors.and omis-
sione, the predicted data yields an accurate comparison between the proposed designs and

therefore provides a means ftor determining the bellur design.

The above examples also illustrate the economic cénsiderations involved in the use of
analysis programs. 'If the device parameters are known, the input data required for each of
the above analyses can be7pfepared by an engineer in about one hour. The analyses shown in
Figure 4 were performed with PREDICT (on an IBM 7090 computer) and reqﬁired approximately fonr
minutes per solution. The data presented in Figurc 5; which wewe eemputed with CIRCTIS (on a
Univac 1107 computer ), reduired #buul vite minute per solntinn. (onclusions concerning the
relative computing efficiency of PREDICT and CIRCUS should not be drawn from these data because

the twWn programs used different transistor models and were run on different computere.

Permanent Radiation Effects -- When semiconductor material is exposed to a flux ot high
energy particles, such as neutrons, some of the incident particles interact with the atoms of
the crystalline lattice and displace these atoms from their normal positions. This process
damages the lattice strucfure and therelore produccc permanent changes in the properties of

7,8,9

semiconductor devices.

Permanent damage effects can be included in an analysis by simply making the model coeffi-

cients a function of the incident particle flux. The common base current gain, for example, is

12



shown as a function of the integrated neutron flux in Figure 6. If these data and similar
curves characterizing the other model parameters are used in the analysis, - a circuit can be

evaluated at any arbitrary neutron flux and, through repeated analyses, the failufe threshold Ny

of the circuit (i.e., the minimum neutron flux at which the circuit fails to meet specifications)

can be determined.
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Figure 6 Common Base Current Gain Versus Neutron Flux

The transient and permanent damage mechanisms have been considered independently in the
above discussions. However, situations exist where both effects occur simultaneously and must
therefore be modeled simultaneously. This can be done by expressing each coefficient of the

device model as a function of the partial integral of the particle flux rate, i.e.,

t
K, (t) = Ky ([ n(r)ar)
where Kio(é) is the measured variation of the coefficient K; with integrated flux § and n(t) is
the flux rate. The ionizing effect of the incident radiation can be simulated by including the

appropriate photcocurrent sources in the modelo as discussed previously.

Limitations

One of the principle shortcomings of exicting prograums ls that an excessive amount of com-

puter time is required to solve for the transient response of circuits whose solutions contain

13



extremely small time constants. While this difficulty can be alleviated somewhat by the choice
of component modelé, it still represents a serious limitation; one which cén.only be reméved by
a continued searéh for more stable numerical solution methods. A second basic limitations
imposea by existing programs is assoclated with the solution of nonlinear algebraic equationé.
With the exception qf MISSAP, none of the above programs provide the proper numerical methods
and con§ergence criteria to simultaneously solve nonlinear algebraic and differential equations.
Therefore, junction capacitance must be included in every diode and transistor in order to
eliminate all nonlinear algebraic equations. While this process is theoretically acceptable,

it is usually expensive because small time constants are introduced in the solution and the

number of integration steps regquired for the desired solution may be excessive.

Apart from the fundamental limitations imposed by numerical solution techniyues, Lhe
general philosophy and ovrganization of the existing programs huve iwposed other limitations.
The PREDICT program, for example, does not adequately treat the problem of coupling between
elements and, as a result, small silgual H-parameter modele of the transistor cannot be used
when conditions permit. The NET-l, CIRCUS and MISSAP programs do not admit nonlinear capac-
itive or inductive components. Although the ECAP program does admit-a limited form of nonlinear
elements, this form is not general enough to accurately characterize many devices. Moreover,
none of the above programs accept generalized mathematical models of multi-terminal components;
a feature which is very important in areas such as radiation effects studies where a large

fraction of the immediate problem centers around the determination of adequate component models.

The problems associated with obtaining realistic parameter values énd component models
must also be recognized. Although there is no problem.for resistors or capacitors taken trom
a clearly labeled stock éabinet, transistor and diode specification sheets do not normally con-
tain values for such paramefers as Jjunction diffusion capacitance or radiation-induced photo-
current. Furthermore, the measureméntlo ol' device parameloers iv not a a3imple malter,

particularly for high frequency devices.
Conclusion

The material presented in this paper is primarily inlended Lu review scveral oxigsting rire
cuit ahajysis programs and to indicate a few of fhe many ways in which thece programs can be
nand to complement design procedures. Although thesc programs are not as general as might be
desired, many of the limitations inherent in thc present versions are being systematically

eliminated through the continued development and evolution of new coding and numerical techniques.

In addition to the normal process of evolution, programming developments in other scienti-
fic areas could also influence future analysis programs. Because of the work bLeing done in
pattern recognition, it is not unrealistic to think of submitting the network topology or
parameter data in the form of schematic diagrams or plotted-curves..‘Even with the present
technology, it is possible to have a computer automatically construct a schematic diagram, a
parts list and a cost estimate from the input data required by the analysis programs discussed

above.
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The recent theoretical interest in the formulation of state models of electro-mechanical
systems indicates that future analysis programs could be oriented toward generalized mathe-
matical models of multi-terminal components without regard for the particular technology
associated with the problem in gquestion. In this way, one program or, more appropriately, a
system of subprograms, could (1) perform detailed analyses of small subsystems, (2) obtain
simplified mathematical representations of these subsystems and (3) use these simplified repre-

sentations in the analyses of the entire electro-mechanical system.
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APPENDIX T

Diode and Transistor Models

Because of the importance of component models in the analysis of electronic systems, models
of the diode and transistor are reviewed in this appendix and discussed from the viewpoint of
their applicability to circuit analysis programs. The effects of transient radiation are also

considered.

Diode Model

The most widely used model for predicting the transient and de behavior of dludes is shown
in Figure I-1. This model assumes that the diode can be modeled by a bulk resistance, Rs’ in
series with the parallel combination of a current source, I, and a capacitor, C. The magnitude
of C is made up of three components: (1) a stray capacitance,* C,, introduced by the diode
package, (2) a transition region component, Ct’ which varies as the reciprocal ot the junctlon
depletion region width, and (3) a diffusion component, Cq» vhich varies as the exponential of

the junction voltage and, therefore, linearly with the ideal diode current I(t).

ANODE
I=Ig(exp(@vj)-1I)

8 = q/MkT

C=Cs+Ct+Cqd

1 .
- V; .
c ) Cy=Cyo /(Vz-Vj )N

Cyg=a(I+1)/27 MKTF
CATHODE

Figure I-1 Diode Model

* .

Normally, the stray capacitance is included between the external terminals of the device, and
as a result, extremely short time constants are introduced in the solution. These time con-
stants can be eliminated with little or no sacrifice in model accuracy by including the stray

capacitance with the junction capacitance.

16



Although this model provides a reasonable representation of most junction diode,,it should
be used with caution for diodes With significant conductivity modulation Furthermore, since'~
"this model is derived by making a first order approximation to the solution of the continulty
equation, it should be used cautlously when time variations are fast compared to “the normal

recovery time of the diode.

Transient Radiation Model -- When a diode is exposed to ionizing radiation, the hole-

’electron pairs created within an average of one diffusion length on either side of the Junction
traverse the junction and produce a transient photocurrent. This effect can be taken into
-account by 1nclud1ng an additional term,: pp(t), in the ideal diode current eﬁpression as
follows:

TeT, () - 1) - T8 L | (1.1)

~ The negative signdpreceding the photocurrent term indicates that this current is oriented
in the reverse direction, i.e., from the cathode to the anode. Although I (t) is actually a
function of the junction voltage, diode current and radiation waveform, reasonable results can
generally be obtained by assuming a fixed photocurrent waveform and scaling the magnitude of

(t) linearly with dose. The photocurrent waveform can’ be determined experimentally by
measuring the radiation-induced leakage current of the reverse-biased diode or it can be cal-

culated by using the geometric and material properties of the dev1ce.5

The accuracy of the radiation model can be improved by using difference equations to obtain
approximate solutions for the carrier density distributions in the device during the radiation
exposure. In this way, electric field effects, storage effects and conductivity modwlation of
the bulk material can also be included in the model. A physical interpretation of a difference

equation approximation is presented by Linvill.9

General Discussion -- The diode model given in Figure I-1 is well suited to automatic

analysis programs since it .provides a reasonably accurate model of the device and at the same

, time ic amcnable to suvlullon by éxisting numerical techniques. Practical situations ‘exist,
however, for which this model should not be used because of the excessive computer time required
to obtain solutions. If, for eXample, a very fast diode (recovery time approximately one nano-
second) is incorporated in a circuit which has a'relatively slov response, integration steps of
the order of one nanosecond may be required to maintain numerical stability and one million
integration steps may be required to produce cne milllsecond of real solution time. This
problem can be reduced by using a slovwer diode since the circuit operation clearly dnes not
depend upon the diode recovery characteristics. This can be done artificially in the analysis
by arbitrarily increasing the diode capacitance as much as possible without affecting the

solution. A second approacn_is to delcte the junclion capacitance and characterize the diode
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by equations with the following form:
I=1I (exp(a(V - RSI)). - 1)+ Ipp(t) . _ (1.2)

Unfortunately, this leads to nonlinear algebraic equations which are beyond the scope of most

automatic analysis programs and is therefore not generally acceptable.

Transistor Models

13

Both the Ebe:c‘s’--Molll2 and Charge Control™~ transistor models have been used extensively to’
describe the transient and dc characteristics of junction transistors. Although these models
differ considerably in concept and schematic representation, it can be shown that the commonly
used forms- presented below are mathematically identical. Therefore, only one of these models

is considered in detail.

‘Ebers-Moll Model -- The schemallc representotion of the Fhers-Moll model, shown in Figure

I-2, consists of two resistors, Rb and RC, two junction capacitors, Cc and Ce’ and two current
sources, IC and Ie" As in the case of the diode mbdel presented earlier, the capacitance values
are comprised of stray, depletion and diffusion components. The detajiled form of the two capac-
itance values and current sources can be expressed by analytical approximations to the measured
characteristics of the device, as indicated in Figure I-2, or by interpolation between actual

data points.

COLLECTOR

.

Ie - [Iyy (oxp (A Vo )=1) —ap Tgs (exp(82Ve)-1)]
/(l—ap @)+ Ipp (t),

leg= [Ies (exp@2Ve )-1)-ujIog(exp (8, Vc)—l)]
/(l-apa;),

0,7 a/MhT, 8= a/MKT,

. Cc = CcstCett+Oud
EMITTER Cet =Ccto/(Vzc'Vc)Nc

Ced? 4 leaexp BV )-/211' MckTFI
Ce =CestCet +Ced

Cet = Cefo 7(vze-ve)Ne

Ced =0 lgg €xp8aV)/27 Mgk TF,,

Figure I-2 Ebers-Moll Transistor Model



Transient Radiation Model -- When a transistor is exposed to a pulse of ionizing radiation,

holes and electrons generated near the junctions drift and diffuse across the junctions and
produce photo-enhanced leakage currents similar to those discussed in the diode case. ‘However;
in contrast to the diode, these primary photocurrents are amplified by the gain of the tran-
sistor and produce a secondary collector current which can be many times as large as the primary

photocurrent.

As in the case of the diode, the effect of transient radiation can be incorporated in the
model by including the primary photocurrents associated with both transistor junctions. As a
practical métter, howevér,Athe emitter contribution ié usually insignificant compared.to the
collector component because the diffusion length of the emitter is usually very short compared
to that of the collector.. Consequently, the term.Ipp(t)-is.included only in Ic(t) as shown in
" Figure I-2. ' '

In much of the analyéis work reported to date, the photocurrent Ipp(t) has been obtained
by linearly scaling an experimentally determined waveform.* While this approach is sufficiently
accurate for many pﬁrposes, conditions may arise where photocurrents obtained in this manner
are ﬁot meaningful.5 The accuracy of the radiation model can be improved by obtaining Ipp(t),
minority carrier storage and bulk resistance from approximate solutions for the carrier densi-
ties in the collector and base regions. These solutions can be determined by approximatiﬁg the

continuity equation by the appropriate difference equations as discussed in -the diode case.

General Discussion --- The Ebers-Moll model has been used extensively by the NET-1 analysis

B program and, based upon this éxperience and a recent paper by Wilfinger, et. al.,l2 appears to
be a véry useful form for modeling many dévices. Mathematically, this model is characterized
by nonlinear differential and linear algebraic equations and, therefore, does not present any
solution difficuities vhich are beyond the scope of most analysis programs. Practical situ-
ations do arise, however, which require excessive computer time to obtain solutions. As in the
diode case, the analysis of a basically slow amplifier containing fast transistors is costly
because the maximum solufion step, in a sense, is determined by the "fastest" component. More
subtle difficulties arise when the collector terminal is connected to the emitter thréugh a low
impedance element such as a capacitor or a small collector resistor. Under these conditions,
the maximum integration step size is controlled by the time constant of the collector circuiﬁ
(Rccc) and is typically 1070 seconds.

Charge-Control Model -~ In its simplest form, the charge-control model proposed by Beaufoy
13 '

and Sparks™~ provides. a conceptually and mathematically simplé tool for predicting the approxi-
mate behavior of circuits containing tranciotors operated iu Lhe active region. However, when a

‘more detailed and accurate analysis is desired, the basic charge-control model must be augmented

2 ' .
This waveform is determined by measnuring the radiation-induced leakage current of a reverse-

biased collector-base Jjunction.
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to include the effects of junction capacitance, saturated and inverted operation, etc. These

L
changes lead to the more complicated modell shown in Figure I-3.

Ipp(t)
BASE - Rg Cob " Rg - COLLECTOR
o AW —— T r {( AN 0
del :
daN Sen et | g
_— BI ¢
Cib 2= Tay - - 3
| A @ Ten )
€ §
Trm
\avy
deL
Ter
EMITTER

Figure I-3 Charge—cdntrol Model

From the equations describing the Charge-Control and EBers—Moll models, it can be shown
that although these models appear radically difterent from the standpoinﬁ ol sclhemulic repre=-
sentation, they are identical in a methematical sense. Therefore, one can readily convert
between Charge-Control and Ebers-Moll parameters and thereby use the existing tabulationlu of
Charge-Control parameters in the NET-1; PREDICT and MISSAP analysis programs.
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Definitions of Symbols

oy Oy ’ . . Normal and inverted common base current gains

9, 91’ 92 ' Exponential coefficient for diode, eplleétor aﬁa
emitter junctions (volts—l) ‘

c Total diode capacitance (farads)

Cor Coyy Totol collector-base capacitance (farads)

Cd’ Ccd’ Ced Diffusion capacitance of diode, collector and
emitter junctions (farads)

Cs’ CCSJ Ces Stray capacitanbe of diode, collYector and emitter
junction {farads)

Cor Cip A . Total base-emitter capacitance (farads)

Ct’ Cct’ ot Transition capacitance of diode.collector and
emitter junctions (farads)

F, F., F_ Proportionality constants (tnne'l)

I I Saturation Current of the diode, collector and

emitter junctions (amperes)

'Ibp(t) Priﬁary photocurrent (amperes)
| k ' Boltzmann constant (ergs/degree Kelvin)
M, Mc, Me Emission constants of diode, collector and
emitter junctions ’
n(t) ' Neutron flux rate (nvt)
N, Nc’ Ne | Grading consfant of diode, collector and emitter
Junctions
q . ‘ . : Electronic charge (coulombs)
Aoy %Br Normal and-iﬁverted base chargg-(éoulombs)
Rs’ sz RC . ) Se;ies resistgnce of diode, base and collector (ohms)
SBN’ SBI Normal and inverﬁed base store
T A Temperature (degrees Kelvin)
TBN’ TBI Normal and inverted base time constént (seconds)

-
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ow Tex
,j’ c 2
z’ . zc’

Definitions of Symbols (cont)

Normal and inverted collector time constant (seconds)
Diode, collector and emitter junction voltage (volts)

Contact potential of diode, collector and emitter

" junction (volté)
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