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ABSTRACT

. NET—2 is a general purpose computer program which solves the nonlinear time
domain response and linearized frequency domain response of arbitrary networks
composed of electric circuit elements and system operational elements. N~T—2performs parameter variation studies , statistical studies , and network performance
optimization. Models are included for gamma rate and neutron dose radiation
effects. A topological network description is utilized using a free form user
oriented input language.
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PREFACE

This report constitutes the User’s Manual for the Release 9 version of’
the NET—2 Network Analysis Program. It supersedes the User ’s Manual
for Release 8 which was published in September, 1912.

Release 9 differs significantly from Release 8. New features which have
been added to the program are summarized below:

1. Several new system elements have been added. Computation using these
elements is handled using nonlinear simultaneous methods . Both time and
frequency domain solutions are available for networks containing these
elements. The new system elements include square root, absolute value,
sign function, maximum function, minimum function , natural logarithm,
exponential function , exponentiation , inverse sine, inverse cosine, inverse
tangent, hyperbolic tangent, Euclidean norm , root mean square function,
modulo function, quantizer, time delay, sample and hold, hysteresis,
Boolean functions of AND , OR , and Exclusive OR , RST fl ipflop, synchronous
clock, digital differential analyzer accumulator, output file interface,
and input file interface.

2. Several new circuit elements have been added. These include a nonlinear
voltage controlled current source , transmission line model, core winding
model, and magnetic core model.

3. A data reduction feature has been included to permit modeled device
parameters to be extracted from measured or published data.

1~. The usage of mathematical expressions has been greatly extended. Many
restrictions on the construction of mathematical expressions, function
definitions, and table references have been removed.

:1
5. Several additional mathematical functions are now available for use in
constructing mathematical functions. These include four—quadrant inverse
tangent, maximum function, minimum function, modulo funct ion, and sign
function.

6. Additional global quantities have been made available to the user.
These include the current value of the time step and the accumulated neutron
dose. All global quantities may now be referenced by the user.
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There have been several modifications to NET—2 which will require revision
of input decks which were prepared for use with Release 8. Although the
revision of decks may be a painful process, it is felt that the increased
flexibility offered by Release 9 will be worth the effort expended over the
long term. The differences between Release 8 and Release 9 which may require
deck revision are listed below:

1. Numerical constants which contain an exponent must include the character
E before the exponent portion (see 1.2.2.2).

2. The character * must be used to denote multiplication in mathematical
expressions (see 1.2.2.14.1).

3. Arguments of mathematical functions must be enclosed by parenthese3
(see 1.2.2.14.3).

14. The Release 8 mathematical funct ion ARCTAN has been changed to ATAN
(see 1.2.2.14.3).

5. The Release 8 mathematical function LN has been changed to L~G (see
1.2.2.14.3).

6. Network elements which have multiple values specified must have commas -
inserted to separate the values.

7. User defined functions without arguments may not be used. The X variable
notation should be used instead (see 1.2.2.5 and 1.2.2.6).

8. The INITIAL Entry has been discontinued. Initial conditions available
through this ent ry in Release 8 have now been incorporated into the respective
element formats.

9. The INT (time integral) element format has been modified to include the
specification of initial value (see 3.10).

10. The mathematical formulation for the capacitor, radiation effects
capacitor , inductor , and coef ficient of coupling have been modified to
include the ef fects of time varying capacitance and inductance values
(see 2.3, 2.14, and 2.5).

11. The formats for the MAXSTEP Entry and the TERMINATE Entry have been
modified to include the = character (see 1.3.2.1 and 1.3.3).

12. The format for the GANMA , GAMDØT, and NEIJT Entries have been modified
to include the = character. In addition, the order for spec ifying the
neutron rate and the initial accumulated neutron dose for the NEUT Entry
has been interchanged. (See 1.3.14.1 and 1.3.14.2).
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l~ . The prefix for the Zener diode has been changed from D to ZJ) (see ~~~~~

114. The prefix for the MOSFET has been changed from T to ~FET. The MOSFET
substrate node now appears as an external terminal. The exponential form
of the slope of the MOSF~~ drain—source curve in region B has been replaced
with a quadratic form; this modification may require the parameters Ki , K2,
and K3 to be redetermined. (See 2.19).

15. The prefix for the JFET has been changed from T to JFET. The exponential
form of the slope of the JFET drain—source curve in the saturation region
has been replaced by a quadratic form; this modification may require the
parameters Si, 62, and S3 to be redetermined . (See 2.20).

16. Release 9 provides default values for all device model parameters which
are not specified by the user. Many of these default values are nonzero.
All default values provided by Release 8 for device parameters were zero.
(See Tables 2—1, 2—3 , 2—5, 2—7, 2—9 , 2—11, 2—13, and 2—14).

17. The internal structure of the device parameter library has been revised.
It will be necessary to regenerate the device parameter library.

18. Since the stored model library contains subnetwork descriptions using
the NET—2 input language, it may be necessary to revise certain stored models
in that library because of modifications in the input language.

19. Specification of an AC small signal variable in a PRINT or PLOT statement
will provide only the magnitude or phase of that variable as specified. In
Release 8 both magnitude and phase were automatically provided upon specifi-
cation of either one. (See 6.1.14.1, 6.1.14.2, and 7 . 2 . 2) .

The author wishes to acknowledge the contributions of Dr. Larry D. Ray
for his work in the areas of the device parameter data reduction, the
magnetic core model, the transmission line model, and several of the
system element models , and Bill Kirkwood for his programming assistance
in many areas. The continued support of Robert E. MeCoskey, H. J. Matthews ,
and Robert Puttcamp of the Harry Diamond Laboratories is gratefully acknow-
ledged.

The contributions of the Naval Ordnance Laboratory and the Los Alamos
Scientific Laboratory through independently funded development efforts
are acknowledged. The results of some of this, independent work have been
included in Release 9. 
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1. GENERAL

1.1 Introduction

The NET—2 Network Analysis Program is a general purpose digital computer
program which solves the nonlinear time domain response and the linearized
small signal frequency domain response of an arbitrary network described
to the program.

NET—2 is capable of handling a variety of network components and can be
applied to problems arising in several engineering fields, including
electronics, control systems, heat flow, mechanical structures and systems,
systems of nonlinear equations , and digital logic . The network elements may
be freely intermixed permitting interdisciplinary problems to be solved.

NET—2 is able to perform parameter variation stuCies , statistical studies ,
and network performance optimization . The program has nuclear radiation
effects modeling capability for studying the effects of gamma radiation
and neutrons on circuit and system response.

1.1.1 Language Structure

The NET.-2 language is organized into a series of entries , with each entry
composed of one or more lines. The various lines are written at specified
indentation levels , so that the complete input has the appearance of an
outline form. The term indentation level is used throughout this report
to indicate the relative positions of the various lines to the left margin
when writing the input on paper . The left margin is always indentation
level 0. Lines with indentation levels greater than zero are indented to
the right of the left margin , with the amount of indentation proportional
to the indentation level specified, e.g., a line at indentation level 2
is displaced further to the right than a line at indentation level 1. The
first line of any entry always starts at indentation level 0, and subsequent
lines of the entry, if any, begin at indentation level 1 or greater.

1.2 Network Description

L

A network consists of a set of elements interconnected through a set of
network nodes. The network can be described by individually describing

- • each element and how it is connected to the network node system.

The description of each network element requires specification of the element
• type , the names of the nodes to which it is connected, and the values to be
• 

• attached to the parameters which control the element behavior. Values may
be described either numerically or symbolically in terms of other quantities
unless otherwise noted.

1 
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Every network element is assigned a name or ID which consists of a prefix
• and a suffix. The prefix is composed of alphabetic characters only and

denotes the element type. The suffix must always begin with a numeric
character, followed by any combination of alphabetic and numeric charac-

• - ters. The suffix is always denoted by the small letter n immediately
following the prefix in this report. Each network element should be
assigned a unique name to prevent confusion when references are made to

• the elements. Examples of acceptable element names are R378 and TLINE7AB
for a resistor and a transmission line, respectively .

The network nodes are assigned arbitrary names. Any combination of alpha-
betic and numeric characters may be used. All node voltages are measured
with respect to a datum or ground node. The datum node is designated by
the integer 0. It is recommended that all networks include a datum node.
A network may exist in several isolated parts; NET—2 will automatically
choose one of the nodes in each isolated part as the datum node unless
node 0 is already included in that isolated part.

1.2.1 Element Specification

NET—2 accommodates a large variety of network elements of different types.
The following sections discuss the general classes of elements available
in the program. Chapters 2 and 3 give specific details for circuit and

• system elements, respectively.

1.2.1.1 Circuit Elements

NET—2 contains a set of circuit elements from which electrical and electronic
circuits can be constructed . When these elements are interconnected voltages
may appear at the element terminal nodes and currents may flow through the
element terminals. The nodes to which such elements are connected are
called circuit nodes , and the nodal quantities associated with the nodes
are the node voltages.

1.2.1.2 Modeled Devices

NET—2 contains a subset of circuit elements which are called modeled devices.
They include the semiconductor devices and the magnetic core. They are
distinguished by complex nonlinear models and usually require many numerical
parameters to control their behavior.

Each modeled device has a model number associated with it. By means of the •

model number, a specific equivalent circuit and a set of controlling equa—
tions are entered into the network calculation to represent that modeled
device.

2
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The user must also specify a type name for the modeled device. The type
name is limited to a maximum of eight alphanumeric characters. The type

• name enables NET-2 to locate and retrieve a set of numerical values for the
• device parameters from the Device Parameter Library. These values are then

used by the device model equations to represent a particular device in the
• calculation . The device parameters must always be represented as numerical

constants. The user may reference and modify any device parameter value
• during the calculation . NET—2 supplies default values for all device para-

meter values which are not specified by the user.

Radiation effects behavior is included for many of the modeled devices. The
inclusion of radiation effects requires many additional parameters and addi-
tional computation. However, NET—2 is written in such a way that the additional
parameters and calculations are required only if a neutron or gamma radiation
source is specified in the input . Thus , the user with no interest in radiation
effects behavior is not penalized in speed and network size capability.

Certain devices permit the user to specify optional mode information to assist
NET—2 in obtaining the desired network solution . The mode information specifies
which operational mode the device is to assume in situations where the network

• response is multistable in the DC steady state solution .
-C.

1.2.1.3 Linvill Elements

NE~P—2 contains special circuit elements to represent the Linvill elements of
combinance , storance , diffusance, driftance , and the pn junction. Radiation
effects are not specifically included but can be added through the general
nonlinear capabilities of NET—2.

The availability of these elements as individual building blocks permits one
to construct Linvill models of any complexity by suitably interconnecting
these elements. With such an approach entire microcircuits can be constructed
and studied with NET—2.

A special kind of node is utilized in connection with Linvill elements . It
is called a carrier node and is used to represent excess carrier density

• (as opposed to the circuit node which represents node voltage). Current may
flow into and out of carrier nodes in much the same way as for circuit nodes.
However , the only components which may be connected to carrier nodes are

• current sources , primary photocurrent sources, and the carrier node terminals
of Linvill elements.

A carrier node may represent either electron or hole excess density, as dis-
tinguished by the sign of the excess carrier density associated with the node .

• . Excess carrier density at a carrier node is analogous to voltage at a circuit
node; thus, the notation N(x) will always refer to the excess carrier density
at carrier node x. N(x) is positive for holes and negative for electrons.

3
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1.2.1.14 System Elements

NET—2 includes a set of network elements which are called system elements.
These elements perform operational functions on variables which appear on
their input nodes , delivering the result as a nodal variable at the output
node. The output node of a system element is called a system node.

A system element may be viewed as a specialized electrical element . The
input nodes of a system element have infinite input impedance , i.e., the
system element does not extract any energy from the network. The voltages
on the input nodes are transformed by the system element with the result
appearing on the system element output node as a node voltage. The system
element output is always referred to node 0 and has zero output impedance ,
i.e., it is capable of delivering an infinite amount of energy to the network.

The user must never connect two system element outputs to the same node since
it is not physically possible to obtain a solution which satisfies both

• system elements simultaneously except under special conditions. Also, since
the input nodes have infinite input impedance, the user must always insure
that an impedance path exists from every system element input node to network

und to avoid solution of a singular system of equations. This impedance
path is always present if a system element input is connected to a system
node.

The nodal variable at a system node x is referenced by using the symbolic
j name N ( x ) .

1.2.2 Value Specification

The network element descriptions and other elements of the NET—2 descriptive
language require the user to specify values for purposes of calculation.
These values may be specified either as numerical constants or in symbolic
form using mathematical expressions and/or symbolic constants.

1.2.2.1 Units

Any self—consistent set of units may be used with the NET—2 program. Care
must be taken when using modeled devices and stored models in a circuit
since these circuit elements already have numerical values attached to them
as they exist in their respective libraries. Since these numerical values

• presuppose a particular set of units, the user must be careful to employ
the same set of units in his own circuit description.

It is wise to use a set of units such that the magnitudes involved tend to
cent8r about unity. The range of magnitudes should be confined between
lO~~ and 1010 if possible.

14
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A set of units which works well for electronic circuit calculations is
the following :

Voltage volts
Current milliamperes
Charge picocoulombs
Flux nanowebers
Energy picojoules
Power mllliwatts
Resistance kilohms
Capacitance picofarads
Inductance microhenries
Time nanoseconds
Frequency gigahertz
Impedance kilohms
Admittance millimhos

1.2.2.2 Numerical Constants
-C.

Numerical constants are composed of a string of digits , optional sign and
decimal point , and an optional exponent . The plus sign is optional for
positive constants. The decimal point is not required if it occurs to the
right of the last magnitude digit . The exponent , if used , must always
follow immediately after the magnitude and begin with the letter E. The
exponent value is expressed as a signed integer , representing a power of
ten, with the plus sign optional for positive exponents.

Examples of legal numerical constants are:

25
+2.314
—35 .78

t 9 . 789E—3
65E7

1.2.2.3 Symbolic Constants

The user may define constants in symbolic form . The format is:

Pn Value

where Pa = symbolic name
Value = numerical value of constant

_ _  - .. _ _ _ _
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A symbolic constant may be referenced by using its symbolic name. The
value of the constant may be altered in any of the N~T—2 operational
modes, such as in a State solution .

The symbolic constant is normally defined at indentation level 0 (exceptions
may occur in defined subnetworks and stored models).

1.2.2.14 Mathematical Expressions

Mathematical expressions have many uses in NET—2. They may be used for
element values, function definitions , and. objective function statements.

Quantities used in constructing the expression include numerical constants,
symbolic constants, function references, table references, response variables,
global variables , X variables , and element values and parameters. When the
mathematical expression is used in the definition of functions containing
dumn~y arguments , the expression may also contain the names of the dummy
arguments. Also available are a variety of mathematical symbols and several
mathematical functions.

The expression is written using constructions similar to those used in
FORTRAN .

1.2.2.14.1 Arithmetic Operations

The arithmetic symbols + , — , ~‘, I, and ~~~ , are used to denote addition ,
subtraction or negativity, multiplication , division , and exponentiation ,
respectively.

All arithmetic operators must explicitly appear in mathematical expressions.
No operations are assumed by juxtaposition of quantities.

In division , only the quantity immediately following the division sign is
considered to be in the denominator . Compound denominators must be enclosed
in parentheses. These examples illustrate the point:

x6 = Rl/.5*R3 is interpreted as x6 R1 R3

X7 = R1/ ( .5* R3)  is interpreted as X7 = —

~~~~~~~

The minus sign may be used to indicate the negative of a quantity:

X9 = —N(l)

6 
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Exponentiation is indicated by the symbol ~~‘, where the quantity appearing
immediately after the symbol is the exponent. Exponents may be constant
or variable. Compound exponents must be enclosed in parentheses . Exponents
consisting only of integer constants should be written without the decimal
point . Examples are:

v(R6)**2
I(Cl)**N(145)
R6**(C1/C2)
2**R9

An expression such as A**B**C is ambiguous and parentheses must be used
to indicate the proper grouping.

1.2.2.14.2 Parentheses

Left and right parentheses are available for grouping purposes . As many
levels of parentheses may be employed as necessary. It is important to
check for proper pairing of left and right parentheses so that ambiguous
or incorrect groupings are avoided. Examples of correct usage are:

I.- - Xl = R1/(R2*(N(l) + R3))

which represents the expression

Ri
= 
R2(N(1) + P3)

A more complicated example is

X2 = .0026*((N(l)+l2/(I(R3)+R2))/(R3+T3.BN/((N(GT6.FY7.T5.)4)+3.5)*R7)))

which represents the expression

12u (i) + - 

+
— 

T3.BNP3 + fl~(GT6.FY7.T5.14) + 3.5) P7

7

~~~

. 

- 

~~~~~~~~ 

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



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~ ~~~~~~ 

- 
.& -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

1.2.2.14.3 Mathenatical Functions

The following mathematical functions are available for use in mathematical
expressions:

ABS(x) Absolute value of x
ATAN(x) Inverse tangent of x , result in radians
ATAN2(x ,y) Inverse tangent of x/y , result in radians
C~S(x) Cosine of x, x in radians
EXP(x) Exponential function of x
LØG(x) Natural logarithm of x
MAX(x ,y) Maximum value of x and y
MIN (x ,y) Minimum value of x and y
MØD(x,m) x modulo in
SIGN(x,y) Magnitude of x with sign of’ y
SIN(x) Sine of x, x in radians
SQ~T ( x )  Square root of x, x positive
TAN (x) Tangent of x, x in radians
U(x) Unit step function of x

The unit step function is defined as follows:

U(x)= O x < O
U(x) 1/2 x O
U(x) = l x > O

Function arguments must be enclosed in parentheses. Examples are:

Ii (N ( 56) )
SQBT(R6/R7)
C~S(—2)
SLN (—R6)
SIN( C~S(R6))

1.2.2.14.14 Tables

Tables are used to describe arbitrary nonanalyti~ functional relations.
Both one—dimensional and two-dimensional tables are available, having
one and two arguments, respectively.

Definition of a table requires several lines. The first line generally
occurs at indentation level 0 (exceptions will be noted in Chapter 5)
and includes the table ID. Subsequent lines occur on the next indentation

• level, usually level 1, each line specifying numerical information.

Arguments which may be used in table references may be any mathematical
expression. If the table reference is part of the definition of a function,
the table arguments may include dummy arguments of the function being defined.

8
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The one~dimensiona1 table ~s r~-ferenced using a single argument and may
represent an empirical relation which is either periodic ‘-r nonrepetitive .
The first line consists of’ the table ID, written as TABLErI, where n is the
suffix. Subsequent lines specify number pairs which define the empirical
relation . The format is:

TABLEn

x
l Yl

x
2.

y2

x y
in in

where: X
k 

the kth coordinate value corresponding to the table argument

= the kth value of the table corresponding to X
k

-C.

Periodic or repetitive tables may be specified by inserting the letter P
for the value of y

~
. This indicates that the table is to be repeated

indefinitely with a period X — x
1. Otherwise , the table will terminate

and produce a value of y for all arguments greater than x .

Regardless of whether the table is repetitive or not, for values of argument
less than x

1, 
the table will furnish a value of y

1.

References to one—dimensional tables occur at some other point in the NET
input, for example , as circuit element values:

VT 5 9 TABLE8(TIME)

This indicates that the value of V7 is an arbitrary function of TIME, as
given by TABLE8. -

Values between the specified points are determined by straight line inter-
polation .

An example of a periodic table definition corresponding to the curve shown
in Fig. 1—1 is:

TABLE43
2 3
2.5 14
3 5
14 1.5
14 .5 1
5 R

9
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Note that the initial value of 3 is maintained for all values of Independent
variable less than 2, and that the table has a period of 3 for all valuen

• of independent variable greater than 2.

Figur e 1-1 .  Curve for TABLE Entry Exam p le

1.2.2.14.14.2 Two—dimensional Tables

The two—dimensional table is referenced using two arguments and may represent
an empirical function of two variables which is nonperiodic. The first line
of the table definition consists of the table ID, written as TABLEn, where n
is the suffix, followed by an integer which specifies the number of values
of the second argument which is to be used in defining the table. The second
line is indented and contains the values of the second argument. Subsequent
lines are also indented and specify the value of the first argument and values
of the empirical function.

10
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The format for two-dimensional table definition is:

TABLEn m

y1 y2 yr5

X
1 ~~~~ Z1•) Z

lm

X
2 

Z21 Z 22 Z2m

X~ Z~~1 
Z~~~ Z

h

where: TABLEn is the table ID
in is an integer specifying the number of columns in the array

of table values (i.e., the number of’ values specified for
the second argument)

y1, y2 
y are the numerical values of the second argument

used to define the table values z

x1, x2 Xk are the numerical values of the first argument

used to define the table values z

~~ is the numerical table value corresponding to the specified

values of x. and yj

Interpolation between specified table values is done linearly. The intervals
between the successive x and y values used to define the table values do
not need to be uniform.

A reference to a two—dimensional table can be thought of as evaluating
the relation z = F(x,y). The format for a reference is

TABLEn(x,y)

where: TABLEn is the ID of the desired two—dimensional table
x and y are the symbolic names of the arguments x and y,

respectively

i-i
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If the argument values used in the table lookup fall outside the defined
range ‘-if the table, the table value at the closest point on the edge of
the table wiU be used.

1.2.2.5 X Variables

The user may define variables by means of mathematical expressions. These
variables may in turn be referenced in cther mathematical expressions and
used for output purposes. The variables are called X variables and are
represented symbolically by Xn. For example, a definition of X145 might
be

x145 = SIN(SQRT(N(ØUTPUT)) + 3.5)

X145 can then be referenced in the same manner as any other variable in NET—2:

X32 = 5.7*X145/(TIME + 2)
STATE3

PLØT X32 VS x14~
The user may also define and reference the time derivatives of X variables.t:. These are distinguished from X variables by the symbolic form X’n where Xn
is the related X variable.

X’789 = l2*Rl + 3

k X5 =

NET—2 will automatically integrate all X’ variables and differentiate all X
variables. Thus, the corresponding X and X’ quantities that have been auto-
matically determined by NET—2 are available for reference. For example:

= SIN(SQPT(N(ØtJTPUT)) + 3 . 5)
X’789 12*Rl + 3
X3 = x’145/x789

The user is not permitted to define both a particular X variable and its
corresponding time derivative.

There are restrictions on the usage of X and X’ variables. These are:

a. They may not be involved in simultaneous relationships.
b. They are not available for frequency domain calculations.

• 12
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1.2.2.6 Functions

There are certain mathematical relationships whose form is used over anu
over again. The~~- r4ttionship~’ may be expressed as functions.

A func L un definition ~orisists of the function name, a set of dummy argu-
ments, and a definin~ mathematical expression . The mathematical expression
is writt~~i in terms of’ the dummy arguments and may include other quantities
as well .

The names for the iuznmy arguments may be of any length and composed at will
from the alphanumeric characters , provided there is not any conflict between
the name chosen and sequences of characters which have other meanings to
NET -2.  The dummy argument maine must begin wi th  an alphabetic character .

Examples of le~ a1 names for dummy arguments ar~+ Al , AFG , AFG23, A2B ,
A2B56 , etc .

A function def ini t ion is generally wr i t t en  on indentat ion level 0 (exceptions
will be noted in later chap te r s ) .  I~ begins wi th  the funct ion name (alway s
of the form F n ) ,  immediately followed by an ordered set of dummy arguments
enclosed in parentheses. The dummy arguments are separated by commas . Next
comes an equal sign , followed by the def ining mathematical expression . For
example :

F56(A,B,C ) = A*CØS(P 1 ) + B/TINE + C

At some other point in the NET—2 input there occurs a function reference
which is of the same form as the left side of the funct ion def in i t ion
equation , except that the dummy arguments may be replaced by known quantit ies ,
including numerical constants and mathematical expressions .

An example of a reference to the function F56 defined above is:

C23 6 9 F 56(3 ,N ( 3 ) , F2(TABLE2 ( X 13 / I ( C 5 ) ) ) )

Arguments in a function reference may be written as any mathematical expres-
sion. If the function reference is part of the definition of another function,
the arguments of the referen.ed function may include dummy arguments of the
function being defined .

1.2.2.7 Computational Delay

NET is not yet capable of handling all user specified mathematical relation—
ships in truly simultaneous fashion. Whenever simultaneity cannot be observed

• a warning message will be printed to inform the user that computational delay
may be present in the computed results.

13
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Computational delay occurs when previous values of a computed quantity
are used to evaluate a mathematical  expression instead of current values.
NET will perform simultaneous computations whenever possible in wh ich
case computational delay will not occur .

The user may request ~JET to abort a run in the event computational delay
occurs . This is done by including the card:

F DEBUG 143

An example of a s i tuat ion in which computational delay presently occurs
is:

R6 5 9 SQ R T ( V ( C 7 ) )

In this  example the value of RE ;  depends upon the voltage across CT .
However, the voltage across Cl depends upon the network solution and thus
upon the value of R6. A computational delay will be introduced such that
R6 will be evaluated first , using the voltage across CT at the previous
time point . Then the network solution will be calculated using this value
for R6. This leads to a new value of the voltage across CT which may not
simultaneously satisfy the RE; relationship. Thus a computational delay
has been introduced due to the nonsimultarieity of the solution .

The validity of frequency domain calculations cannot be guaranteed for
networks which have computational delay.

1.2.3 Modification of Values

Initially , all element values are determined by the values associated with
the network element descriptions and by the device parameter values read
from the Device Parameter Library . Any of these initial values which have
been defined as numerical constants may be permanently altered before any
calculation begins by meams of the PARAMETER Entry which reads in new
values for specific elements and device parameters. The final values in
use after modification by the PARAMETER Entry are called the nominal values ,
and all calculations proceed from these nominal values unless subsequently
altered by the Optimization calculation .

In the network description , all parameter values are prescribed as either
numerical constants or some symbolic expiession . They must remain in
this prescribed form throughout the calculation , i.e., numerical constants
cannot be swapped for symbolic expressions and vice versa. In this cor.nec—
tion, note that all device parameters are entered as numerical constants
from the device library. They must remain as numerical constants (although
there is no restriction on changing their values).

114
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1.2.3.1 PARAMETER Entry

Any network parameter value which has been defined by a numerical constant
may be changed in the PARAMETER Entry . The ID for the parameter is listed
followed by the new value . The new value may be given either as an actual
value or as a relative value . Relative values are suffixed with an as ter i sk ;
the actual value is then the product of the initial  value and the relative
value .

The nominal values for network parameters not listed in the PARAMETER Entry
are the sane as the  in i t ia l  values.

Device modes can be changed by using the word MODE as a device parameter
name. A previously assigned mode can be removed by using the word NØNE .

An example of a PARAMETER Entry is:

PARAMETER
R12 390
Cl3 .85*
T2.BN 150
T3.MODE OFF

- 
• T5.MØDE NONE

The PARAMETER Entry is always constructed with two or more lines. The first
line contains only the word PARAMETER and always starts at indentation level 0.
Subsequent lines list the ID and nominal value information and always start
at indentation level 1.

-d

1.2.14 Parallel Segments

Parallel segments exist whenever a network contains several identical segments ,
and these segments have all connection points into the rest of the network in
common (i.e., the segments are in parallel with each other). NET—2 element
description formats have special provisions for describing such parallel
segments. This feature should be used whenever possible in order to minimize
computing time.

In describing paralle’ segments to NET, node names and ID’s are assigned
within only one of ~

-
~ie segments. The element descriptions for that segment

are then tagged with a number in parentheses to indicate how many parallel
segments are represented.

The values specified for the elements and device parameters in parallel
segments are for a single element only. Similarly, all response variables

15
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associated with a given element represent a single element only. NET
internally scales the numbers to account Eor the parallel nature of the
network  d u r i n g  the c~.1culat i on .

The parallel segment designation when used is always placed irmnediately
- 

• 

following the ID. Examples are:

• L2 (14) 5 ~ . 145
• R3 (6) 6 2 39

CT (2) 5 9 15.5
T3 (3) 2 7 5 2N15O9
Dl (2) 14 8 1N7814
1314 (7) 2 7 .15

The use of’ paraliel segment designation with certain elements is meaningless.
The inadvertent use of the parallel segment designation in a meaningless
situation does not cause any harm, however.

1.3 Time Domain Response

NET—2 has the capability of calculating the nonlinear time domain response
of any arbitrary network configuration which can be described to the program.
The time domain response includes both the DC steady state solution and the
transient solution. The steady state solution is always calculated first,
and serves as the initial conditions for the transient solution.

The time domain response is controlled by user specification of the time
variable. This is accomplished in several alternative ways to provide
flexibility for the user. In addition , NET—2 may exert internal control
on the time variable in nonlinear network calculations for purposes of
maintaining solution accuracy.

1.3.1 Time Variable

The independent variable in the time domain calculation is time. This
quantity may be specified by the user for purposes of indicating the time
at which certain action is to be taken, such as delivering output or eval—
uating objective functions in an OPTIMIZE solution. The time variable is
always specified symbolically by TINE and any value assigned to it by the
user must always be expressed as a numerical constant. The user may refer
to the current value of TIME at any point in a calculation .

TIME has a value of zero during the DC steady state calculation.

16
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1.3.2 Time ~3tep Control

NET calculates the t r ans ien t  solution by using a trapezoidal impl ic i t
integrat ion method w h i c h  involves advancing the solution from one time

fr point to the next through a series of time steps . The size of these time
steps generally affects the accuracy of the transient solution .

A general rule of thumb is that the time step size must be small enough so
that any response which is changing in the network is followed adequately .
This implies that if the response is changing very slowly or not changing
at all a large time step may be used. Since the integration method in the
program is stable such a large time step is useable under these conditi~ r~s.

In estimating time step size let us imagine the solution as being available
at only discrete points in time , these points corresponding to the end of
each time step . Let the solution points be connected by straight line seg-
ments. If this representation adequately describe: the solution , then the
time step size is probably of the right magnitude .

• Two points should be kept in mind when applying the preceding rule. First ,
there will be some integration error introduced (generally evident as a time
lag) and this error may cause appreciable inaccuracies in the solution as a
function of time for large values of time (i.e., the time lag errors can

• become cumulative). secondly, all variables involved in the solution (i.e.~
all node voltages and element currents ) must be considered in making the tine
step estimate , not just those quantities which are to be delivered as output .

The user is required to impose some form of time step control whenever a
- • 

transient solut L on is requested. This may be done by specifying a maximum
time step con -tr ain t (~CAXSTEP Entry), by specifying particular values of
TIME, or hcth .

The MAXSTEP ~ntry specifies an upper bound for the time step size during
the transient solution . This entry is mandatory if there is no nonzero
value of TIME spec i f ied  and a t ransient  solution is required. If nonzero
TIME values are specified , the entry is optional.

The user may specify nonzero values of time using TIME as a swept variable
in a State or Optimization solution . This type of specification informs NET
of’ the points in time where output is required; the program must obviously
take time steps no larger than the interval between two successive time
point requests. However, since this interval may be too large for desired
computation al accuracy, the MAXSTEP Entry may be employed in conjunction
with the TIME swept variable specification to control the maximum time

• step size . In any event , if both MAXSTEP and TINE swept variable control
are present , NET will use the smaller of the time steps imposed by each
as the actual time step at a given point in the transient solution.
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If the network contains nonlinear elements , NET may employ a time step smaller
Lhan that imposed by the user to insure convergence of the nonlinear network
element response. NET contains provisions for halving the time step whenever
satisfactory convergence of nonlinear elements cannot be achieved in ten
iterations. If the time step is halved twenty times in succession without
achieving convergence , the run is aborted with an error message. On the
other hand, if convergence is obtained in less than three iterations and
the time step controls imposed by the user permit , NET will double the time
step. This automatic halving and doubling of time step is controlled inter-
nally by NET and is subject to all time step constraints imposed by the user.

1.3.2.1 MAXSTEP Entry

It is possible to constrain the maximum time step size during the transient
solution with the MAXSTEP Entry. The format is:

MAXSTEP = Value

where Value may be a numerical constant or any mathematical expression. If
the MAXSTEP Entry is not specified but the circuit contains nonlinear elements
the program will automatically employ a maximum time step consistent with internal
convergence criteria.

There is only one MAXSTEP Entry permitted and it must appear at indentation
level 0.

The user may reference the value of MAXSTEP by using the symbolic name
MAXSTEP .

1.3.2.2 Time Step References

During the transient solution the time step in use may be referenced by the
user through the symbolic name DELTAT. The DELTAT variable may be used in
any mathematical expression . During the DC steady state solution DELTAT will
have a value of unity .

1.3.3 TERMINATE Entry

The user always specifies the value of time at which termination cf the
transient solution occurs. This time value can be expressed either as a
specific numerical value or it may be specified indirectly, i.e., termination
occurs as soon as a prescribed condition occurs.

18

_ _  -• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-~~~~~~~~~~~

-

~~~~~~~ • •~~ ~~~~~~~~~~~~~~~~~~~~~~~



_ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~

Ihe i ’ERM 1NA ~ E En t r y  ~~~ r ii t s  ~~~ user to specify the prescribed condi tthn  for
te rmina t ion . The format  i s :

TERMINATE = Value

where Value is any mathematical expression . Termination occurs as soon as

• the value of the mathematical expression becomes greater than zero. Note
that termination can occur at zero time . If numerical values are specified
for the time variable in a particular calculation , the word FINAL will be
required to activate the TERMINATE feature (See 6.1.5).

There is only one TERMINATE Entry permitted and it must appear at indentation
level 0.

The user can reference the value of the mathematical expression by using the
symbolic name TERMINATE.

1.3.14 Nuclear Radiation Effects

NET—2 contains facilities for studying the effects of gamma and neutron
radiation on network performance. The effects are calculated only when

• the NET—2 input contains either a gamma radiation source or a neutron
radiation source.

In addition to specific radiation effects behavior which is included in many
of the modeled devices , NET—2 contains a primary photocurrent generator cir-
cuit element which may be used both to augment existing radiation effects
models and as a separate photocurrent generator for providing basic radiation
effects behavior.

1.3.14.1 Gamma Radiation Source

The user may include a gamma radiation source in the NET—2 input for purposes
of studying the effects of gamma radiation on network performance. The
gamma radiation source provides either the gamma rate or the gamma dose as
a function of time for all gamma radiation effects included in the modeled
devices and for the primary photocurrent generator circuit element.

The format for specifying the gamma radiation source as a gamma rate is:

GAMDOT = Value

• where Value = gamma rate as a function of time .

Alternatively, the user may wish to specify the gamma radiation source as
a gamma dose. The format is:

GAMMA = Value

where Value = gamma dose as a function of time .

L9
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The user may specify either the GA?VWØT Entry or the GAMMA Entry but riot
both. NET-2 will automatically integrate the gamma rate or d i f f e ren t i a t e
the gamma dose so that both rate and dose Information are available inter-
nally to the program.

• 
- 

The GAMDØT Entry may specify a nonzero gamma rate at time zero to permit
DC steady state gamma rate effects to be calculated; in such event the
time zero gamma dose is assumed to be zero. Similarly , the GAMMA Entry
may specify a nonzero gamma dose at time zero to permit DC steady state
ganana dose effects to be calculated; in such event the time zero g a m m a
rate is assumed to be zero.

Only one gamma radiation source may be specified and it must occur at
indentation level 0.

The user may reference both the gamma radiation source values by using the
symbolic names GAMMA and GAMDØT.

1.3.14.2 Neutron Radiation Source

The user may include a neutron radiation source in the NET—2 input for
purposes of studying the effects of neutron radiation on network perfor-
mance. The neutron radiation source provides the neutron rate as a
function of time for all neutron radiation effects included in the modeled
devices. Provisions are also included for specifying initial accumulated
neutron dose to permit automatic degradation of modeled device parameters
due to previous neutron damage. The DC steady state solution includes all
effects due to initial accumulated neutron dose.

The format for the neutron radiation source is:

NEUT = Value, ~

where: ~ initial accumulated neutron dose at TIME = 0
0

Value = neutron rate as a function of time

The total neutron dose or fluence at time t is automatically calculated .
by NET—2 as

~(t) = + f  ~ ( X ) dA

where 4 (A) is the instantaneous value of the NEUT Entry at time A .

The NEUT Entry is written at indentation level 0. There may be only one
NEUT Entry specified.

The user may reference the neutron rate and the neutron dose by using the
symbolic names NRATE and. NDØSE, respectively.

20
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1.3.5 ‘rime Domain Response Variables

The user may reference the voltage at any node in the network with respect
to the global network ground node , including nodes inside of modeled devices ,
by using the symbolic notation N(x) where x is the node name.

• The user may reference the value of any quantity in the value field of a
network element using the notation specified in the description for that
element in this report. Many elements also have response variables which
may be referenced using notation described elsewhere in this report for
speci ic elements.

1.14 Frequency Domain Response

NE’T—2 has the capability of calculating the small signal linearized frequency
domain response of any network which is described to it , provided that the
network does not contain computational delays. The frequency domain response
may be calculated at one or more values of frequency , including zero frequency .

-
~~ The frequency domain response is always evaluated at one or more points in

time , using the nonlinear time domain solution as a basis for establishing
the linearized equivalent network for the frequency domain. In the absence
of a time value specification, NET—2 will assume the DC steady state network
condition as a basis.

1.14.1 Frequency Specification

The value of frequency to be used in the AC small signal calculation is
specified by the FREQ variable. The format is:

FREQ Value

where Value is always a numerical constant . If FREQ is not specified a
default value Qf zero will be used.

The FRE~ entry occurs at indentation level 0 and is in effect except as
modified in a particular State, Monte Carlo , or Optimization solution .

• 1.14.2 AC Small Signal Variables

The AC small signal variables include voltage and current gain , transfer and
self—impedance , and transfer and self-admittance. They are calculated as
complex quantitites, consisting of a magnitude and phase , at the frequency
specified by FREQ . If the circuit is nonlinear , the circuit operating point
is determined first , then the small signal values of the circuit elements
are evaluated at that operating point for use in the AC small signal calcu—
lations . These quantities may be evaluated at zero frequency if desired .

21 
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The AC small signal variables are defined through the use of input and
output ports, where each port consists of a pair of nodes. One node of

• each pair is designated as a reference node. Let the output port be
defined by nodes p and q (q is the reference node ) and let the input port
be defined by nodes r and s (s is the reference node). NET—2 then determines
the desired AC small signal variable by effectively connecting either a zero
impedance voltage source or a zero admittance current source across the input
port, and either a zero admittance voltmeter or a zero impedance ammeter
across the output port. The response variable is then taken to be the ratio
of the measured response to the exciting signal. The exciting signal is of
infinitesimal amplitude and is a sinusoid at the specified frequency .

In reality , NET does not actually connect sources and meters into the
circuit, but calculates the variables directly from the circuit impedance
matrix. However, the results obtained are identical to applying trie above
measuring technique to the circuit.

Phase is represented in radians for all internal calculations and is printed
or plotted in degrees.

The DC steady state and transient calculations must not depend in any way
upon the AC small signal calculation.

1.4.2.1 AC Small Signal Vo~tage Gain

The AC small signal voltage gain is determined by effectively connecting
a voltage source across the input port and a voltmeter across the output
port. This operation causes the input port to be short circuited for the
small signal only —— — the operating point is not disturbed.

The notation for the magnitude of the voltage gain is:

A(p—qjr—s)

The notation for the phase angle of the voltage gain is:

A ’ (p—q /r—s )

where p, q, r, and s are the names of the nodes comprising the ports.
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1.14.2.2 AC Small Signal Current Gain

The AC small signal current gain is determined by effectively connecting
a current source across the input port and an ammeter across the output
port . This operation causes the output port to be short circuited for
the small signal only —— — the operating point is not disturbed.

• The notation for the magnitude of the current gain is:

• B (p-q/r-s )

The notation for the phase angle of the current gain is:

B’ (p—q/r—s )

where p ,  q, r , and s are the names of the nodes comprising the ports.

1.14.2.3 AC Small Signal Impedance

The AC small signal impedance is determined by effectively connecting a
current source across the input port and a voltmeter across the output
port .

If the input and output ports are different , the transfer impedance will
result; if the ports are the same, the port self—impedance will result.

The notation for the magnitude of the impedance is:

Z(p—q/r—s )

The notation for the phase angle of the impedance is:

Z’ (p—q/r—s )

where p, q, r, and s are the names of the nodes comprising the ports.
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1. 14 .2. 14 AC Small Signal Admittance

The AC small signal admittance is determined by effectively connecting a
voltage source across the input port and an ammeter across the output port .
This operation causes both the input and output ports to be short circuited
for the small signal only -—- the operating point is not disturbed .

If the input and output ports are different , the transfer admittance will
result; if the ports are the same , the port self—admittance will result .
It should be noted that in general the transfer admittance is not the same
as the reciprocal of the transfer impedance.

The notation for the magnitude of the admittance is:

Y(p—q/r—s )

The notation for the phase angle of the admittanCe is:

Y’(p—q/r—s)

where p, q, r, and s are the name.3 of the nodes comprising the ports.
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~~. ELECThICAL CIRCUIT LLdiMF1ViI~

This chapter describes the electrical circuit elements available in NET—2.
For each circuit element information is included on the element description
format, the mathematical relationships which describe the behavior of the
element , and the response variables associated with the element.

The parallel segment designation is shown in the element format whenever
it is applicable to the element . The inadvertent use of parallel segment
designation with an element to which it is not applicable does no harm.
The parallel segment designation is always optional .

Value fields in the description format may be expressed as either numer-
ical constants or mathematical expressions . Multiple values must always
be separated by commas . The values of device parameters must always be
expressed as numerical constants since they are stored in and retrieved
from a Device Parameter Library which does not have the capability of
handling mathematical expressions.

25

______

_ _ _  _ _ _ _  ~~~~~~~~~~~~~ -- - • ~~~~~~~
---- . -

~ ~~~~~~~~~~~~~
- -  

- -
~~~
-—• - -



- .~~

i

H 2.1 Resistor

The format for a resistor is:

Rn (p) a b Rvalue

where: Rn = element ID
p = optional parallel segment designation
a and b = node names
Rvalue = resistance value

The resistor must not assume a value of zero.

The resistor voltage v is given by

v e  — ea. b

where ea and eb are the node voltages at nodes a and b , respectively .

The resistor current i is given by

i v/R

wher e R is the resistance value.

The power dissipation P is given by

P = iv

The user may reference the resistance value, the resistor voltage,
P the resistor current , and the power dissipation by using the symbolic

names Rn , V ( R n ) ,  I ( R n ) ,  and P ( R n ) ,  respectively .
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2 .2 Vo1ta~e Controlled Conductance

A special element is available for describing a resistor whose conductance
is proportional to the voltage across a node pair.

The format for the element is:

VCGn (p) f g a b K

where: VCGn = element ID
p = optional parallel segment designation
f and = node pair node names
a and b = node names for element connection points
K = value of proportionality factor

The conductance is inserted into the network between nodes a and b. The
conductance value G is given by

G K(e
f

_ e
g)

where ef and eg are the node voltages at nodes f and g, respectively.

The voltage v across the conductance is given by

v e a e
b

where e
a 

and eb are the node voltages at nodes a and b , respectively.

The current i flowing through the conductance is given by

i = G v

The power dissipation P of the conductance is given by

P = iv

The user may reference the proportionality factor K , the voltage
across the conductance , the current through the conductance , and the
power dissipation in the conductance by using the symbolic names VCGn ,
V(VCGn), I(VCGn), and P(VCGn), respectively.
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• 2.3 Capacitor

The format for a capacitor is:

Cm (p) a b Cvalue

where: Cm = element ID
p = optional parallel segment designation
a and b = node names
Cvalue = capaci t ance value

The capacitor voltage v is diven by

v = e  — ea b

where ea and eb are the node voltages at nodes a and b , respectively .

The capacitor current i is given by

dv dC
• i = C ~~~- + v~~~-

where C is the capacitance value .

The electric charge Q on the capacitor is given by

Q = C v

The energy E stored in the electric field of the capacitor is given by

2
E = C v /2

The user may reference the capacitance value , the capacitor voltage,
• the capacitor current, the electric charge , and the stored energy by using

the symbolic names Cn , V(Cn), I(Cn), Q(Cn), and E(Cr), respectively.
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2.14 Radiation Effects Capacitor

A special capacitor element is available for representing the effects of
• discharge and charge buildup due to gamma radiation effects. The format

is:

R ADCn (p) a b Cvalue, Dva’-~e , Bvalue

where: RADCn = element. ID
p = optional parallel segment designation
a and b = node names
Cvalue = capacitance value
Dvalue = discharge coeff icient  value
Bvalue = charge buildup coefficient value

The capacitor voltage v is given by

v e  — ea b

where ea and eb are the node voltages at nodes a and b , respectively .

The voltage change ~v on the capacitor due to an incremental gamma dose

~y is given by

= (-Dv + B)Ay

where D is the discharge coefficient , B is the charge buildup coefficient ,
and v is the capacitor voltage before the discharge occurs . The incre—

• mental gamma dose is obtained automatically by NET from the user specified
GAMMA or GA1~flDØT entries.

• The capacitor current i is given by

dv dCi = C ~~~ + v~~~

where C is the capacitance value .

The electr ic charge Q on the capacit or is given by

Q = C v

The energy E stored in the electric field of the capacitor is given by

E = C v2/2

The user may reference the capacitance value, the discharge coefficient
value , the charge buildup coefficient value, the capacitor voltage, the
capacitor current , the electr ic charge , and the stored energy by using
the symbolic names RADCn , RADCn.l , RAD Cn. 2 , V(R ADCn),  I (RA DC n ) ,  Q(RADCn) ,
and E ( R A D C n ) ,  respectively.
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2.5 Inductor

• The inductor element consists of an inductance in series with a resistance.
The format is:

Ln (p)  a b Lvalue , Rvalue

• where : Ln = element ID
p = optional parallel se~ nent designation
a and b = node names
Lvalue = inductance value
Rvalue = resistance value

• The resistance value is optionally specified ; if it is not specified , NET—2
will supply .0001 as a default value . The resistance value may not assume
a value of zero in the DC steady state solution , and the inductance value
and the resistance value may not simultaneously assume a value of zero in
transient solution or in an AC small signal calculation .

* The inductor voltage v is given by

v = e  — ea b

where ea and eb are the node voltages at nodes a and b , respectively.

The inductor current i is related to the voltage by the d i f ferent ial equat ion

di . dL -v = L ~~~~~
- + 1 + Ri

where L is the inductance value and H is the resistance value .

The magnetic flux F’ in the inductor is given by

F = Li

The energy E stored in the inductor is given by

E = L12/2

The user may reference the inductance value , the resistance value , the
inductor voltage , the inductor current , the magnetic flux, and the stored
energy by using the symbolic names Ln , Ln .l , V ( L n ) ,  I (Ln ) ,  F ( L n ) ,  and
E ( L n ) ,  respectively.
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2.6 Coefficient of Couplin~g

The coeff icient  of coupling entry is used if , and only if , mutual inductance
exists between two inductors . This feature enables NET to handle circuits
involving transformers. The format is:

Km i j  Value

where : Km = coefficient of coupling ID
i and j  = ID ’ s of the inductors involved
Value = coeff icient  of coupling value . The magnitude of this

value must always be less than one.

The value may be positive or negative , depending upon the manner in which
the connections are specified in the description of the two inductors in—
volved. To dete rmine the proper sign , the induct ors sh ould be imagi ned as
being connected in series wi th the b connect ion poin t of one joined to the
a connection point of the other. If the resulting connection is such as
to be aidi ng ( i . e . ,  inducing an in—phase voltage from one to the other and
increasing the total inductance of the series pair), a positive sign is

* given to the value of the coeff ic ient  of coup li ng. Otherwise , the value 
-

If the circuit  includes several inductors with coupling among them , there
must be a Coefficient of Coupling Entry for each pair combination .

An example involving three mutually coup led inductors is illustrated in
Fig. 2—1. The phasing of the individual windings is indicated by the dots
on the windings. A correct NET—2 description (using default series resistance
in the inductors ) is:

Li 1 2 35.6 
1 

~~~
- 3L2 3 14 2.5

L3 s 6 14.8
Kl2 Ll L2 .985 L2
1(13 Ll L3 — .83

• 1(23 L3 L2 -.75 —04
Li K23

2 ~~~~ 

L3

K13

• F igure 2—i . Mutua l Inductance Examp le

The user may reference the coefficient  of coupling value by using Km as
the symbolic name .
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2.7 Switch

The switch is an ideal, zero impedance, single throw device. The format
is:

Sn a b Value

where : Sn = switch ID
a and b = node names
Value = switch value

The switch is open when its value is zero or negative. It is closed when
its value is greater than zero . The values of zero and one are useful
because of their relationship to Boolean algebra .

The voltage v across the switch is given by

v = e  — ea b:~* where e
a 

and e
b 

are the node voltages at nodes a and b , respectively.

The user may reference the switch value and the switch voltage by using the
symbolic names Sn and V ( S n ) ,  respectively.
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2.8 Voltage Source

The voltage source consists of a zero impedance voltage generator in series
with a resistance. The format for the voltage source is:

Vn (p) a b Evalue , Rvalue

where: Vn element ID
p = optional parallel segment designation
a and b node names

• Evalue = voltage generator value
Rvalue = resistance value

• The resistance value is optionally specified; if it is not specified NET—2 will
supply .0001 as a default value . The resistance value may not assume a value
of zero during any calculation .

The terminal voltage v of the voltage source element is given by

v = e  — ea b

where ea and eb 
are the node voltages at nodes a and b , respectively.

The current I flowing in the voltage source is given by

- E - v
1 =  

R

where E is the voltage generator value and H is the resistance value.

The power dissipation P is given by

P = iv

The user may reference the voltage generator value , the resistance value ,
the terminal voltage, the current flow, and the power dissipation by using
the symbolic names Vn , Vn .l , V ( V n ) ,  I (Vn) , and P ( V n ) ,  respectively.
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2.9 Voltage Controlled Voltage Source

A special element is available for describing a voltage source whose value
• is proportional to the voltage appearing across a node pair. This element

consists of a zero impedance voltage generator in series with a resistance.

F The format is:

VCVSn (p )  f g a b K , R

• • where: VCVSn = element ID
p = optional parallel segment designation
f and g = node pair node names
a and b = node names for element connection points

• K = value of proportionality factor
H = resistance value

The resistance value is optionally specified; if it is not specified , NET—2
will supply .0001 as a default value. The resistance value may not assume
a value of zero during any calculation .

The voltage controlled voltage source is inserted into the network between
nodes a and b. The voltage generator value E is given by

E K ( ef
_ e

g
)

4 where e
f 
and e

g 
are the node voltages at nodes f and ~ ~espectively.

The terminal voltage of the element is given by

v = e  — e• a b

where ea and eb are the node voltages at nodes a and b , respectively.

The current i flowing in the element is given by

- E - v
1 =  H

The power dissipation P is given by

P = iv

The user may reference the value of the proportionality factor K, the
• resistance value B, the terminal voltage v, the current i, and the

power P by using the symbolic names VCVSn, VCVSn.1, V(VCVSn), I(VCVSn),
and P(VCVSn), respectively.
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2.10 Current Source

The format for the current source is:

In (p) a b Value

where: In = element ID
p = optional parallel segment designation
a and b node names
Value current source value

The value of the source is always referred to node b. Thus, if a resistor
with nodes a and b is connected across a positive valued source with the
same nodes a and b , the voltage at node a will be more positive than the
voltage at node b.

Current sources have zero internal admittance.

Care must be taken to avoid current source cutsets which violate Kirchhoff’s
current law. A current source cutset is present whenever any node has only

• 
• 

current sources connected to it. Such configurations are automatically
detected by NET-2. A diagnostic message is provided.

The voltage v across the current source is given by

v _ e
a

_ e
b

where e
a 
and e

b are the node voltages at nodes a and b , respectively.

The power dissipation P is given by

P = i v

where i is the value of the current source.

• The user may reference the current source value, the voltage v, and the
power P by using the symbolic names In, V ( I n ) ,  and P(In), respectively.
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• 2.11 Voltage Controlled Current Source

• • 
A special element is available for describing a current source whose value

• is proportional to the voltage appearing across a node pair. The format is:

VCCSri (p) f g a b K

I where: VCCSn = element ID
p = optional parallel segment designation
f and g = node pair node names

• a and b = node names for element connection points
K = value of proportionality factor

The current i flowing in the source is given by

i = K ( ef - eg
)

where e
f and eg 

are the node voltages at nodes f and g, respectively.

The current flow value is always referred to node b. Thus, If a resistor
with nodes a and b is connected across a source with positive current with
the same nodes a and b , the voltage at node a will be more positive than

F the voltage at node b.

Care must be taken to avoid current source cutsets which violate Kirchhoff’s
current law. A current source cutset is present whenever any node h~s only
current sources connected to it. Such configurations are automatically
detected by NET. A diagnostic message will be provided.

The voltage v across the current source is given by

v e  - ea b

where e
a 

and e
b are the node voltages at nodes a and b , respectively .

The power dissipation P is given by

P = i v

The user may reference the value of the proportionality factor K , the
current I, the voltage v, and the power dissipation P by using the

• symbolic names VCCSn , I(VCCSn), V(VCCS n ) ,  and P(VCCSn), respectively.
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2.12 Nonlinear Voltage Controlled Current Source

-‘ A special element is available for describing a current source whose value
is an empirical function of the voltage appearing across the current source.
The format is:

NLVCCSn (p) TABLE~U a b

where: NLVCCSII = element ID
p = optional parallel segment designation
TABLE~n = ID for one—dimensional table involved
a and b = node names

The empirical nonlinear relationship is expressed by TABLEm. The current i
flowing in the source is given by

I = TABLEm(e — e )
a b

where e
a 
and eb are the node voltages at nodes a and b , respectively .

The current flow value is always referred to node b. Thus, if a resistor
- • 

• with nodes a and b is connected across a source with positive current with
the same nodes a and b , the voltage at node a will be more positive than
the voltage at mode b.

The voltage v across the current source is given by

v e  — ea b

The power dissipation P is given by

P = iv

The user may reference the current i, the voltage v, and the power dissipation
P by using the 3ymbolic names I(NLVCCSn), V(NLVCCSII), and P(NLVCCSn), respectively.
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2.13 Primary Photocurrent Generator

NET—2 includes a primary photocurrent generator as a circuit element. Many
of the modeled devices already include this element as part of the model .
The availability of this circuit eleuent enhances the radiation effects
capability of NET—2. 2he element has zero admittance.

The format for the primary photocurrent generator is:

IPPn (p) a b A1, A2, A
3

where: IPPn = element ID
p = optional parallel segment designation
a and b = node names
A1, A2, A3 

= coefficient values

The value of the photocurrent generator i for a single carrier type (usually
minority carriers) is given by theory as

t —A/A
p 3

1(t) = A g(t) + A g(t—A ) 
e dA

1 2 
,,
, x

0

where g(t) is the rate at which energy from gamma radiation is received as
a function of time. In practice it is very laborious to compute this con-
volution integral. Accordingly , the integral is approximated in NET-2 as
follows: Let g(t) be discretized as a series of step functions g at time
T~

g ( t )  
~~ ~j 

u(t_ T~ )
j

where 
~j 

= g(T~~) — g(T~~1
)

• and g(t) = g(0) for t < 0.

The current I is then given by •

1( t )  = A
1
g(t) +A

2 E gj u (t_ T~ ) er~/’~~~

______  __________________  ____ 
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NET—2 approximates the error function as

—2xerf vx 1—e

‘he error  introduced in using this  approximation is shown in Fig. 2—2 .
The relative error is greatest for small values of x , which corresponds
to small values or’ time or large values of A

3
.

The quantity g (t) is specified by the ~L~-~DØT Entry (or equivalently , the
time derivative of the GAI~ 1A Entry). If the duration of the gamma radi-
ation pulse is short compared to t/A~ in the above approximation , errors
in the amplitude of i will result. The user can compensate for this
error by modifying the value of coefficient A2.

The time step used in integrating the transient response will also be used
in forming the discrete steps for the g(t) radiation pulse. Thus, a time
step of 1 nanosecond causes g(t) to be approximated as a series of step
functions , with an interval of 1 nanosecond between steps . The error
function approximation given above leads to a first order differential
equation which is integrated by NET-2 to give the primary photocurrent
value.

The value of the primary photocurrent generator is always referred to
node b. Thus , if a resistor with nodes a and b is connected across a
positive valued photocurrent generator with the same nodes a and b , the
voltage at node a will be more positive than the voltage at node b.

Care must be taken to avoid current source cutsets which violate Kirchoff’s
current law. A current source cutset is present whenever any node has only
current sources connected to it. Such configurations are automatically
detected by NET—2. A diagnostic message is provided.

The voltage across the current source is given by

v e  — ea b

where ea and eb are the node voltages at nodes a and b , respectively.

The power dissipation P is given by

P = i v

The user may reference the coefficient  A1, the coeff icient  A2 , the coef—
ficient A 3, the current i , the voltage v , and the power dissipation P by
using the symbolic names IPPn , IPPn.l , IPPn.2 , I ( I P P n ) ,  V (I PPn ) ,  and
P (IPPn ) , respectively .
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~~~j14 1 rarismjssjon Line

NET—i contains a model for a two—wire uniform transmission line . The
format is:

nILINEr1 (p) a b c rn L , T, R

• where: iLEr~ = element ID
ç = optional parallel segment designation
a = node name for term inal no de a
b = node name for terminal  node b
c = node name for common terminal  node
m = internal bu f f e r  s ize (must be an integer numerical constant )
Z = value of charact eri st ic line impedance
T = delay time value for a one—way traversal of line
R = value of series line resistance between nodes a and b

The t ransmiss ion line model can be considered to be ecjuivalent to a lumped
parameter LC section line containing m sections. The total series resis-
tance R can be considered to be distributed along the line so that each
inductor in the LC equivalent has a series resistance of R/m . The series
resistance must not assume a value of zero during the DC steady state cal—
culation . The series line res is tance is ignored ( i . e . ,  a zero value is
assumed) in the AC small signal calculation . The series resistance speci-
fication is optional; NEI_2 will  supp ly .0001 as a default value.

The transmi ssion line has two ports , formed by nodes a and c on one end of
the line , and by nodes b and c on the other end of’ the line . Nodes a and
b are comp letely interchangeable .

Information is stored in the line at successive values of time , where the
average time between successive information values is Tim . The element
contains an internal buffer for purposes of storing the information . The
internal buffer size m specifies the maximum number of time points which
may be stored in the element at any one time . Increasing the bu f f e r  s i ze
requires additional computer core storage space but does not appreciably
alter the computation time .

The t ransmission l ine model may be coup led to any kind of load , including
nonlinear and reactive loads. It may also be connected to other trans-
mission line elements. The model exhibits the proper reflection and
transmission behavior .

The user may reference the characteristic impedance Z , the time delay T ,
the series resistance R , the terminal current flowing into node a, the
terminal current flowing i nt o  node b , and the terminal current flowing
into node c by using the symbolic name s TLINEn , TLINEn. l , TLINEn .2 ,
IA(TLINEn), IB(TLINEn), and IC(TLINEn), respectively .
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2 .15  Junction Diode

NET—2 contains a model for a junction diode with optional radiation
effects. The model may be considered to be either Eberr—Moll or charge
control in form , since these are merely equivalent ways cf representing

• the same equations. Radiation effects  are in cluded automatically when-
ever a neutron or gamma radiation source is specified in the input .

The model exhibits normal forward conduction and rever -c~ Loff behavior .
Storage time effects are included .

The model does not include junction breakdown at large reverse voltages.
Conductivity modulation of the base region is not included.

The junction diode is a modeled device and requires device parameters in
the Device Parameter Library . The model number is 1.

The format for the junction diode is:

Dn (p) A K Type

where: Dn = diode ID

p = optional parallel segment designation
A = anode node name
K = cathode node name
Type = alphanumer ic type name

2.15.1 Equivalent Circuit

v The diode model is represented by the equivalent circuit shown in Fig. 2—3.
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!
/
‘~~~~‘\ 2

ANODE 0 ~‘VV~~ 
~
-::;

~ 
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v
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Fi gure 2-3. Ju nction Diode Equivalent Circuit
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The current generator I depends upon junction voltage v as

i = i (1 + K ~(t))(e
®v 

— i) — ~~ (t) + G ~Is pp c

where ~( t )  is the total neutron dose received by time t as specified by
the time integral of the neutron rate specified by the NEUT Entry.

The primary photocurrent 1 (t) is given as

—A

I~~ (t) = I
pi~~~( t )( l  — mm 

~~ 
.9)) + ‘p2 J g(t—A )

where g ( t )  is the gamma rate due to the gamma radiation source , and the
convolution integral is approximated in the same manner as for the pri-
mary photocu.rrent generator circuit element (see 2.13).

The transition capac itance ~~ is given by

= c 
(i 

- rain (
~

-, .9) )_N
The diffusion capacitance is given by

01 (1 + K
— s Is

C
d 

— 

w + K~~ (t)

The resistance is given by

KRb~~
t)

R
~~

= R
b
e
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2 .15.2 Junction Diode References

The symbols used by NET to represent the Junction diode circuit elements
and parameters are given in Table 2-1. The user may control and reference
any quantity for which a NET symbol has been assigned . Certain indicated
parameters are not required by NET un1e~s radiation effects behavior is
being calculated. Only numerical constants may oe used for parameter
values.

‘
I

Reference to a device parameter within the LIBRABY Entry is accomplished
by simply using the symbolic parameter name. References in all other
entries are made using the symbolic name Dn.x where x is the parameter
name.

Node 3 in the diode model is available for connection purposes using Dn.3
as the node name. The node voltage may be referenced by using N(Dn.3) as
the symbolic name.

The user may reference the anode—cathode voltage, anode terminal current , and
diode power dissipation by using the symbolic names V(Dn), I(Dn), and P(Dn),
respectively.
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2.15.3 Junction Diode Data Reduction

The user is referred to Section 9.1.2.1 for a general discussion of the
data reduction feature. Specific details for the junction diode are given
below.

NET—2 contains data reduction capability for obtaining parameters which
describe the DC steady state characteristics of the junction diode and
the diode transition capacitance .

The two types of data reduction available are sunimarized in Table 2—2.
This table lists the data reduction ty-pe code , the symbols for the para-
meter values which are calculated, and the quantities which must be
specified for each data reduction type.

Input Data Parameters
drtype Descript ion Sequence Calcu lat ed

DC DC characteristic V , I, Wgt IS , RB , TH , GC

CT Transit ion Capacitance V , Ct , Wgt C , N , VZ
• Curve

Table 2— 2. Junction Diode Data Reduction Types

In the input data a positive voltage corresponds to a forward bias on the
diode junction and is associated with a positive terminal current . If
reverse bias data is not provided for the DC data reduction , the value of
parameter GC will not be calculated.

Any of the applicable parameter symbols may be used in the fixedparams
and startparams fields on the DATA card for a given type of data reduction .
However, specification of GC in the startparams field will be ignored by
Ni~T— 2.
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NEF—~ contains a model for the Zoner diode w i t h  optional  radiat ion ef’fect~~.
The model is an ex tens ion  of’ the jun ct ion diode model. Radiation effects
are automatically included whenever a neutron or gamma radiation source is
specif’ied in the input .

This model exhibits normal forward conduction , reverse cutoff , and Zener
breakdown behavior and includes storage tine effects. Conductivity modu-
lation of the base region is not inc luded.

The Zener diode is a modeled device and requires device parameters in the
• Device Parameter Library . The model number is 2.

The format for the Zener diode is:

ZDn (p)  A K Type

where : ZDn = diode ID
p = optional parallel se~~nent designation

~ 
-
~~ A = anode node name

K = cathode node name
Type = device type name

2.16.1 Equivalent Circui t

4 The Zener diode model is represented by the equivalent circuit shown in
Fig.  2— 14 .
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Figure 2-4. Zener Diode Equivalent Circuit
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The cuirent generator I depends upon Junction voltage v as

A (V - By)
• I = I (l + K ~(t))(e~~ — i) - e b 

— I (t) + G v
s Is pp c

where ‘~(t) is the total neutron dose received by time t as specified by
the time integral of the neutron rate specified by the NEUT Entry.

The primary photocurrent 1 (t) is given as

= I
1
g(t) 

(

i — mm 
~~~~~~~~~~~ 

.9)) 
+ ‘p2 J

where g(t) is the gamma rate due to the gamma radiation source, and the
convolution integral is approximated in the same mariner as for the pri—
mary photocurrent generator circuit element (see 2.13).

The transition capacitance C.~ is given by

= C 
(1 

— (•
~
;., .9)
)

The diffusion capacitance is given ‘by

— 
@ 1 ( 1

C
d

_ 

~~+ K ~~ (t)(Cl)

• The resistance R.1 is given by

KRb (t)
R~~~~R~e

I
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2.16.2 Zener Diode References

The symbols used by NF~ to represent the Zener diode device parameters are
given in Table 2-3. The user may control and reference any quantity for
which a NET symbol has been assigned . Certain indicated parameters are
not required by NET unless radiation e f fec t s  behavior is being calculated .
Only numerical constants may be used for parameter values.

Reference to a device parameter within the LIBRARY Entry is accomplished
by simply using the symbolic parameter name . References in all other
entries are made using the symbolic name ZDn.x where x is the parameter
name .

Node 3 in the Zener diode model is available for connection purposes using
ZDn.3 as the node name. The node voltage may be referenced by using N(ZDn.3)
as the symbolic name .

The user may reference the anode—cathode voltage , anode terminal current , and
diode power dissi pat ion by usi ng the symbolic names V(ZDn), I(ZDn), and P ( Z D n ) ,
respectively .
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2 . l b . 3  ~ener Diode Data Heduc t ion

The use r is referred to Section 9 . 1 . 2 . 1  for a general discussion of the
data reduction feature . Spec i f ic  details for the Zener diode are Riven
below .

NE T— C con ta ins  data reduct ion capabili ty for obtaining parameters which
• describe the DC steady state characteristics of the Zener diode and the

diode transition capacitance.

The two types of data reduction available are summarized in Table ~~~~
This table lists the data reduction type code , the symbols for the para-
meter values which are calculated , and the quantities which must be
specified for each data reduction type.

Input Data Parameters
drtype Description Sequence Calculated

DC DC characteristic V , I, Wgt IS, RB , TH , GC ,
A , B, VB

CT Transition Capacitance V , Ct , Wgt C , N , VZ
Curv e

Table 2— li . Zener Diode Dat a Reduction Types

In the input data a positive voltage corresponds to a forward bias on the
di ode ju nct ion , and is associated with a positive terminal current .

Any of the app licable parameter symbols may be used in the fixedparams and
startparams fields on the DATA card for a given type of data reduction .
However , specification of GC , A , B, or VB in the startparams field will
be ignored by NET—2.

If data in the forward region is not included for the DC data reduction
type , the parameters IS , TH , and RB will not be calculated; similarly , if
data in the reverse region is not included , the parameters A , B, VB , and
GC are not calculated. Data in the breakdown region must be supplied if
meaningful values for A , B, and VB are to be calculated,

•
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2,17 Tunnel Diode

NET—2 contains a model for a tunnel diode with optional radiation effects.
These radiation effects are included automatically whenever a neutron or
gamma radiation source is specified in the input.

This model exhibits the normal forward tunnel diode behavior with the
familiar negative resistance region. Reverse region behavior is also
represented .

The tunnel diode is a modeled device and requires device parameters in the
Device Parameter Library. The model number is 3.

Stable solutions will be found only in the positive slope region for cases
when the circuit load line intersects both the positive slope and the neg-
ative slope regions.

The format for the tunnel diode is:

TDn (p) A K Type

where: TDn = tunnel diode ID
p = optional parallel segment designation
A = anode node name
K = cathode node name
Type = tunnel diode type name

2.17.1 Equivalent Circuit

The tunnel diode model is represented by the equivalent circuit shown in
Fig, 2—5 .

• 
F igure 2-5 . Tunne l Diode Equivalent  C i r c u i t
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The curr c~ t Cen~ r ’tt c- I J~ p~~vIs upon junction voltage v as

a1
v ~~ ~~~~~~~~ c

1
v -.

• 1 ’ v + i ~ ‘
‘ — 

- ÷ c ’(l -l- K~~~(t)) e — l  — I  (t )
C pp

where ~~(t) is the total neutron dose received at time t as specified by
the time in te~ rti of’ the neutron dose specified by the NEUT Entry.

The pr imary photocurrent 1 ( t )  is given as

1 ( t) = 1
1g(t) (i 

— mm (
~

, •~)). + ‘p2 g(t—~ ) d~

where g(t) is the gamma rate due to the gamma radiation source , and the
convolution integral is approximated in the sane manner as for the pri-
mary photocurrent generator circuit element (see 2.13).

The transition capacitance is given by

C~ = C 

(1 
— mm 

(i—
, 
.9)) 

N

Th~ resistance R,~ is given by

KR ~(t)b

TLe value of the inductance L is constant .

The node between the series inductance L and the series resistance B
cannot be accessed by the user . b
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2.17.2 Tunnel Diode References

The symbols used by NET—2 to represent tunnel diode device parameters are
gi ven in Table 2 —5 .  The user may control and reference any quantity for
which a NET symbol has been assigned. Certain indicated parameters are
not required by NET unless radiation effects behavior is being calculated.
Only numerical constants may be used for parameter values.

Reference to a device parameter within the LIBRAR Y Entry is accomplished
by simply using the symbolic parameter name. References in all other
entries are made using the symbolic name TDn.x where x is the parameter
name.

Node 3 in the tunnel diode model is available for connection purposes
using TDn.3 as the node name. The node voltage may be referenced by
using N (TDn.3) as the symbolic name.

(4
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2.17.3 Tunnel Diode Data Reduction

The user is referred to Section 9 .1.2.1 for a general d i scuss ion  of the
data reduction feature. Specific details for the tunnel diode are given
below.

NET—2 contains data reduction capability for obtaining parameters which
describe the DC steady state character is t ics  of the tunnel diode and the
diode transition capacitance.

The two types of data reduction available are summarized in Table 2— 6 .
This table l is ts  the data reduct ion type code , the symbols for the para-
meter values which are calculated , and the quantities which must be
specif ied for each data reduct ion type.

Input Data Parameters
drtype Descri ption Sequence Ca ou ’ated

DC DC forward characteristic V , I, Wgc A , Al , ~~~, Bi , B2,
C , Cl , H~

CT Transition Capacitanc e V , Ct , Wgt 00, N , VZ
Curve

Table 2—6. Tunnel Diode Dat a Reduct ion Types

F
In the input data a positive voltage corresponds to a forward bias on the
diode junct ion and is associated with a positive terminal current . Reverse
bias data is not used for the DC steady stat e charac te r i s t ic .

Ideally , the DC steady state characteristic curve should consist of closely—
spaced points , beginning near the origin and extending well into the normal
diode region . As a minimal requirement , the curve should include four data
points in each of the three regions of the forward characteristic curve .

Data in the negative resistance region is desirable but not mandatory . In
• the absence of information in this region , the calculated characteristic

curve will be smooth , b u t may not accurately approximate the device in the
• vicinity of the negative resistance region .

Any of the applicable parameter symbols may be used in the fixedparams and
startparams fields on the DATA card for a given type of data reduction .
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2.l~3 D~polar Tran sistor

NET—2 contains a model for a bipolar transistor with optional radiation
e f f ec t s .  This model may be considered to be either an Ebers—Moll or charge
control model , since these are merely equivalent way s of representing the

• same equations . Radiation effects are included automatically whenever a
neutron or gamma radiation source is specified in the input .

This model includes behavior in the active normal , active inverted , satur-
ated and cutoff region . Storage time effects are included . There is no
breakdown of emitter—base or collector—base junction with reverse voltage.
The base spreading resis tance is constant and there is no dependence of
emitter—base or collector—base diffusion capacitance with collecting vol-
tage. The normal and inverted current gains may be functions of emitting
junction voltage .

The sane model is used for both PDP and NPN devices. Specification of P~P
• or NPN is made by setting a device parameter .

The bipolar t ransistor  is a moo~ leci device and requires device parameters
in the Device Parameter Library . The model number is 14~

The format icr the bip.ular transistor is:

Tn (p) E B C type Mode

where : Tn = transis tor  ID
p = optional parallel se~~nent leci gnat ion
E = omitter node name
B = base node name
C = collector node name
Type = device type name
Mode = optional mode designation

The optional mode designation may be used to assist NET—2 in obtaining
the correct DC steady state solution when a bipolar transistor is involved
in a bistable circuit configuration. The word 0FF is the only legal mode
designation available for this element ; it is used to instruct NET—2 to
maintain the specified transistor in the cutoff condition during the DC
steady state solution . The cutoff constraint is automatically removed
during the transient  solution . The mode designation may be superseded in
a specific State , Monte Carlo , or Optimization calculation. Blind use of
the word 0FF in unnecessary situations can lead to serious computational
errors since transistor cutoff is always enforced by NET—2 in such situ—
ations .
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2.18.1 Equivalent Circuit

The transistor model is represented by the equivalent circuit shown in S

Fig. 2—6, with polarities show-n for an NPN device:

J44 V2

• Ct. Ctc

II

Cd. C~~~

H -Hi

EMITTER 0 

~~~ 
ui
___(~~~

,

~)___ !_—.-
~~Vs/VV~~~~

__O COLLECTOR

BASE

Fig ure 2-6. Bi polar Transistor Equivalent Circuit

The conunon emitter normal current gain er~ 
is given by a third degree

polynomial in the emitter—base junction voltage v1 (note that V1 is
proportional to the logarithm of the emitter current ‘ef defined below )

en = B [ A 1 + A2v1 + A 3(v1 )2 4- A4 (v 1 ) 3 1  0 < v ~ < A

The constant; A is t h -  m a X  m u m  V a t  4 . -  .I’ V
1 

I~~ r - w is I I i  I.i~ ’ ~~~~~~~~~ i. ’’ I,/li ’ ilhI ‘i I

expresc ion is v-ILl S d  — S”~,r va.I.u’’:’. r ~-~r’’’tI,’’r t ,1 u ’ uj i A ‘ij i~J t’~ r’ ~jr.4-rs4 -I , I v’~ :

• 8n 
= BrJA 1 + A 2A + A 3A2 + Am~A 3] v 1 > A

B = B A 1 vl
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Similarly , the common collector inverted current gain e1 is given by a
thin degree polynomial in the collector—base junction voltage v

2
:

= B~ [B 1 + B2v2 + B3 (v 2)2 + B~ (v 2)3] 0 < v2 < A

Agai:~ t o -  c~ nstant A specifies the maximum value of v2 for which the
polyr~~m ial expression is valid . For values of v2 greater than A and
inn negative v0:

= B .[B 1 + B2A + B 3A
2 + B44A 3] v2 > A

= B.B1 v2 < 0
• 1 1

The common base normal and inverted current gains may now be computed as

n
a — 

~~ (1 + K ~(t)) + 1n an

~i 
= 

B.Cl + K .~~(t)) + 1

where the effects of neutron damage have now been incorporated. ~(t) is the
total neutron dose received at time t as specified by the time integral of
the neutron dose specified by the NEUT Entry.

The current emitted by the emitter, ‘ef’ is given by

I I ® 1v 1
= 

es (1 + K ~(t))fe —l
ef l — c o a. e

n i

Similarly, the current emitted by the collector , Id., is given by

I 02v2
‘cf = 

1 
(1 + K~~(t))(e _l)
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Assuming the emitter collects ‘cf 
with an efficiency cx

1 
we have for the

current generator I~

= I — a I  — I (t) + G v1ef i c f  ppl e

where 1 1
(t )  is a primary photocurrent term given by

i

~~

1(t) = 1
11
g(t) 

(~ — mm 

~~ 
.9)
) 

N
e 

+ ‘p12 f  g(t—A ) 
e:
~~~

Similarly , assuming that the collector collects Tef with an efficiency
~t we have for the current generator 12

I = 1  — a l  — I  ( t ) + G v2 cf n e f  pp2 c 2

where 1 2(t) is a primary p
hotocurrent term given by

i
2
(t) = I 21g(t) (1 

— mm (~
, .9) ) 

N 

+ ‘p22 f  g(t—X ) ~~— dA

In the definition of primary photocurrents g(t) is the gamma rate due to
the gamma radiation source, and the convolution integral is approximated
in the same manner as for the primary photocurrent generator circuit ele-
ment (see 2.13).

The emitter transition capacitance is given by
—N

C
t 

= C 

(~ — mm 

~~ 
.9)
)

Similarly , the collector transition capacitance is given by

I
C = C 

(
~l — ra in 

(v~
_
~ .9))
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The emitter diffusion capacitanc e is given by

D I
les (l + K ~~(t))e

11
l — a a . e

C — _ _ _ _ _ _ _ _ _ _ _ _ _

de u + K  ~(t)1 ul

Similarly , the collector diffusion capacitance is given by

D I  D v2 c s
l — c t a. c

C f l i

dc w 4 - K  ~(t)2 w2

The resistances B.’ and B ’ are given asDb cc

K,. ~ ( t )
Rbb = R

bb 
e

K~~~(t)
B ’ R e c

cc cc

The equations and equivalent circuit show-ri above refer to polarities for
the NPN device. However, identical equations may be used for a PNP device
if the polarities of v1 and v2 are reversed and the directions of current
flow for I~ and 12 are reversed on the equivalent circuit. This reversal
is done automatically by NET—2 so that the user needs oaly to specify
whether an NPN or a PNP device is desired by appropriately setting the
polarity parameter S in the device library. The signs of all parameter
values except S remain unchanged when going from NPN to PNP.

4 
1
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2.18.2 Bipolar Transistor Referenoes

The symbols used by NET to represent the bipolar transistor device param-
eters are given ir~ Table 2—7. The user may control arid reference any
quantity for which a NET symbol has been assigned . Certain indicated
parameters are not required by NET unless radiation effects behavior is
being calculated. Only numerical constants may be used for parameter
values.

Reference to a device parameter wi th in  the LIBRAR Y Entry is accomplished
by simply using the symbolic parameter name . References in all other
entries are made using the symbolic nan.e Tn.x where x is the parameter
name.

The mode designation for a transistor may be altered from its original
status using the name Tn.MODE followed by the word OFF or NONE . OFF
establishes the cutoff mode for the transistor during the DC steady state
calculation; NONE removes a previously established OFF mode .

Internal nodes 1e and 5 in the bipolar transistor model are available for
connection purposes using Tn.y as the node name, where y is 14 or 5. The
node voltage may be referenced by using N(Tn.y) as the symbolic name.

The user may reference the base—emitter voltage, the base—collector voltage ,
the collector—emitter voltage, the emitter current , the base current , the
collector current, and the total transistor power dissipation by using the
symbolic names VBE(Tn),  VBC(Tn), VCE (Tn ) ,  IE(T n ) ,  IB(Tn ) , IC(T n ) , and P(Tn),
respectively.
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2 .18.3 Bipolar Transistor Data Heduction

The user is referred to Section 9.1.2.1 for a general discussion of the
data reduction feature. Specif ic  details for the bipolar transistor are
given below.

NET—2 contains data reduction capab i l i ty  for obtaining parameters which
describe the DC steady state characteristics of the bipolar transistor
in cutoff , normal , inverted , and saturated regions of operation , and
parameters which describe the emitter-base and collector—base transition
capaci tance.

The six types of data reduction available are summarized in Table 2-8.
This t able lists the data reduc t ion type code , the symbols for the para-
meter values which are calcula4.ed , and the quantities which must be
specified as data for each data reduction type .

-
~ Input Data Parameters

drtype Description Sequence Calculated

DCN Normal DC characteristic Vbe , Ib , Ic , Wgt A , Al , A2, A3 , A14, BN ,
GE, IES, RBB , THE

DCN1 Same as for DCN Vbe , ~n , le , Wgt Same as for DCN

DCI Inverted DC characteristic Vbc , Ib , le , Wgt Bl , B2, B3 , B1.), ~3I ,- 

GC , ICS , RCC , T1-!C

DCII Same as for DCI Vbc , ~i, Ic , Wgt Same as for DCI

CTE E~nitter—base transition 1Ibe , Cte , Wgt CE , NE , VZE
capacitance curve

CTC Collector—base transition \Tbc , Ctc , Wgt CC , NC , VZC
capacitance curve

Table 2-8. Bipolar Transistor Dat a F(eduction Types

- - 
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The DCN and DCN1 data reduction types are identical except for the quan-
t i t ies which are required as input data. Similarly , the DCI and DCI1
types are identical except for the input data quantities. If DCN (or
DCN 1 ) and DCI (or DCI 1) data reductions are both specified , reduction of
the two sets of data will be performed alternately in order to obtain a
consistent set of parameter values. The CTE and CTC data reductions are
handled independently .

Due to the interdependence of the normal and inverted data reductions ,
special cases result if both sets of data are not submitted tOgether,. If
only normal data is submitted , a value must be available for BI. Similarly,
if only inverted data is submitted , a value must be available for both B~
and RBB .

In the input data a positive voltage corresponds to a forward bias on the
semiconductor junction and is associated with  a positive terminal current .
Inverted data is measured by operating the transistor with the emitter and
collector leads exchanged. There is no dis t inct ion between PNP and NPN
transistors in the input data sign conventions .

The user should attempt to supply data ove r as wide a range as is feasible .
If data is not supplied near v = 0 , the calculated beta polynomial may be
negative or have a negative slope at small voltage values. When this
happens , NET—2 will recalculate the coefficients using a method which
constrains Al and A2 to be non-negative , and an informative diagnostic
will be printed , provided Al (cr Bl) has not been specified in the
startparams field .

Many options are available to the -‘ser for controlling the parameters A ,
Al, A2, A3, A14, Bi, B2, B3 , and Bl.). All specifications for these para-
meters in the startparains field are ignored by NET—2 except for the
parameter Al (or Bi ) .  The following general rules apply:

The parameter A is always equated to the most positive value of the internal
junction voltage. If both normal and inverted DC calculations are made, A
will be the lesser of the~ values calculated from the two sets of data. The
parameter A cannot be fixed unless all other parameters Al, A2, A3, A14, Bl,
B2, B3 , and BI-~ are also fixed.

The Al , A2 , A3, and A4 coefficients (or Bl, B2 , B3, and B4 coefficients )
must be fixed , in order , from one end of the polynomial or the other , but
not both. For example , one cannot f ix both Al and A14; the result would
be that Al is fixed , A1~ is not fixed,

If Al (or Bi) is fixed , then A2 (or B2) is the only other coefficient that
may be fixed. If A2 , A3 , or A 1-s (or , altt~rnatively , B2 , B3 , or B4) are fixed
singly or in combination, the order of the polynomial curve fi t  is reduced;
for example , A2 fixed implies A3 A4 = 0.
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A more deta i led expos i t i on  of the above general rules follows below:

If Al (or BI )  is s p e c i f i e d  in the fixedparam s field the final parameter
value for Al (or E l)  wi l l  be that which was specified. If Al (or Bl) is
specif ied in the startparam s field , the fi nal value for Al (or Bi) will be
tha t required by the least squares fitting process. If the final value of
ei ther Al (or Bl) or A2 (or B2) is negative (imp lying a negative dip in the
beta curve near the or igin ) a warning message will be print ed but the values
will not be recalculated. This is in contrast to the action which occurs
whe n Al (or Bl) is not specif ied in the startparam s field , whereby the para-
meters are recalculated to constrain Al and A2 (or El and B2) to be non-
negative if the normal least squares process causes either of them to be
negative .

If A2 (or B2) is fixed , one of two actions may occur . If Al (or Bl) is also
fi xed , then the user is specifying a slope and intercept for the curve and
the values of A 3 an d A~ (or B3 and Bl~) will be chosen to be consistent with
the fixed values. If , however , Al (or El ) is not fixed then the parameters
A2 , A3 , and A 14 (or B2 , B3, and B~ ) will be set to zero and the arithmetic
average for the beta curve will result .

-C.

If A 3 (or B3) is fixed then NET—2 will set A3 and A 14 (or B3 and B14 ) to zero ,
giving a linear fit , provided Al (or Bi) is not f ixed.  If Al (or Bl) is

• also fixed , then the fixed values of A3 (or B3) will be ignored.

If A14 (or B4) is fixed , then NET—2 will set A 14 (or Bl.) ) to zero , giving a
quadratic f i t , provided Al (or Bl) is not also fixed. If Al (or Bl) is
also fixed , then the fixed value of Ab (or B!~) will be ignored.

The parameters IES, EBB , THE, ICS, RCC , and THC are calculated by an iterative
• li nearized least squares an’üysis. Normally , NET—2 calculates initial values

for these parameters by a linear approximation . However , the user may supply
starting values for any or all of these parameters . These starting values wil l
be used if the appropriate parameter symbol is included in the startparam s
field on the DATA card.

In general, it is recommended that the user permit NET—2 to calculate ini lia l
values, unless convergence problems are encountered.
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2.19 MOS Field Effect Transistor

NET—2 contains a model for the MOS field effect transistor (MOSFET ) wi th
optional radiation effects. Radiation effects are automatically included
whenever a neutron or gamma radiation source is specified in the input . 

—

This model exhibi ts  the very high gate input impedance normally found in
MOSFETs. The model may represent either PNP or NPN structures , and may be
operated in both the enhancement and depletion modes. Syrrunetric character-
istics with respect to drain—source voltage polarity are observed.

The MOSFET is a modeled device and requires device parameters from the
Device Parameter Library . The model number is 5.

The format for the MOSFET is:

~~ETn ( p ) S G D SS Type

where: ~WETn = MOSFET ID
p = optional parallel segment designation
S = source node name
0 = gate node name
D = drain node name
SS = substrate node name
Type = MOSFET type name

2.19.1 Equivalent Circuit

The MOSFET model is represented by the equivalent c ircui t  shown in Fi g. 2-7.
GATE

2 
_ _ _

SOU:CE O 
1 

_____  _______ ______ ~ 0 D R A iN

4. 
11(.

~~.LTcI 
C

2T~~~~~~~~~~~

)I2 I

SUeSTRATE

Vd,

Figure 2-7. MOSFET Equ i valent c i rcu it
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The junction capacitances depend upon the gate—source voltage V and the
gate—drain voltage V

d
: gs

C = C  V < V ..gs gsl gs g~

IC~ C
Si

V < V  < Vg l —  g s —  g2
/1 +i( ~~~~~ -gJ~

v~~~ C
= 

gsi v
i V

___ 
gs g2

/ l + - ~~- -C. Vgi

Similarly ,

C
gd 

= C
gdl V

gd 
< 

~gdi

= 
gdl v < v  < Vr ~~~~~~~~~ 

&dl g d—  gd2

4J 1 ÷~~~~—
V

— gdl 
~t gd2 gd

J1+~~~V gdl

The controlling equation for the current generator I is a function of the
gate—source voltage Vg5 and the drain-source voltage Vds. Fig.  2— 8 shows
the V— I characteristic for the MOSFET (the characteristic is mirrored in
the third quadrant for inverted operation). It is seen that the curve at
constant Vgs consists of a rounded portion (region A) i n the low Vds region ,
and a flat almost constant current curve (region B) in the higher Vd. region .

~~-±  ~~~~TTT:_ .. ~~~~~~
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REG I ON A:
:REGI0N B

V gs

Fi gure 2-8. MOSFET Drain-Sou rce Characteristics

Let the slope in region B be given by the general expression
-4.

= K+K V + K V  
2

1 2gs 3gs

Let the current in region A be given by

I = V  [A +A ~~~~~~ + A V  + V  (A + A V  ) ]
ds 1 2 ds 3 ds gs ~ 5 gs

Now define a locus of points , corresponding to different values Vg where
the slope of the region A equation is equal to the slope in region B.
This locus will occur at a value of Vds = V0, for a given value of Vg5,
and is the boundary line between regions A and B. Thus, in region B:
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I = (V —v )(K +K V  +K v 
2
) + v [A. +A ~~~~~~~~ + A . V + V (A +A V ) }Is o 1 ~~gs 3gs o [ 2 o  3 u  gs )~ ,gs

The current generators I~ and 1
2 correspond to conventional pn junctionmodels , and are functions of the substrate—source voltage v

1 
and substrate—

drai n voltage v2 , respec tively :

= ‘si 
(1 + K

1 1~~(t)) (e

0
~~ 1_1) — I

1
(t)

1
2 

1
2 ~~ 

+ K1 2~~(t)) (e

0
2
V
2
_l) —

-C. where ~(t) is the total neutron dose received by time t as specified by
the time integral of the neutron rate specified by the NEUT Entry .

The primary phot ocurr ents I 1(t )  and 1 2 ( t )  are given by

— A

i~~1(t) = I
11g(t) (i 

— min (~~~~i .9)) 

N
1 

+ ‘p12 g (t—A ) ~~~~ dA

r~~~(t )  = r~21
e (t )  

(~
_ 

mi:~
(
~~~~ .9)

) 

+ ‘p22 f g(t—A ) ~~~~ dA

- -- - .- ( )  is the gamma rate due to the gamma radiation source , and the
c~ r -;o . ~~i~ r integral is approximated in the same manner as for the pri —

- -  
- -~ r rent  generator circuit element (see 2.13) .
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The capacitances C1 and C 2 contai n both depletion and d i f fus ion  terms
and. are given by

c
1 

c01 (1 
- min

(
~~~~ .-

~) 
) —

~~~~ 
+ 

®
i’s~ 

( 1 ÷ K 1~ 1:( t ) )  ~~

I v L,~I , (l +}(

C
2 

= C02 ~~l — mm 
(~~~

, .9) ) + — 

~~~~

The current generators I and 1gd represent gate—source and gate—drain
ionization from gamma ra~ ia t ion an d. are given by

I K V g (t)gs gs gs

• ‘gd 
= K

g
~~V

g
~~~~( t )

The MOSFET model as described corresponds to an n channel device. JET-2
uses voltage polarities corresponding to normal ope ra t icn  of an a channel
device for the MOSFET model. Howe ver , the user may specify either a p
channel or an n channel device and ~ CF— 2 will  automatically adjust the
signs of the voltages and currents to account ~~r the type of channel
and also for inverted operation . i~~ C user need not be concerned with
this sign manipulation .

/

- 

-

- 
2.19.2 MOSFET References

The symbols used by NET—2 to rep resent the MOSFET device parameters are
given in Table 2—9 . The user may control and reference any quantity for
which a NET symbol has been assigned. Certain indicated parameters are
not required by NET unless radiation effects behavior is being calculated.
Only numerical constants may be used for parameter values.

Reference to a device parameter within the LIBRAR Y Entry is accomplished
by simply using the symbolic parameter name . References in all other
entries are made using the symbolic name MFETh.x where x is the parameter

- • name.
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2.19.3 MOSFET Data Reduction

The user is referred to Section 9.1.2.1 for a general discussion of the
data reduction feature. Spe c i f i c  details for the MOflFE’l ’ are given br~1ov .

NET—2 contains data reduction capability for obtaining parameters which
describe the DC steady state drain—source characteristic for the MOSFET .
The data reduction is summarized in Table 2— 10. This table lists the data
reduction type code, the symbols for the parameter values which are calcu-
lated , and the quantities which must be specified for each data reduction
type.

Input Data Par ameters
drtype Description Sequence Calculated

DC Drain—so urce DC Vgs , Vds , Id , Wgt Al , A2 , A3 , A~4 ,
characteristic A5 , Kl , K2 , }K3

Table 2—10. MOSFET Data Reduction Types

I
The polarity of the dat a must correspond to that for an n channel device as
illustrated in Fig. 2—8. Complete drain—source characteristics should be
supplied f or at least three values of V

g5 
It is important that the data

be closely spaced about each knee so that the shapes are adequately described
1’ in these regions .

Any of the applicable parameter symbols may be used in the fixedparams field
on the DATA card . All entries in the startparazns field are ignored by NET—2.

If Al is fi xed , the calculat ion for Al , A14 , and A5 will be omitted. If A2
is fixed , the calculation for A2 and A3 will be omitted. If A3 is fixed ,
the fixing of A3 will be ignored and a value will be calculated for A3. If
A14 is fixed , values of zero will be used for Ab and A5 . If A5 is fixed ,
a value of zero will be used for A5.

If Kl is fi xed , the calculation for Ki, 1(2, and 1(3 will be omitted. If 1(2
is fixed , a value of zero will be used for 1(2 and V3 . If 1(3 is fixed , a
value of zero will be used for 1(3.
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2.20 Junction Field Effec t Transistor - —

NET—2 contains a model for the junct ion field effect  transistor (JFET) with
optional radiation effects. Radiation effects are automatically included
whenever a neutron or gamma radiation source is specified in the input .

The model may represent either PNP or NPN structures. Assy-rmnetric charac-
teristics are available with respect to drain—source voltage polarity .

The JFEfl~ is a modeled device and requires device parameters from the Device
Parameter Library . The model number is 6.

The format for the JFET is:

JFETn (p) S 0 D Type

where: JFETn = JFET ID
p = optional parallel segment designation
S = source node name
0 = gate node name
D = drain node name
Type JFET type name

2.20.1 Equivalent Circuit

The JFET model is represented by the equivalent circuit shown in Fig.  2-9.

~~~~~ Vg d 4

D R A I N

- 

GATE 0 
2 ..L 

Cd5 Vd5

SOURCE ~~~

• _ _ _

Fi gure 2— 9. JFET Equivalent Circuit
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The current generator I~ represents the drain—source volt—ampere charac—
teristic, where I~ is a fun ct ion of Vds and Vgs . NET—2 uses voltage
polarities corresponding to normal operation of an n channel device in
the JFET model . Thus , the equations developed below represent normal n
channel operation . NET—2 automatically adjusts the signs of voltages and
currents to accoun t for inverted operation and for p channel devices and
the user need not be concerned with this sign manipulation.

The drain—source characteristic for normal n channel operation is hhown
in Fig. 2—10 . The characteristic is divided into two regions , a lo~ vol-
tage “channel on” region where the current depends upon Vds according to
a power law , and a saturation region where the channel is pinched off and
the characteristic is essentially resistive.

1.0

0.8

V~~~—DRAIN VOLTAGE—VOLTS

Fi gure 2-10. JFET Drain-Source Characteristi cs

The “channel on” conductance is defined as 0 = aI
l/~

V
d at V

a = 0, and
is given by a quadratic of the form 0 S

r 1 —K0~
(t)

0 = J o  + A ( V  - V  ) + A ( V  — v  )2 (eo cc 1 go rc 2 gs rc j
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where G
~C 

is the measured conductance at V ds = 0 for Vgs = Vrc, and A1 and
A2 are fitting parameters . -~(t) is the total neutron aose received by time
t as specified by the time integral of the neutron rate specified by the
NETJT Entry .

The condu t ~t;~~t’ in t:~~- saturation region is modeled as an expression of the
form

2 
_K

G~~
( t )

= (s +~J V  --S V )e
1 ~~gs 3gs

where S1, ~~~~~, ar.d .
3 

- try fi tting parameters.

Let us r~ow lefine the current I i as having a value ‘do at some fi xed vol-
tage Vds = V dst which is well into the saturation region. Since the con-
ductance of the  s a tu ra t ion region is known to be G5, we can now write an
expression for 

~i 
in the sa tu ra t ion  region as

1 = 1  + o ( ’  — v1 ds s ds dst
- ‘4

F 

This expression simply shows the linear dependence of I
~ 

on V d5 for a given
value of Vgs. We have already defined the dependence of G5 on Vgs ; however ,
we still require an expression for 1ds as a function of Vgs, where ‘ds i5
the value of ‘1 at Vds = Vdst . This is given by

F 1 _K
Ids~~

(t)

I = l o  +~~~V + G V  
2
~~ eds 1 2 g s  3 g s

We now have equations which uniquely describe the current in the saturation
region . We still require expressions for the current in the channel “on ”
region as well as a definition of the boundary between the channel “on ” region
and the saturation or pinchoff region .
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Let us define a pinch—off voltage V~ . Theoretically , the channel should
pinch off right at this voltage. In practice , however , the actual value
of Vã~ where pinch off occurs can be greater than V~ . For i..i:~s reason , a

voltage called Vsat is introduced to represent that voltage at -.ihich the
characteristic becomes resistive , governed by the conductance 0 .  The
expression for V issat

V = v ( v  — V )sat k go p

where Vk is a fitting parameter . Thus Vsat depends upon V , and a locus
of values of V exists for different V values. g

sat gs

Finally, the expression for I~ in the channel “on” region is given by

B
I~ = G V

d 
+ B

l
V
d 

2

-C where the constants B1 and are fitting parameters. Note that the slope
of the characteristic at Vds 0 is equal to the channel “on” conductance
G0 as required . The constants B1 and B2 are chosen by NET-2 such that
and ~I /~V are continuous at V = V1 do ds sat

The quantities developed above are indicated in Fig. 2-il to illustrate the
concepts involved.

LOCUS OF V~~~ AS FUNCTION OF V~~

S~~T URATION REGION :

f j 
SLOPE G5

/ -

~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—

v_I

Fig ure 2-fl. fll u s trat ion of JFET Mode’ Parameters and Equations
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Actually , NET—2 has the ability to represent different curves for the JFET
in the normal and inverted modes of operation. This is accomplished by
storing pairs of parameters for the constants V~ , Vk, Cl, G2, G3, and Vdst .
The selection of the correct value from the pair is done automatically by
NET-2.

A capacitance Ca5 exists across the drain—source terminals in the model.
The value of this capacitance is constant .

The JFET model also contains two pn junctions . These junctions are modeled
in a conventional manner, similar to the diode model.

The current generators 12 and 13 are given by

= I
gao

(l + K
Igd

~(t))(e
2~~d — ~)_  i~~~~9 t

I = I (i + K ~(t))(e ~ 
gs 

- ~
\_ 

I (t)
3 gso Igs pp3

The primary photocurrents 1 2(t) and i 3
(t) are given by 

- -

N t

I
2

( t )  = 1 21g(t) (1 
— mm 

~~~~ 
.9) ) 

~~ 
+ ‘p22 f  

g (t—X) ~~~~~~~ dA

1
3
(t) = 1

31
g(t) 

(i 
- min
(
~~~~~ .9) ) 

N
g5 

+ ‘p32 f  
g (t_A ) dX

where g(t) is the gamma rate due to the gamma radiation source , and the
convolution integral is approximated in the same manner as for the pri—
mary photocurrent generator circuit element (see 2.13).
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The capacitances C 
d and C repres th depletion and dif fus ion effects

and are given by g g

Cgd = C
gdo (i 

— min (~~~~~’. .
~

) 
~ 

+ 

o
7Tgdo(i + K

Igd
:~ty 

~~~2’~~~~

Cgs = C
g00 

— 

~~~ 
.9) )_

N
0s 

+ 

o
~

I 
0
( i + K

1~~~~~~
t ) )  e

2.20.2 JFET Parameter Symbols

The symbols used by NET—2 to represent the JFET device parameters are given
in Table 2—11 . The user may control and reference any quantity for which a
NE~ symbol has been assigned. Certain indicated parameters are not required
by NET unless radiation effects behavior is being calculated. Only numerical
constants may be used for parameter values.

Reference to a device parameter within the LIBRARY Entry is accomplished by
simply using the symbolic parameter name . References in all other entries
are made using the symbolic name JFETn.x where x is the parameter name .
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2.20.3 JFET Data Heduction

The user is referred to Section Q .1 .2.1 for a ~~ri- .rai discussion of’ th-~
data reduction feature . Specific details for the H’1-~ ’ are given b-Iou .

NET—2 contains data reduction capLbility for obtaining parameters which
describe the DC steady state drain—source characteristics in both the
normal and inverted mode of operation .

The two types of data reduction available are summarized in Table 2—12.
This table lists the data reduction type code , the symbols for the para-
meter values which are calculated , and the quantities which must be speci-
fied for each data reduction type .

Inl)ut Data Parameters
drtype Description Se iuence Calculated

- C.

DON Normal drain—source Vgs , Vds , Id , Wgt -J1S , G2~~, G35, ‘-TN ,
DC characteristic VK1’~, VDNN , VP’, ~~C ,

Si , S2 , ~3

DCI Inverted drain—source Vgs , Vds , Id , Wgt Gil , G2I , G31 , V~ I ,
DC characteristic VKI , VDSI

Table 2—12. JFET Data Reduction Types
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For the ~CN data reduction , the input should be a complete set of f i rst
quadran t drain-source characteristic curves for at least three values of
Vgs. The polarity must be that of an n—channe l device as illustrated in
Fig. 2— 10. It is importan t that the digitized data be closely spaced
about Vsat f or each curve , unless the user supplies values for VPN and
VKN , and fixes them by including them in the fixedparam s field .

For the ~CI data re~ uction , the input is a set of third quadrant drain—
source character is t ic  curves. Howeve r , the signs of the numerical data
must be the same as for an n—channel device operating in the f i rs t  quadrant
such as illustrated in Fig.  2— 10 . The comments for the DCN data reduction
apply to the analogous parameter evaluations in the inverted mode . There
is no analysis of data in the “on ” region in the DCI data reduction . How-
ever , data must be supplied about Vsat un]ess the values of VPI and VKI
are supplied by the user.

The parameters VKI , VKN , VPI , VPN , VDSI , VDSN , and VRC may be fixed , either
singly or in combination .

The JFET model includes four polynomials specified by the parameters GCC ,
Al , and A2 , the parameters GiN , G2N , and G3N , the parameters Gil , G21, and
G31, and the parameters Si , 52 , and S3. Each of these polynomials is a
quadratic in form , composed of a zero order coefficient , a f i rs t  order
coefficient , and a second order coeff icient . For each polynomial the
following rules apply in regard to f ixing parameter values: If the zero
order coefficient is fixed , then the calculation for all three coeff ic ients
of that polynomi al are omitted; if the first order coef f ic ien t  is fixed ,
then a ‘ralue of zero is used for the f i rs t  and second order coe ff i c i e n ts ;
if the second orde r coeff icient  is f ixed , then a value of zero is used for
the second order coeff icient .

All entries in the startparams field are ignored by NET—2 .
1
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2.21 Core Winding

The core winding is a circuit element which is magnetically coupled to an
• associated magnetic core element through a specified number of turns. The

• format is:

CWn a b MCn N , R

where: CWn = core winding ID
a and b = core winding terminal node name s
MCn = magnetic core ID for core linked by winding

• N = number of winding turns on magnetic core
R resistance of winding

The winding resistance must not assume a value of zero. The winding resis-
tance specification is optional; NET—2 will supply .0001 as a default value .

Current flowing through the core windings associated with a particular mag-
netic core produces a magnetomotive force F on the core. The core undergoes
a change in magnetic flux as a result of the application of the magnetomotive
force. This change in flux induces a switching signal back into the various
core windings . The switching is electrically represented in the core winding
by a series impedance and voltage source.

H The equivalent circuit for the core winding is shown in Fig. 2—12.

+

a R A C b
p

Fi gure 2-12 . Core Wind i ng Equivalent Circuit
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The circuit elements Rc and Vc represent the Thevenin equivalent circuit
of the magnetic core and are given by: -

= :~~~i R i

where: ~ = ~~~~~, the time rate of flux change,

= the flux in the magnetic core linked by the winding due to
currents flowing in all windings linking that core,

it= where F is the magnetomotive force producing the flux ~~,

N = the number of turns of core winding linking magnetic core,

B = core winding resistance,

I = current through core winding .

Details concerning the derivation of the care winding model may be found
in the MTRAC report by Nitzan and Herndon’

The voltage v across the core winding is given by

v = e  — ea b

where ea 
and eb 

are the node voltages at nodes a and b , respectively.

The current i flowing through the winding is given by

v - V c

C

The power dissipation P is given by

P = iv

The user may make reference to the number of turns N, the series resistance
R , the voltage v across the winding, the current i through the winding, and
the power dissipation P of the winding by using the symbolic names CWn , CWa.l ,
V(CWn), I(CWn), and P(CWn), respectively.
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2.22 Magnetic Core

NET-2 contains a model for a square loop magnetic core linked with an
arbitrary number of windings. The model was develope~ b~ Nitzan and is
similar to the core model used in the MTRA C program.~-’~’~-~ The core model
in NET—2 accepts only ~(F) curve data, as opposed to the MTRAC model
which also accepts B(H) curve data. The magnetic core model is applicable
to ferrite cores and to slowly switching tape—wound metallic cores with
different ~,(F) charac teristics.

The magnetic core model has no electrical terminals. Linkage to the
electrical circuit is accomplished through core windings which are
associated with a particular magnetic core. The format is:

MCn (p) Type 
~~

where: MCn = magnetic core ID
p = optional parallel segment designation (including associated

windings)
Type = type name for magnetic core

= initial remanent magnetization of core, expressed as a signed
fraction of the remanerit magnetization parameter 4r

The specification of 
~ 

is optional; NET-.2 will supply 0 as a default value.

The magnetic core requires device parameters from the Device Parameter
Library . The model number is 9.

The core model accounts for both elastic and inelastic switching components
of flux. The total • is the sum of these two components :

~~
=
~~ c + 3 i

• itSince •‘ = 
~~~~
, we must also have

4 ~i .
3 ’ =~t 

+ = + •~

Models for and are described in 2.22.1 and 2.22.2. 
-
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2.22.]. Elastic 
~ Components

The quantity 3 is given by

where

= P4! F~ ( ~ ~2 
- 

FJ —) + ln (~: 
~~~ 

)J
_
~~s~~~~r

~l ( L  — LjH
0 i a

p = H L2 a o

p = H L.3 a i

The quantity 3 ’ is given by

~~
, 

~~~ +
~
r
~: ~t

wh(~r~

= SP
1( !Ff  ÷ p

2 
- 

~~ 
~ 

)
~ [2 - IFI 

(I FT ~ P2 
+ 

IF!

and S sign (F).

The calculation of and 4~ may be bypassed if desired (2.22.5).
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2.22.2 Inelastic 3 Components
• 

• 

~The quantity 3~ is given by

= s3~ F 
- 

(

~s:~~~ :
~ 

~d) j
where s = sign ( F ) .

By differentiating 3. with respect to F we obtain as

= 

[1 

- 
(2s:~~~ ~~~ ~~ 

)

2] 

~ 

+ 

[

~s~ :
~ 
: ::~ 

+ 
~
sj 

~

where 3; = d3 (F)/dF and = d4 d (F)/ dF .

Models for 
~d’ 

q~ , ~~~~, 
and 3; are described in 2.22.3 and ~~~~~

2.22.3 Static $(F) Curve Model

The equations which describe in piecewise fashion the •(F) curve are pre-
sented in this section. First a general model is given, encompassing all
regions of the curve. Then, certain portions of the curve are deleted,
leading to simplified curves requiring fewer device parameters to describe
the curve shape.
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2.22.3.]. General 41(F) Curve

Fig. 2—13(a) illustrates the general 41(F) curve shape, representing the
quantity •d as a function of magnetomotive force F. The curve consists
of six regions.

Regions 1, ~4 , and 5 describe 41d(F) o~ ferrite cores with no •c~ 
jump at

the threshold F = Fdl. Regions 2 and 3 extend the behavior to ferrite
cores with 41d jumps and to tape—wound metallic cores of various types.

Region 1 is an extension of the region of negative saturation. It is
described by the function

41 — 4 1  F - H Ls r a o
41d ( L  — L . ) H  F i n  F - H L .o i a a i

where L1 and L0 are inside and outside circumferential lengths and Ha is
a material saturation constant.

Region 2 accounts for a possible curvature in 41d(F), such as may be found
in tape-wound cores. This curvature is described by a four-parameter

function of the form p
5 

+ p
6
(F — Fdl) + 

8
(F — F

dl
)
~
T which satisfies the

following requirements : It is tangent to 41d
(F) of Region 1 at the point

~~~~~ ~dl~ ’ 
thus fixing p5 and p6, and it passes through the points

(Fd2, 
~d2~ 

and [Fd ,  1/2(41d1 + 
~d2~

1’ where l/2(Fdl + 
~d2~ 

< F
dz ~~

‘
d2’

• thus fixing p
7 
and p8. Note that Fdz affects the curvature of 41d(F) and

that if F
dz 

= 1/2(F
dl + F

~2
), then 

~~~ 
becomes a straight line connecting

the points (Fdl, 
~dl~ 

and (Fd2, 
~d?~

• Region 2 may, alternatively, be used

to approximate a jump in 41d(F) at F = Fdl by a monotonically increasing
41d (

~
) (usually, a straight line of a high slope) in order to prevent corn—

putational oscillations.

Region 3 is a straight line between the points (Fd2, •d2~ 
and (Fd3, •d3~

•

This region is included because a large portion of the static •(F) curve
of a tape—wound core, whose static B(H) loop is square, is linear. The
larger the ratio OD/ID of the core, the lower the slope of Region 3.

91 
•

_ _ _ _ _ _ _ _ _ _ _ _ _ _  

‘I

• C. -- - -

~- -



— — 

~
—-- 

~~~~~~~~~~~~~~~~~~~~~~~~~ - -- -
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~ 4~~~~~~~~~~~~~~~~H

0

1..

• I U. 0

\

~\_
i

I U.

0’I .-. -

• h e 
~~~~~~~~~~~ _ _ _ _ _  - 

- -

0

-j

I i
U I  S

‘I  & LI i  _ _ _  _ _ _  _ _ _ _  — —  I 
~~~~~~~~~~~~~~~~~~~~~~

~~~ e~ e~ 
0

t e1
~ H

92 

- ~~~~~~~~ •~ -~•~•1~~~ ~~~~~~~~~~~



P.• ~— — 
- 

~~~~~~~L
_ r

~~ 
•
~ - -.---—••~~~~~- —•• • —-=•.=--—•~ - — • — —-•--•-= •—• ••——-• -- --- •--•

Regions )~ and 5 (or Region 5 alone) describe the nonlinear portion of
41ã(~

) from nonsaturation to saturation. These regions cover most of
the static 41(F) curve of a ferrite core. In the case of a tape—wound
core , the 

~d
(
~~

) “wing” that approaches saturation is likely to be
described by Region 5 alone. Region ~ is described by the function

H
F l~~~~~

• 

— 

(~ + 
~~~~~ F 

+ I ____________

— (L - L . )H mm — L. F 
~H - 

H ~ 
in F - H L .

0 i n  Hd \ f l  q ,  ru

and Region 5 is described by the function

= ~r [~ - L, + F - in

in which H and H are material nonsaturation constants andn q

H
min 

~ [
~ 

_

%

/ H 2 
- 8 (~ + 

~
) HH I

where

41
H = H  + H  + H  +~~.L (H + H  - H )

S a q n a ~ n

Region 6 describes 41d(F) in the positive saturation region. It is anti—
symmetric to Region 1 if the latter were extended to the region of negative
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F. Because of the antisymmetric relation 41d (F )  = 

~~~~~~~ 
Region 6 is

described by the function

41 — 4 1  F + H L
— s r I a o

41dS
_

( L _ L . ) H F l n
~~F + H L . ~~

41r
0 1 a a i

where 41d 
(F) denotes 41d

(F) in Region 6.
S d41

The quantity 41~ 
is given by and is the slope of the 41d

(F) curve.

2.22.3.2 Simplified 41(F) Curves

The general curve for 41(F) described in 2.22.3.1 can frequently be simpli-
fied for specific cores, depending upon the material, dimensions , and the
temperature of these cores. Assuming that Regions 1 and 6 are nonlinear,
six simplified models , referred to as Types 1 through 6 , are distinguished
in Fig. 2—13(b). Note that no distinction is made between the case of both
Regions 4 and 5 and the case of Region 5 alone because the two cases are
related. Usually, poiycrystalline ferrite cores are characterized by Types
2 and 14, whereas gain—oriented tape-wound cores may exhibit any type.

These simplified curves are obtained by eliminating one or more regions
from the general curve as follows:

Type 3. -— Region 2 is eliminated .
Type 2 -— Region ~ is eliminated.
Type 3 —— Regions 14 and 5 are eliminated .
Type 14 —— Regions 2 and 3 are eliminated .
Type 5 —— Regions 2, 14 , and 5 are eliminated.
Type 6 -— Regions 3, 14 , and 5 are eliminated.
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2.22.14 3 (F) Curve Model

Fig. 2~l14 shows the dependency of 3 upon F. The equations which describe
this curve are: p

0 f o r 0 < F < F
dl

— F
dl

) d 
for F

di 
< F < F

dB

= A ( F - F~~) V fo r FdB < F < FB

p (F — F0 ) for FB < F < F
31

p 1(F — F
01

) for F
Bi 

F

This model includes a li near 3~(~) region for F > F31. This region has
been observed with some tape-wound metallic cores. For most cases, however,
this additional region is unnecessary and will be avoided automatically by
assigning a zero value to F31.

• Differentiation with respect to F of the equations for 3 lead to a set of
equations for 41’: 

p

0 fo r O < F < F
dl

u
d
A
d

(F — F
dl

) / (F  — F
dl

) for F
dl ~ F < F

dB

6’ = v X ( F  — Fg Y-’/ (F  — Fg) for F
dB ~~~ F

- p for F
3

< F < F
31

• 
~pl 

for F31~~~F

I
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Fig ure 2-1~+ . 3 (F) Curve Model
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Nine parameters (Ad, V
a

, F
~3, 

F~, A , v , F3, F0, 
and ~~ define the first

four regions of the 41 (F) curve. However, the values of some of these
parameters may be approximated quite closely from the values of the
remaining parameters.

For continuity , the expressions for 41 (F) and d41 (F)/dF of neighboring
regions must be equal at the borders F = F

dB and F = F
B.

FdB — 

F
dl

=

• dB 0

A
d 

= A

(F
dB 

— F
dl

)

• Continuity at F = FB imposes the relat ions

F3 _ F g

p
A =

v(FB — F~ )~~~

These relations impose four constraints on the nine parameters required.
Hence , only five parameters are needed to completely specify 41 vs F.

• 
. In addition , the parameter F~~ can be obtained from the empirical relation

F
dB 1.15

Thus , if the values of F~ , FB, F0, and p are known , the remaining param-
eters required for the 6~(~) curve may be determined. 
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2.22.5 Magnetic Core Parameter Data

Since the magnetic core model may be used in several optional forms , it is
useful to summarize the parameter subsets which are required for each of
the options.

Basically the core model consists of two parts, namely , a model for elastic
flux switching and a model for inelastic flux switching. The inelastic
model, in -turn , is derived from two characteristic curves, 41 (F) and 41 (F),
shown in Figs. 2—13 and 2-1 , respectively.

NET permits the user to bypass the elastic model completely for any partic-
ular core, if desired. This is done by setting the device parameter ELAS = 0.

When the elastic switching is bypassed NET sets 41 = 41~ = 0.

NET also provides a parameter for each magnetic core to assist in convergence
of the currents in the individual core windings which link that core. This
parameter, PSTEP , normally has a value of zero, in which case Aitken ’s formula
is used to smooth the core winding currents. An alternate value of unity for
PSTEP accomplishes smoothing by a simple averaging technique, based on present
and immediate past values of currents.

2.22.5.1 41(F) Curve Parameter Data

• The 41(F) curve in its most general form (Type 0) requires the quantities
41s’ 41r’ Fdl, ~~~ F

~2~ 
F
d3, 41d2’ L1, L0, Ha~ Hq~ and Hn to be specified .

• However, if Region 2 is linear (with either finite or infinite slope),
the quantity F

~5 
= 0 is specified. If Region 2 is linear and has an in—

finite slope (jump), the quantity Fã2 = 0 is specified.

When simplified models are used for 41(F) curve, certain parameters may be
omitted . These are summarized below:

Type 1 -— Omit F
~~
, F

~2
, 41d2

Type 2 -- Omit Fd3
Type 3 -— Omit H

q~ 
H
n

Type 14 -— Omit Fdl~ ~dz’ 
Fã2, Fd3, d2

Type 5 -— Omit Fdz~ Fd2, •d2’ H , H

Type 6 —— Omit Fd3, d2’ Hq~ 
H
n

In types 0, 2, 3, and 6 the quantit ies Fdz and Fd2 may or may not be required
depending upon whether or not Region 2 is linear and has finite or infinite
slope, as described above.
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2.22.5.2 3 (i) Curve Parameter Data

• The 6~(F) curve in its most general form requires specification of the
quantities A

ã~ 
V

~~
, FdB, F~ , A , v , FB, F0, p~~, 

F31, F01, P 1~

If Region 2 is unknown, set FdB 
= A d = U

d 
= 0 (NET will approximate these

as indicated below. If Region 5 (FB1 
< F) is absent , set FBi 

= 0 (F
01and p

1 need not be specified).

NET provides default values automatically for certain quantities whose
values are entered as zero by the user. The default values are given
below:

If 41 = 0 , 41 =

I f v O , V
F — FB 0

p
I f X = 0 , X =  

p
‘,— F0

)

F
dB

_ F
dlI f v d O , vd = U F — F 1’

dB 0
V

( v/V
d

)
I f A  0 , A = A  • Sd d ~~, N V — V

~~dB 
— r

dl /

If F
dB 0 , F

dB 
= l.l5F~

If F
~ ~ ~~

. (F
dl 

+ F
~ 2 ),  F

~ 
= 

~~

. (F
dl 

+ F
~2

)
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2.22.6 Magnetic Core References

The symbols used by NET-2 to represent the magnetic core parameters are
given in Table 2—13. The user may control and reference any quantity for
which a NET symbol has been assigned. Only numerical constants may be* used for parameter values.

• Reference to a device parameter within the LIBRAR Y Entry is accomplished
by simply using the symbolic parameter name . References in all other
entries are made using the symbolic name MCn.x where x is the parameter
name.

The user may also reference the initial remanent magnetization factor 41by using MCn as the symbolic name.

I1
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2.2 3 Combinance

• 
- 

The combinance is a two terminal Linvill element connected between a
carrier node and a circuit node. The carrier node may represent either
holes or electrons. The format is:

HCn ( p )  F J Value

whe re: HCn = combinance ID
p = optional parallel segment designation
F = circuit node name
J = carrier node name
Value combinance value

The combinance is represented schematically as shown in Fig. 2—1 5.

I
H

cT 

11

Fi gure 2—1 5. Schematic Representation of Combinar ,ce

P If is the excess carrier density at carrier node J , the conventional
current flow I is given as

1 = H p~

The user may reference the combinance value and the combinance current by
using the symbolic names HCn and I(HCn), respectively .
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2.21~ Storance

The storage is a two terminal Linvill element connected between a carrier
node and a circuit node. The carrier node may represent either holes or
electrons. The format is:

STn (p) F J Value

where : STn = storance ID
p = optional parallel segment designation
F = circuit node name
J = carrier node name
Value = storance value

The storance is rep:esented schematically as shown in Fig. 2—16.

F

:11 _
stl 1 

~
J

Fi gure 2-16. Schematic Representation of Storance

If Pj is the excess carrier density at carrier node J, the conventional
current flow I is given as

I = S ~~
dt

The user may reference the storance value and the storance current by using
the symbolic names STn and I(STn), respectively.
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2.25 Diffusance

The diffusance is a two terminal Linvill element connected between two
carrier nodes. The carrier nodes may represent either holes or electrons ,
and in general each node will represent a different excess carrier density
in the same type of material. The format is:

HDn (p) J K Value

where: HDn = diffusance ID
p optional parallel segment designation
J carrier node name
K = carrier node name
Valu~ = diffusance value

The diffusance is represented schematically as shown in Fig. 2—17.

S Hd

JO

Fi gure 2-17. Schematic Representation of Di ffusan ce

If Pj and PK are the excess carrier densities at carrier nodes J and K ,
respectively , the conventional current flow I is given as

I = Hd (pJ 
-

The user may reference the diffusance value and the diffusance current
by using the symbolic names ffDn and I(HDn) , respectively.
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2.26 Driftance

The driftance is a two terminal Linvjll element connected between two
carrier nodes. The carrier nodes may represent either holes or electrons ,
and in general each node will represent a different excess carrier density
in the same type of material. The format is

DFn (p) J K Value

where: DFn = driftance ID
p = optional paraflel segment designation
J = carrier node name
K = carrier node name
Value = th’iftance value

The clrifta.nce is represented schematically as shown in Fig. 2—18.

Df

JO—

Fi gure 2-18. Schematic Representation of Drif tance

If pj - and are the excess carrier densities at carrier nodes J and K
respectively , the conventional current flow I is given by

I = Df (PJ +

The user may reference the driftance value and the driftance current by
using the symbolic names DFn and I(DFn) , respectively.
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5.

2.27 Linvill  ~pn Junction

The Linvill pn j unction is a modeled device con sisting of two ci rcuit
nodes and two carrier nodes. A nonlinear depletion capacitance is

• connected across the circuit nodes , and a nonlinear expression relates
carrier densities at the two carrier nodes to the voltage between the
circuit nodes.

The Linvill pn j unction is a modeled device and requires device param-
eters from che Device Parameter Library. The model number is 8.

The format for the pn junction is:

PNn ( p ) F G J K Type

where: PNn = pn junction ID
p = optional parallel segment designation
F = circuit node in p material
G = circuit node in n material
J = carrier node in p material
K = carrier node in n material
Type = pn ~unction type name

The equivalent circuit for the Linvill pn j unction is shown in Fig. 2-19 .

+
_—v ‘~

P MATERIAL

ij —

1 ——-OG

‘F ‘ K
-

~~~~ 
-

~~~~

FO — 0K - •

N MATERIAL

Fig ure 2-19 . Schematic Representat i on of Li n v i l l  pn Junct ion
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Associated with carrier node J is an excess electron density n~ which is
given by

n = — n  (e —1)J PC

where v is the junction voltage.

Similarly, there is associated with carrier node K an exces s hole density
which is given by

= p ( e  —1)

The quantities flj  and PK are represented in the calculation as the node
voltages at nodes J and K, respectively.

The depletion capacitance C is given by

c = c ( 1_  min
(
~~
_
~ .9) 

)_

N

Kirchhoff’s current law is observed through thc following relations

1
K ’F

1
C -

1
G

1
J

+ 1
C

where i~ is the charging current for the depletion capacitance.

2.27.1 Linvill pn Junction References

The symbols used by NET—2 to represent the Linvill pn junction parameters
are given in Table 2~l1~. The user may control and reference any quantity
for which a NET symbol has been assigned. Only numerical constants may be
used for parameter values.

References to a device parameter within the LIBRARY Entry is accomplished
by simply using the symbolic parameter name . References in all other
entries are made using the symbolic name PNn.x where x is the parameter
name. -
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2.28 Current Controlled Nodal Variable

NET—2 contains a special element which sets the nodal voltage at a specified
node r equal to the current flowing in a resistance inserted into the network .
The format is:

CCNVn ( p )  a b r R

where: CCNVn element ID
p = optional parallel segment designation
a and b = node names for connect ing resistance
r = node name for nodal variable
R = resistance value

The node voltage er 
at node r is given by

e — ea be =
r R

where e
a 
and e

b 
are the node voltages &t nodes a and b , respectively.

The resistance R must not assume a value of zero. The resistance is
• completely specified by this element format and the user is not required

to include a separate resistor entry to describe the resistance.

The user may reference the resistance value and the nodal variable by
using the symbolic names CCNVn and N(r), respectively.
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3. SYSTEM ELEMENTS

This chapter describes the system elements available in NET—2 . For each
system element information is included on the element description format ,
the function performed by the element , and symbolic names for all para—
meters which may be associated with the element . The element parameters
may be designated by numerical constants or mathematical expressions.
Multiple values must always be separated by commas .

Unless otherwise noted , there are no computational delays associated with
the system elements when their parametei- values are specified by numerical
constants .

3.1 SUN Element

The SUM element forms the algebraic sum of quantities appearing at the
input nodes . There may be as many input nodes as desired. Each input

I - . node name r”ay be prefixed with a minus sign to indicate that the negative
4, of the quanti ty at that node is to be used in the algebraic sum . The

forma t i s :

SUNn ØUT INl IN2

where : SUM n = element ID
ØUT = output node name
IN 1, 1N2 , etc. = input node names (a minus sign may prefix the node

name to indicate subtraction).

An example of the use of this element is

SUM35 A 3I~ —G3 57 —2

In this example the sum appears at node A and is formed by adding the
a’&antities at nodes 31~ and 57 and subtracting the quantities at nodes G3
and 2.
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3.2 GAIN Element

The GAIN element multiplies the quantity at the input node by a factor K
to form the output quantity. The format is:

GAINn IN ØUT K

where: GAIN n = element ID
IN = input node name
ØUT output node name
K = gain value

The user may reference the value of K by using GAINn as the symbolic name.

3.3 MULT Element

The MULT element forms the product (including quotients) of quantities
appearing at the input nodes. There may be as many input nodes as
desired. The format is:

MIJLTn ØUT IN1 1N2

where: MULTn = element ID
ØUT = output node name
INl , 1N2 , etc.  = input node names

Any input node name may be prefixed with a minus sign to indicate that
division by the quantity appearing at that node is desired instead of
multiplication. Division by zero value is prohibited.

An example of the use of this element is

MtJLT1~6 J —5 98 25 —67

The output quantity which appears at node J is formed by the product of
the quantities at nodes 98 and 25 divided by the product of the quantities
at nodes 5 and 67.
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3i~ L~QR’r
The SQRT element delivers a quantity at the output  node which  is the
positive square root of the quantity at the input node . The format is:

SQRTrs IN ØUT

where : SQ,RTn = element ID
IN = input node name
ØUT = output node name

Care must be taken to avoid a negative quantity at the input node .

3.5 ABS Element

The ~~S element delivers a quantity at the output node which is the absolute
value of the quantity at the input node. The format is:

ABSn IN ØUT

where: ABSn = elemen t ID
IN = input node name
ØUT = out put node name

3.6 SIGN Element

The SIGN element delivers a quantity at t.he output node which is formed by
combining the magnitude of the quantity at the f irst  input node with the
sign of the quantity at the second input node. The format is:

SIGN n IN1 1N2 ØTJT

where : SIGNn = element I D

INl = input node name for magnitude quantity
1N2 = input node name for sign quantity
ØUT = output node name

tIE: 
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3. ( MAX Element

The MAX element delivers a quantity at the ou .put node which is the alge-
braic maximum of’ the quantities which appear at the input nodes. There
may be as many input nodes as desired . The format is:

MAXn ØUT IN 1 IN2 IN3

where : MAIn = element ID
~~~UT = output node name
IN1, IN2 , 1N3, etc . = input node names

3.8 MIN Element

The MIN element delivers a quantity at the output node which is the algebraic
minimum of the quant ities which appear at the input nodes. There may be as
many input nodes as desired. The format is:

MINn ØUT IN1 1N2 1N3

where: MINn = element ID
ØUT = output node name

• INl , 1N2 , IN 3, etc .  input node names

• 3 .9 TABF Element

The TABF element delivers a quantity at the output node which is an empirical
function of one or two input node quantities. The empirical functional
relationship is defined by a one— or two—dimensional table , using the input
node quantities as arguments for the table lookup . There are two formats ,
depending upon whether a one— ~r two—dimensional table is involved :

TABFn TABLEm ØUT IN
TABFn TABLEm ØUT IN1 II~I2

where: TABFn = element ID
TABLEIS = table ID
ØUT = output node name
IN = input node name for a one-dimensional table
IN1 and 1N2 = input node names for the first and second arguments,

respectively, for a two—dimensional table
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3. ~~0 INT Elemeut

The INT element delivers a quantity at the output node which is the time
integral of the quantity at the input node. The format is:

INTn IN ØUT K , Init ial

where: INT n = element ID
IN input node name
ØUT = ou 4- put node name
K = value of’ the  int egrator gai n fac tor
Ini tial = in i t ia l  value of the integrator output at zero time

The initial value speci f ica t ion  is optional . If it is omitted a default
value of zero will be used.

The function performed by this  element can be expressed mathematically as

e ( t )  
=f 

K e .( t ) d t  -4- e ( O )

where e (t) is the output nodal quantity , e.(t) is the input nodal quantity,
t is the time variable, K is the integrator’gain factor, and e (o) is the
initial value of the integrator output at zero time . This fun~tion is
represented as K/s in the AC small signal calculation .

The user may reference the integrator gain factor K and the initial value
7 by using the symbolic names INTn and INTn.l , respectively.

3.11 DERIV Elen-ent

The DERIV element delivers a quant ity at t he out put node which is the time
derivative of the quantity at the input node . The format is:

DERIVn IN ØUT

where : DERIVn element ID
IN = input node name
ØUT = output node name

The DERIV element is represented by the transfer function s in the AC small
signal calculation.
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3.12 rrr ansrer Functions in the s—plane

NET—2 has a group of system elements which accomplish the basic s—plane
transfer function operations . Each element has an input and output node
and one or more values to represent the quantities in the transfer function .

In each of the elements the quantity at the output node is equal to the
appropriate transfer function operating on the input node quantity.

In the formats given below , IN is the input node name, ØUT is the output
node name, and a, b , c, and d are values in the transfer function expression .

The transfer function l/(s+a) is available through the format

)~‘Pn IN ØUT a

The transfer function (s+a)/(s+b ) is available through the format

XFZPn IN ØUT a, b

The transfer function s/(s+a) is available through the format

XFSPn IN ØUT a

The transfer function l/(s2+as+b) is available through the format

XFCPn IN ØUT a, b

The transfer function (s+a)/(s2+bs+c ) is available through the format

XFZCPn IN ØUT a, b , c

The transfer function (s2+as+b)/ ((s+c)(s+d)) is available through the format

XFCZDPn IN ØUT a, b , c, d

The transfer function (s2+as+b)/(s2+cs+d) is available through the format

• 
~ ‘CZCPn IN ØUT a, b , c, d

The user may reference the values of a, b , c, and d where they are applicable
by symbolic names of the form XXXn, XXXn.l, XXXn.2, and )O(Xn.3, respectively ,
where XXX is the appropriate transfer function element prefix. For example ,
the value of c in element XFCZDP35 is referenced by )cFCZDP35.2.
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3.13 LØG Element

The LØG element delivers a quantity at the output node which is the natural
logarithm of the quantity at the input node . The format is:

LØGn IN ØUT

where: LØGn = element ID
IN = ini ut node name

— 
ØUT = output node name

Care must be taken to avoid a negative or zero quantity at the input node .

3.l~4 EXP Element

The EXP element delivers a quantity at the output node which is the exponential

- 
. function of the quantity at the input node. The format is:

EXPn IN ØUT

1: - 
where: EXPn = element ID

IN = input node name
ØUT = output node name

3.15 EXPN Element

The EXPN element delivers a quantity at the output node which is the quant i ty
at the first input node raised to a power given by the quantity at the s~~- ond
input node. The format is:

EXPNn IN1 1N2 ØUT

where : EXPNn = element ID
INl = node name for first input node
1N2 = node name for second input node (the exponent node)
$UT = output node name

The function performed by this element can be expressed mathematically as

e = e
i

e
2

where e is the output nodal quantity, e1 is the nodal quantity at the firstinput n8de, and e2 is the nodal quantity at the second input node.

This element is restricted to non—negative values of e1, even though the
exponentiation process is defined for negative e

1 when e2 assumes integervalues.
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3.16 SINCØS Element

The SINCOS element generates the sine and cosine functions of an input
quantity. The format is:

SINCØSn IN SIN CØS

where: SINCØSn = element ID
IN = input node name
SIN = output node name for sine function

• CØS = output node name for cosine function

The input quantity is expressed in radians. Either or both output nodes
may be used for connection to other parts of the network . Node names
must be assigned to both output nodes even though only one is used .

3.17 ASIN Element

The ASIN element delivers a quantity at the output node which is the
inverse sine function of the quantity at the input node. The format is:

ASINn IN ØUT

where: ASINn = element ID
IN = input node name
ØUT = output node name

The output quantity is expressed in radians. The input quantity e1 
must

be in the range —l < e . ~ +1, and the output quantity e is constrained
to the range —~/2 ~~ e ’~ ~~~/ 2 .

3 . 18  ACØ S Eleme nt

The ACØS element delivers a quantity at the output node which is the inverse
cosine function of the quantity at the input node. The format is:

ACØSn IN ØUT

where: ACØSn = element ID
IN = input node name
ØUT = output node name

The output quantity is expressed in radians . The input quantity e. must be
in the range —1 < e. < +1, and the output quantity e is constraink to the
range 0~~~ e~~~~~T .  1 0
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3.19 ATAN Element

The ATAN element delivers a quantity at the output node which is the inverse
tangent function of the quantity at the input node. The format is:

ATANn IN ØIJT

where : ATAN n = element ID
IN = input node name
ØUT = output node name

The output quantity e is expressed in radians and is constrained to the
range — IT /2 <

3.20 TAN H Element

The TANH element delivers a quantity at the output node which is the
hyperbolic tangent of the quantity at the input node. The format is:

TANHn IN ØUT

where: TANHn = element ID
IN = input node name

- 
ØUT = output node name

The input quantity is expressed in radians.

3.21 LIM Element

The LIM element performs symmetric limiting on the input node quantity and
delivers the result to the output node. The format is:

LIMn IN ØUT Limit

where: LIMn = element ID
IN = input node name
ØUT = output node name
Limit = value of the upper (positive) limit

The LIM element clips the input quantity at the positive and negative
limits. If the input quantity is between the limits , the output quant ity
is equal to the input quantity.

The user may reference the limit value by using LIMn as the symbolic name.
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3.22 L~ -. ~.NT Element

The LIMINT element performs the function of limit integration of the quantity
at the input node and delivers the result to the output node. The LIMINT
output quantity is the time integral of the input quantity provided that the
magnitude of the output quantity does not exceed a specified limit value-. If
the limit value is reached and integration of the input quantity is such as
to try to increase the output quantity magnitude , the output quantity is
held at the appropriate limit value. However , if the output is at a limit
value and the input is such as to try to decrease the magnitude of the out-
put, the output will inmediately decrease in magnitude and normal integration
will resume. The format is:

LIMINTn IN ØLJT K, Limit , Initial

where : LIMINTn = element IJ
IN = input node name
ØUT = uutput node name
K = value of ir tegrator gain factor
Limit = value of the upper (positive) limit
Initial = initial value of the integrator output at zero time

The initial value specification is optional . If it is omitted a default
value of zero will be used.

The function performed by this element in the absence of limiting can be
expressed mathematically as

f- ( t )  
=f 

K e.(t)dt + e (O)

where e (t) is the output nodal quantity , e.(t) is the input nodal quantity,
t is th~ time variable , K is the integrator

’gain factor , and e (0) is the
initial value of the integrator output at zero time. This function is
represented as K/s in the AC small signal calculation.

The user may reference the integrator gain factor K, the limit value,
and the initial value by using the symbolic names LIMINTn, LIMINTn.l, and
LIMINTn.2, respectively.
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3.23 RNGEN Element

The RNGEN element generates random values at its output node. It does
not have an input node. The format is:

RNGENn OUT Type

where : RNGENn = element ID
OUT = output node name
Type = integer value specifying random number distribution type

If Type = 0 the random numbers are uniformly distributed between 0 and 1.
If Type = 1 the random numbers are distributed according to a Gaussian or
normal distribution, with a mean value of 0 and a standard deviation of 1.

A new random number is generated for each unique solution point, i.e., for
every steady state solution point and for every time step during the
transient solution.

The user may reference the value of Type by using RNGENn as a symbolic
name.

3.21~ 1~ BM Element

The NØRM element calculates the square root of the sum of the squares of
the quantities at the input nodes and delivers the result to the output
node. There may be as many input nodes as desired. The format is:

NØRNn OUT INl IN2

where : NØRMn = element ID
OUT = output node name
IN1, IN2, etc. = input node names

The function performed by this element may be expressed mathematically as

where e
0 

is the output nodal qui~ntity and e1 is the i~~• input nodalquantity.
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3.25 MØD Elemer~t

The MOD element performs a modulo reduction on the input nodal quantity
and delivers the result to the output node. The format is:

MØDn IN OUT Modulus

where : MODn = element ID
IN = input node name
OUT = output node name
Modulus = value of the modulus

The input value and the modulus may have any real value. The output value
is given by

e = e. — [e./m]m
0 1 1

where e is the output value, e. is the input value, m is the modulus, and
[e ./ml  ?~ the greatest signed ii~iteger whose value is not greater than e ./m.

The user may reference the value of the modulus by using MØDn as the
symbolic name.

3.26 QUANT Element

The QUANT element performs quantization of the input nodal quantity and
delivers the result to the output node . The format is:

QUANTn IN OUT a, b

where: QUANTn = element ID
IN = input node name
OUT = output node name
a = value of quantization step width
b = value of quantization step height

The mathematical function performed by this element may be expressed as

e = [e./a]b

where e is output value, e. is the input value, and [e./aJ is the greatest
signed ~nteger whose value ~s not greater than e./a. 

1

The user may reference the values of a and b by using the symbolic names
QUANTn and QUANTn.l, respectivejy.
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3.27 DELAY Element

~~ DELAY element introduces a time delay between the input node and the
output node . The format is:

DELAYn IN ØUT m T

where : DELAYn = element ID
IN = input node name
ØUT = output node name
m = internal buffer size (must be an integer numerical constant )

= value of time delay

~‘ ih- ~ DELAY element stores succe ssive values of the input nodal quantity and
~Ic livers then to the output node after a delay time T has elapsed. The

P elemen t contains an internal buf fe r  for purposes of storing the delayed
information . The internal buffer size m specifies the maximum number of
time points which may be stored in the element at any one time . Increasing
the buffe r size requires additional computer core storage space but does
not appreciably alter the computation time .

The user may reference the delay time T using DELAYn as the symbolic name.

3.28 SAMPL Element

The SA~1PL element accomplishes the function of sample and hold. It has
two input nodes and one output node . The format is :

SAMPLn IN1 1N2 ~UT

where: SAMPLn = element ID
P IN1 = node name for input node

1N2 = node name for control node
ØUT = output node name

The output of the SAMPL element is identical to the input whenever the
quantity at the control node is greater than zero. If the control node
quantity is zero or negative , the output node retains the last value at
the input node before the control node became zero or negative . If the
control node value is zero or negative during the DC steady state calcu—
lation, the output node value is zero.
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3 .2 9 HYST Element

The HYST element is used to represent hysteresis effects. It consists
of an input and output node and three parameters which define the shape
of the major hystere3is loop. The format is:

HYSTn IN OUT K, a, b

where : HYSTn = element ID
• IN = input node name

ØUT = output flOd ( •- nam e
K = value of slope of side of the hysteresis loop
a = value of the posit ive intercept on the absc issa
b = value of the positive intercept on the ordinate

The relation between the input and output nodal quanti t ies  are illustrated
in Fig. 3—1 where the abscissa represents the input and the ordinate
represents the output . The hysteresis ioop is symmetric about the origin.

4 - . 
Minor cycles may be traversed within the loop as shown by the dashed line r
in the figure. The magnitude of the output is limited by the value of b.

The user may reference the values of K , a , and b by using the symbolic names
-

~ - 
HYSTn, HYSTn.l, and HYSTn.2, respectively .

V

/1111/ 
SL OPE = K

Fi gure 3-1 . Hysteresis Element
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3.30 AND Element

The AND element accomplishes the Boolean function of logical AND . It
has one output and as many inputs as desired. The fo rmat is:

ANDn OUT INI ~ :~~~
-

where : ANUn = element 10
OUT = output node name
IN1, IND , etc. input node names

A max imum of ~0 input nodes can be accommodated. Any of the node names
(incluaing the output node name) may be prefixed with a minus sign to indicate
that the definition of the Boolean values of 0 and 1 are to be interchanged at

- • that node . This permits logical complements to be represented at the input
• nodes without the need for a separate NOT function , and permits the output to

be logically inverted if desired . An example is

AND67 —OUT 56 —67

which implements the following truth table

56 67 ØUT

o 0 1
0 1 1
1 0 0
1 1 1

• Under normal conditions (i.e., no minus sign prefixes on the nodes) a zero
or negative value at an input node represents a logical 0 , and a value
greater than zero at an input nc-se represents a logical 1; a logical 0 at

f the output node is represented by a value of 0, and a logical 1 at the
output node ~s represented by a value of 1.
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3 . i l  ØR Element

The OR element accomplishes the Boolean function of logical OR. It has
one output and as many inputs as desired. -The format is:

ORn OUT IN1 1N2

where : ORn = element ID
OUT = output node name
INI, 1N2 , etc. = input node names

A maximum of 60 input nodes can be accommodated. Any of the node names
(including the output node name ) may be prefixed with a minus sign to indicate
that the definition of the Boolean values of 0 and 1 are to be interchanged at
that node . This permits logical complements to be represented at the input
nodes without the need for a separate NOT function , and permits the output to
be logically inverted if desired. An example is

0R67 —ØUT 56 — 6 7
-e

which implements the following truth table

- 
- - 56 67 OUT

0 0 0
• 0 1 1

1 0 0
1 1 0

Under normal conditions (i.e., no minus sign prefixes on the nodes) a zero
or negative value at an input node represents a logical 0, and a value
greater than zero at an input node represents a logical 1; a logical 0 at
the output node is represented by a value of 0, and a logical 1 at the
output node is represented by a value of 1.
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3 .32  E ØH Elemelit

• The EOR element accomplishes the Booiean function of Exclusive OR. It has
one output and as many inputs as desired. The format is:

EØRn OUT IN1 IN2

where : EØRn = element ID
OUT = output node name
INl, IN2, etc. = input node names

A maximum of 60 input nodes can be accommodated. Any of the node names
(including the output node name) ~nay be prefixed with a minus sign to indicate
that the definition of the Boolean values of 0 and 1 are to be interchanged at
that node . This permits logical complements to be represented at the input

- - nodes without the need for a separate NOT function , and permits output to be
logically inverted if desired. An example is

-1~

E0R67 —ØUT c6 -el

which represents the following truth table

56 67

0 0 0
0 1 1
1 0 1
1 1 0

Under normal conditions (i.e., no minus sign prefixes on the nodes ) a zero
or negative value at an input node represents a logical 0, and a value
greater than zero at an input node represents a logical 1; a logical 0
at the output node is represented by a value of 0, and a logical 1 at
the output node is represented by a value of 1.

I

L~~~~ 

127

:J1 i= Ti

~~

T

~~~~~~~~~~~~~~~~~~~~~

. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _



_______ ‘--‘5. - 
- -~~~~-~~ ‘—----- -- -—————~ ~~~~~~~~~ - ——

- - -
-—--~~~ ~~~~~~~ — —5

3.33 RSTFF Element

The RSTFF element is a logical model of an RST flipflop. The format is:

RSTFFn H S T RESET SET State

where : RSTFFn = element ID
R = reset input node name
S = set input node name
T = trigger input node name
RESET = reset output node name
SET = set output node name

F State = initial value of flipflop state

If the value of State is zero or negative, the flipflop is initially in
the reset state; if the State value is greater than zero, the flipflop is
initially in the set state. The State value is optional. If it is not
specified a default value of 0 will be assigned.

When the flipflop is in the reset state, the RESET output will have a
h -

~ value of 1 and the SET output will have a value of 0; when the flipflop
is in the set state the RESET output will have a value of 0 and the SET
output will have a value of 1.

Values which appear on the H and S inputs are interpreted as follows:
if the value is zero or negative, the input value is interpreted as a
logical 0; if the value is greater than zero, the input value is inter—
preted as a logical 1.

If a logical 1 is applied to the R input, the flipflop will assume the
reset state, provided that the S input has a logical 0. Similarly , if
a logical 1 is applied to the S input, the flipflop will assume the set
state , provided that the R input has a logical 0. If neither the H or S

• input has a logical 1 and the trigger input is quiescent, the flipflop
will maintain its previous state. If a logical 1 is applied to both the
R and S inputs, both the RESET and SET outputs will have a value of 1. If
both the R and S inputs simultaneously return to a logical 0 value, the
flipflop will assume the reset state.

- - 
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If either the R or S inputs have a logical 1 value , the trigger input will
have no effect. In the absence of a logical 1 on the set and reset inputs
the trigger input will have the following characteristics: If the trigger
input value becomes greater than 0.5 the flipflop will reverse its state.
The trigger input will have no further effect on the flipflop until the
trigger value has decreased to a value of 0.1 or lower , then later becomes
greater than 0.5 again , at which time the flipflop will again reverse its
state. Thus, the trigger input can be viewed as having a trigger threshold
value of 0.5 and a reset value of 0.1, with a requirement that the trigger
must be reset before it can be used for triggering purposes again.

If the flipflop state in the DC steady state calculation is inconsistent
with the user specified State value , a diagnostic message is provided .

• The user specified value of State will be ignored in such circumstances.

The user may reference the State value by using RSTFFn as the symbolic
name.
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3.3b ØUTFL Element

The OUTFL element provides the user with a means of writing any NET-2
quantity capable of being referenced onto an external file. This
element has no nodes. The format Is:

OUTFLn File, Si S2

where: OUTFLn = element ID
File = FORTRAN logical unit number for the external file as a

numerical integer
Sl, S2, etc. = symbolic NET—2 names of quantities whose

values are to be written on the external file.

The values of the denoted quantities are written onto the external file
along with the value of TIME during the time domain response calculation
at every time step. The AC small signal variables at a single frequency
may also be included at each time step.

The external file may be read during a subsequent NET-2 run by the INPFL
element .

The FORTRAN logical unit number must be chosen so as not to conflict with
logical unit numbers utilized for other purposes during the NET—2 run .
Logical unit numbers and their assigned func’tion in NET—2 are given in
Appendix A. Any logical unit number in Appendix A which is not required
by the NET—2 run may be used for the OUTFL element .

An example of the use of the ØUTFL element is

OUTFL65 10, R32 GA~U~ØT X39 I(L27) NV45) L29.l

The OUTFL entry must not contain any mathematical expressions.
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3.35 INPFL Element

ihe ~~D F .  element provides the user with a means of reading information
from an external file for the purpose of driving a NET-2 calculation . The
quantities which are stored on the external file appear as nodal quantities
in the r~etwork . The format is:

INPFLn File , INl 1N2 IN3

where : INPF’Ln = element ID
File = FORTRA N logical unit number for the external f i le  as

a numerical integer
IN1, IN2 , 1N3, etc. = input node names

The external file must have been written in a format which is compatible
with that produced by the OUTFL element . The number of input nodes must
agree with the number of quantities specified in the OUTFL element descrip—
tion which generated the external file . There is a one—to—one correspondence
between the symbolic names in the OUTFL element which generated the external
f i l e  and the node names in the associated INPFL element .

r 

- As the time domain response is calculated , values of the quantities from
the external file will appear in time sequence at the designated nodes.
Synchronizat ion of the time variable between the network calculation and
the external file is automatically handled. The user need not be concerned
with details of time step size. Linear interpolation between values on the
external file is used when necessary.

If the external f i le  info rmation is exhausted before termination of the
transient calculation , the last set of values in the external file will
be utilized un t i l  transient termination occurs. If multiple transient
solutions are specified , the external file will automatically repeat its

- 
set of values for each transient solution .

The FORTRAN logical unit number must be chosen so as not to conflict with
logical unit numbers utilized for other purposes during the NET-2 run .
Logical unit numbers and their assigned function in NET—2 are given in
Appendix A. Any logical unit number in Appendix A which is not required
by the NET-2 run may be used for the INPFL element .

An example of the use of the INPFL element which is compatible with the
examp le for the ØUTFL element is

- 

- 
- I NP F L ) 45 11, ASI) G~45 76 1 31~F 5

We see that R32 will appear at node ASD, GAMDOT will appear at node G1~5 ,
Xf) will appear at node ‘(6 , I(L27) will appear at node 1, N()45) will
appear at node 3~F, and L29.l will appear at node 5.
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3.36 SNC LK Element

The SNCLK element is a synchronous clock capable of multiphase operation .
The element has only an output node. The format is:

SNCLKn OUT T, N

where: SNCLKn = element ID
OUT = output node name
T = value of major time period
N number of phases

The specification of N is optional . If N is omitted a default value of
2 will be used. The value of N must be a positive integer not less than 2.

During the DC steady state calculation the output value will be N. At
the start of the transient solution , the output value will be reset to 1,
and will count through the integers up through N , with each successive
value appearing for a time interval T/N . At every integral mult iple of T
the output value restarts at 1 and the counting sequence is repeated.

The user may reference the value of T and N by using SNCLKn and SNCLKn.l
as symbolic names , respectively .

NET—2 chooses its time st eps so that they are alway s coincident with the
initiation of successive phases of the clock output .

3.37 DDACC Element

The DDACC element is a digital element which performs the function of an
accumulator in a digital differential analyzer. It has two input nodes
and three output nodes. It may be used in both synchronous and asynchronous
logic applications. The format is:

DDACCn CLK DZ Z CRY RDY Modulus , t~t, Decode , Encode, Zo

where: DDACCn = element ID
CLK = input node name for the clock input
DZ = input node name for the increment quantity Az
Z = output node name for the modulo sum z
CRY = output node name for the carry c
RDY = output node name for the ready signal
Modulus = value of the accumulator modulus
At = element time delay value
Decode = Value of signal required to activate clock input
Encode = Value of ready output when element is in ready state
Zo = initial value of modulo sum z at time zero
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The Decode , Encode , and Zo s p ec i f i c a t i o n s  are optional . if they are omitted
NET—2 will use default values of 1, 1, and 0 , respect ively .

The DDACC element produces a rnodulo sum z and a carry c at time t provided
it has been clocked and was in the ready state at time t — At. At time
t — dt the applied increment was Az. The operation can be expressed
mathematically as

z ( t )  + mc(t) = z(t—At ) + A z(t—At )

where m is the modulus of the accumulator .

The accumulator has a clock input ard a decode value assigned to that input .
A transition on the clock input to the decode value from any other value
constitutes a clock pulse. If a clock pulse occurs when the ready output
is in the ready state , the element is clocked. The element is also clocked
if the clock input already is at the decode value and the ready output makes
a transit ion from the not ready state to the ready state.

When the element is in the ready state , the ready outpc.t will be sa t  to the-r encode value . The element is alway s in the ready condition during the DC
steady state calculation . When input clocking occurs , the ready output goes
to a zero value , indicat ing a not ready state , and the quantity Az at the DZ
input node is captured by the element . After  a time delay At has elapsed , the
ready output again assumes the encode value to indicate that the element is
ready , and the outputs for the modulo sum z and the carry c appear with
their new values ref lect ing the modulo addition process. These outputs are
maintained until a new sum and carry are generated by a subsequent clocking
and time delay for the element .

NET—2 chooses its time steps so that they are always coincident with the
P appearance of the ready condition . This permits the element to be used in

asynchronous logic applications.

The user may reference the values of the modulus m , the time delay At , the
decode value , the encode value, and the initial value Zo by using the symbolic
names DDACCn , DDACCn. 1, DDACCn.2, DDACCn.3 and DDACCn .1~, respectively .
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3 . 3 8  RMS El- -meri t

The R143 element calculates the root mean q~ are value of a time series H
of valu€s ~f a quantity appe5tring at the input node . The format is:

BMSn IN ØUT Ft , To

where : RMSn = element lD
IN = input node name
ØUT = output node name
Fo = estimated ini t ia l  RMS value
To = time interval associated with Fo

The quantities Fo and To are optional . If they are not specified a value
of zero will be used.

The quantity e (t) at the output node is the root mean square value and is
calculated as

I t  1!If
IJ  e. ( tYdt + F ’ T

e (t) 
t + T

where e.(t) is the quantity appearing at the input node . The RMS value F
at early time s may be influenced appreciably by the estimated value F -

The estimated value and its associated time interval T are included
assist the user in converging to the long term RMS val~e over a short
time interval for periodic or quasi—constant input values. The trape-
zoidal rule is used for the time integration process.

The user may reference the quantities Fo and To by using the symbolic
names RMSn and RMSn.l, respectively.
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14 . DEFINED SUBN ETWORK S

This chapter and Chapter 5 present some conveniences available to the
user in describing certain network configurations to NET—2 . The casual
user of NET-H may wish to omit these chapters . However , the serious user
will wish to take advantage of the flexibility contained in the following
pages. The price of this f lexib i l i ty  is a comp lication in the language .

In deve .~cp ing th e material  on the following pages , we shall refer to the
maiu r-~etwci ’k -leacription . By this we mean the network description which
is described ctartiri~ at indentation level 0. The subnetworks which will
be define I may become part of’ the main network or part of some other sub —
network which is also defined.

Fhe :iw’ai~~-~ c e u~ dec and network parameters in defined subnetworks can
beccme ~ui~~c involved. However , there is a general rule which should
be r ept I:. ~i in -~: When defining any subnetwork , remember that the sub—
~.et~:c: k -im i ar~y subnetworks nested within  it must form a completely

• sre-cific-I s~.-stem and n~ 1ude all necessary definitions of quant it ies
wit~ the --xc ’~ -tion of tables and functions . All names are written as
though the subnetwork were actually the main network .

14.1 DEFINE Entry

The DEFINE Entry is used to define a subnetwork in terms of other network
elements known tc NET—2 . The f i rs t  line of the entry appears at indenta-
tion level 0 and spec i f i es the word DEFINE , the prefix used to designate
the submetwork , and d ummy node names which represent terminal nodes in the
subnetwork . The prefix may contain only alphabetic characters. Only pre—
fixes which do not already have meaning to NET—2 may be used (see Appendix
B for a list of names and prefixes which already have specified meaning to
NET-2). Subsequent lines are indented and describe the subnetwork . Sub-
network element descriptions are listed on indentation level 1 according
to standard NET—2 formats.
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An example of a DEFINE Entry is:

DEFINE TR IN OUT V2 0
Rl IN 1 10
Cl IN 1 25
R2 (2 )  V2 1 150
Ti 0 1 OUT 2N6l45~~

In this example a network element with prefix TH is defined . Network
element TR has four dummy terminal nodes: IN , OUT , V2 , and 0. These
node names are chosen from the names used in the subnetwork def in i t ion
in the DEFINE Entry , and the names are treated as distinct from the
nodes in the main network to which the subnetwork is connected . Thus ,
the same names may be used for nodes and network element ID ’ s in both
the main network and the defined subnetwork without confusion . Note
that all nodes which connect to the main network (including ground)
must be included as terminal nodes. System element input s and outputs
are automatically referred to node 0 in the main network.

This defined subnetwork may now be used freely as part of the main
network or as part of another defined subnetwork . An example of main
network use is:

TR35 IN 14 7 0
TR5 ( 3 )  3 16 8 5

Note that a numerical suffix is appended to the subnetwork prefix , so
that now the subnetwork ID has the appearance of an ordinary network
element ID. The connection points are listed in the same order as in the
corresponding DEFINE Entry, except that now the node names of the network
of which the subnetwork is a part are used . These node names may be the
same as or different from the dummy terminal node names in the DEFINE Entry .

Note that the parallel segment designation may be used in both the network
element usage in the DEFINE Entry and the defined subnetvork usage.

When a subnetwork is included as part of a larger network or subnetvork ,
that included subnetwork is said to be nested inside the larger network .
Subnetworks may be nested up to a maximum level of sixteen. An example
of nesting to a level of four occurs when A , B, C, and D are subnetworks ,
and the main network contains A (level 1), A contains B (level 2), B
contains C (level 3), and C contains D (level 14).

Subnetwork definitions may not be cyclic , as, for example, when A contains
B and B contains A.
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Figure 14—1 shows the nesting concept in pictorial f-~ rn. In this illustration ,
we see subnetworks TQ, SB , HB, and PY have been defined . Their interconnec-
tions can be represented by the following excerpt from a complete network
desc ription :

TQ1 1 3
PY3 3 5 5 6
HB5 2 9
SB3 7 9 9

TO 1 2
SB2 

:. 
1

DEFINE PY 1 2 3 14

HB5 2 3

DEFINE HE 1 2

DEFINE SB 1 2 3
HE6 6 3

- - 
- - The dots indicate additional network description which is irrelevant for

purposes of this illustration . From this illustration , it is easy to
see the nesting concept . We can also see that a defined subnetwork may
be used anywhere , but when used it automatically carries all other sub—
networks nested inside of it along with it.

We can always refer to a subnetwork nested inside a given subnetwork (or
the main network ) by composing a compound name constructed of the names
of the subnetworks in the order of nesting , starting at the given sub—
network level and proceeding to the desired subnetwork nested inside .
For example , the name TQ1.SB2 is a main network reference which refers
to subnetwork SB2 which is contained within  subnetwork TQ1. The name
TQ1.SB2 automatically includes subnetwork TQ1.SB2.HB6 since it is nest ed
inside of TQ1.SB2.

14 .2  Refe rencing Nodes In The Nest

In a given subnetwork def ini t ion , it is always possible to refer  to nodes
which belong to that subnetwork ( including the dummy terminal nodes using
thei r dummy names ) or to any node in a subnetwork nested inside the sub—
network being defined.  All other nodes are inaccessible for reference
purposes.

Such a reference is made for purposes of writing a mathematical expression
or for interconnecting network elements.
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Figure 14-1 . Nested Subnet works
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The node nan — of inter - :t. is -or --~ r- -icue d ry st~t r t i n c  at the defined
subnetwork level and buiIi~~ig ir a - -sonoand nwn~: which traces the nest ing
process. For example , ~~~ 

- - -  -i- - - er -- i - f i n i n g  subnetwork SB and we wish
to connect a resistor ~~ 3 h-- w~- -n n sj e  of ib and node 14 of HB6 which
is nested wituir. 3B (~~~e-~ F i g .  .—

~~~) .  ihe n the DEFINE Entry for SB would
include the following it. 

DEFINE SB 1 2 13
K~6 6 3
R23 6 HB6. 14 13)

Since the main network can be thought of as the out ermost network in the
nest , it is seen that in the main network description we can refer to any
node. For example , if we wishe-i to insert the same resistor R23 between
the indicat ed nodes , as seen from the main network , we would be forced to
use two different resistors since in Fig. 14—1 the network element SB is
used twice in the main network . Calling these two resistors R23 and 11123,
we would then have this equivalent designation in the main network descrip—
t ion :

R23 TQI.SB2.6 261.SB2.HB6.14 139
R123 2B3.6 SB3.1-{B6.14 39

~n c tn er  words , the actuei name used to designate the node depends upon
w - ~r~ in the network description the reference to that node is being made .

Hne ajw~tys has more than one node name available for a subnetwork terminal
node when that nois is referenced from outside of the subnetwork itself.
Inc user must always refer to the outermost form of the name under such
condit ions , i.e., he mus t never use the dummy terminal node name for the
subnetwork ariless there is no other alternative (there is always an alter—
native except when the dummy terminal node name referenced is on the same
nest level as that from which the reference is being made).

An example using Fig. 14-1 illustrates this point . Let us assume that we
wish to define a resistor R 5 in subnetwork T~ . This resistor will be
connected between node 1 of TQ and node 6 of SB2 . We see that we have a
choice of node names available for connecting R5, i.e., node names 1 and
SB2 .2 for one no te , arid node names SB2.6 and SB2 .HB6.l for the other node .
We must always use the node name which is nearest to the referencing nest
level. Thus , the legal node names for R5 are 1 and SB2.6 and the use of
either of the other two node names is not permissible .

Note that nodes inside of modeled devices can be re ferred to. For example ,
if we wish internal node 14 of transistor T14 which is included in the sub—
network TQ1.SB2.HB6, we write TQ1.SB2.HB6.T14.4. In other words , modeled
devices are treated like subnetworks for reference purposes.
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14.3 Referencin~ Network Parameters

In a given subnetwork definition , it is always possible to refer to network
parameters which have been introduced or defined in that subnetwork or any
subnetwork nested inside the subnetwork being defined. All other network
parameters are inaccessible for reference purposes. Such a reference is
alway s made for purposes of writing a mathematical expression .

Since the main network can be thought of as the outermost network in
the nest , it is seen that in the main network description we can reference
any network parameter.

The technic~-ae of specifying the correct name for the reference is identical
to that used for specifying node names in nested n~ tworks. The name is
constructed by starting at the defined subnetwork level and building up
a compound name which traces the nesting process. This compound name is
terminated with the actual name of the quantity of interest .

Let us again use Fig. 14—i as an illustration . We will introduce a t ime
varying resi stor P~ in the subnetwork definition for SB. In so doing, we
must be sure that  all quantities used in the mathematical expression for
R6 are defined e i t ne r  in lB or in a subnetwork nested inside SB (with
the exception of’ func t ion  and tab le re ferences which are defined as
part of the ma in network descri ption ; see 14.14). We may now refer to
this particular R~E- either in the definition of SB or in any subnetwork
(including the rnai; network ) which  contains SB. However , we cannot refer
to it in the SB definition since HB is nested inside of SB. Thus , in the

¶ main network , we refer to TQ1.SB2.R6 or to SB3.56 , while in the def in i t ion
of TQ we refer to IBH.R6.

1-
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14 . 14 Function and Table Definitions and References

There are special rules which apply to funct ion and table references
which may appear in mathematical expressions in a subnetwork definition .
The definition of the function or table must be given as a part of the
main network description .

An example is:

DEFINE LCA A B C
LC1 A 1 C
LC2 A B C
R3 1 C TABLE9(TIME)

— TABLE9
0 0
1 3
5 1 0

DEFINE LC A B C
Ll A 1 F9(C2)
C2 B C TABLET(TIME)

P21 1.68
F9(A) = EXP(A) + 10
LCA1 1 5 7
LCA2 1 3 14
LC1 14 6 3
TABLET

3 2
5 1
7 0

Note that the definitions for TABLET and F9 are given as part of
the main network description .

Note that there is no modification of the names of functions or tables,
such as occurred for nodes and network parameters. However, the arguments
may have modified names since they may involve nodes and network parameters.
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- - 5. STORED MODELS

The language and rules for defining and using stored models are similar
to those for defined subnetvorks. Therefore, it is imperative that the
details in Chapter 14 be well in hand . Since a knowledge of Chapter 14 is
assumed , it will be sufficient only to refer to the principles detailed
there in the present discussion .

The models are stored in a library on a permanent storage medium. The
capacity of the library is 500 stored models .

~~~ Definition of Models

A stored model may be defired and permanently entered as part of a NET—2
computer run. The model may then be retrie,ed at any later time by
merely referring to it. Since the model may be used in any context , it
is important that its definition be completely self—contained .

A stored model is defined by a M~DEL Entry. The first line of the entry
appears at indentation level 0 and specifies the word MØDEL , the model
prefix, and the dummy terminal node naxr—s . The prefix may contain only
alphabetic characters and is limited to maximum of’ 7 characters. Sub—
sequent lines contain the complete network description , written in exactly

4 the same manner as described in other chapters, only beginning at indenta—
tion level 1 instead of indentation level 0. Thus, all indentation levels
are increased by one over a normal network description. The DEFINE Entry
may be used at will as part of the stored model description , and reference
may be made to any other stored model in the library.
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— An example of a stored model is:

M~DEL TR J K L ØUT o
LCB1 J 5 0
LCB2 5 3 0
Cl 3 1 50
Rl 3 1 10
R2 K 1 100
Ti 0 1 2 2N639
R3 2 L 2.2
TG1 2 0 ~UT 0
F9(A) = A**2*E~~(_ABS(A/5O))+35
DEFINE LCB 1 3 0

Tf
~J 1 2 0

LCA2 2 3 0
DEFINE LCA A C 0

Cl B 0 TABLE3(SQBT(TIME))
C2 C 0 5.67

TABLE3
0 20
5 25

I: 

10 35
15 36

Ll A B F9(LCB1.LCA2.Cl)
L2 B C 145 .8

In this example note that TG1 is specified but not defined . Since the pre-
fix TG has not been defined , NET—2 assumes it is another stored model in
the model library. If TG cannot be located in the model library, NET—2
will indicate an error to the user.

If, in the example, the main net’~ork description also included a defini—( tiori of a subcircuit LCA or LCB , no harm would be done. The names used
inside the model definition are completely private and will not conflict
with any definitions introduced outside of the model definition .

On the other hand , the user has complete freedom to refer to the model
from the main network. The model is completely equivalent to a defined
subnetwork for this purpose , and can be included as part of the main
network or as part of a defined subnetwork nested in the main network or
another defined subnetwork . The normal rules for nesting apply and any
node or network parameter may be referred to using the normal nesting
rules. Thus, if the main network contained network element TR35, then
the main network could refer to a specific node or network parameter in
the model, e.g., TR35.Tl.BN or TR35.LCB2.LCA1.C1.

If the library already contains a model with the same name as that speci—
fled In the MØDEL Entry, a warning message will be printed and the original
library model will be printed for reference. The new model will then be
stored Into the library and used .

- 
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5.1.1 Restrictions on Function Definitions

The mathematical expression which is used in the definition of a function
in a M~DEL Entry must not depend in any way upon particular nodes , re-

- 
sponse variables , or network parameters , i.e., the mathematical expression
must not be written explicitly in terms of any of these quantities. This
does not restrict the generality of function definitions in any way since
these forbidden quantities may be inserted through the dummy arguments.

Thus, the quantities which may explicitly appear in the mathematical
expression for a function definition within a M~DEL Entry are numerical
constants, table references, global variables, dummy arguments, and
other function references.

These restrictions apply only to function definitions within a MØDEL Entry.

p
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5.2 Using Stored Models

A model being stored or already stored in the library is available for use
- 

- 

in a network description as though it were a defined subnetwork . All of
the rules regarding defi ned subnetwork usage apply in this case.

For example , to use model TB in a network involves assigning a numerical
suffix to produce a legitimate network element ID and connecting the
terminal nodes to the desired nodes in the network:

TR35 (2) 66 76 78 9 0

Note that the parallel segment designat ion can be used if desired .

If the prefix chosen for a defined subnetwork appearing in the network
description is identical with the prefix of a stored model in the library,
the defined subnetvork will be used.
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6. STATE -SOLUTION

There are three types of calculations available in NET--2: State solutions ,
Monte Carlo solutions , and Optimization solutions . This chapter describes

- 
- the State solution .

The State solution consists of one or more network response calculations
corresponding to a prescribed set of numerical values of network parameters.
The nominal network parameter values are used in the calculation except
where specifically superseded in a given State solution .

The STATE Entry is used to convey information to the program for State
solutions . Within the STATE Entry , there are several types of information
statements possible.

Only quantities which have been defined as numerical constants may be
changed in the State solution. Thus, it is not possible to alter the

• forms of tables, functions , or mathematical expressions. However , this
restriction does not limit the scope of the State solution in any way .
Sufficient flexibility is available in the NET-2 language to permit any

• situation to be handled .

6.1 STATE Entry

Each State solution is specified by a STATE Entry which consists of two or
more lines. The STATE Entry must include an output specification . The
fi r st line of any STATE Entry begins at indentation level 0 and has the
format :

STATEn

This line is followed b~ one or more lines at indentation level 1 which
specify output, changes in value of numerical constants , and other infor-
mation as discussed below.

In referring to various network quantities in a STATE Entry , the same
names are used as would be used when referring to these quantities in
the main network description .

6.1.1 Network Parameter Value Changes

Network parameter values may be changed by either holding them at a new
constant value throughout the State solution or varying them over a
specified range in discrete steps during the solution .
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6.1.1.1 Constant Values

Each network parameter to be changed to a different constant value ~~
specified by listing its ID and. the new value. The new value may be
either an actual value or a relative value (suffixed by an asterisk).
In the case of relative values , the actual value is the product of the
nominal value and the relative value. Examples are:

STATE3
350

C23 .85*
D2.TH 1.89
GT6.FY7.T35.BN 55*
FREQ 367

6.1.1.2 Varying Values

There are two kinds of varying values available . One of them is called
the swept variable . Only one quantity may serve as a swept variable.

The other type is the parametric variable . There may be as many para—
metric variables as desired . The parametric variables are held at a
particular value while the swept variable is swept through its range.
Then the parametric variables are stepped to their next value and the
swept variable is again swept through its range . In this way , a family
of curves may be generated through the use of these two types of variables .

An example of a swept variable and two parametric variables is given by:

STATET
FREQ .005 (25* ) 1.5*
*Rl2 1 (3) 14 10 (2*) 20 35
*R314 10 (2) 15 20 50 100 (2) 200

Parametric variables are distinguished from swept variables by prefixing
them with an asterisk. Thus, in the above example, the swept variable
is FREQ and the parametric variables are 1112 and R314.

Note that some numbers are enclosed by parentheses while others are not.
The numbers which are not enclosed by parentheses represent specific
va1ue~ to be assumed by the variable. If these numbers are suffixed
with an asterisk, the relative value is indicated ; the actual value is
then the product of the nominal value and the relative value.

- 
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The number in parentheses indicates a ntep number , which is Lhe number
of steps involved when incrementing from the preceding value to the
succeeding value. Normally , linear steps are used; however, if the
number in parentheses has an asterisk suffix, logarithmic steps are
used. The written number sequence may not begin or end with step num-
bers , and two step numbers may not occur in succession in the sequence.

When more than one parametric variable is used , the total number of
values which will be assumed for each must be the same.

Thus, in the example shown above, R12 assumes the values of 1, 2, 3,
14 , 10 , i14 .i 14, 20 , and 35; while R314 assumes the values of 10, 12.5,
15, 20 , 50, 100, 150, and 200.

If TIME is specified as either a swept or parametric variable, the user
must insure that the sequ~nce of time values which he specifies is
monotonically increasing .

6.1.1.3 Topology Changes

Since switches may have numerical values, it is possible to change
network topology in a deliberate manner in a State solution.

6.1.2 Specification of DC Steady State and Transient Calculation

In general NET—2 will perform both the DC steady state calculation and
the transient calculation whenever a TERMINATE Entry is included in the
input and the termination condition is not satisfied by the DC steady state
response. The exception to this rule occurs only when contrary instructions
are given in a particular State solution . An example which produces only
the DC steady state calculation is:

TERMINATE = N (3 5 )- 5 7

STATE6
TIME 0 - 

-

PRINT N(146)

Similarly, if the TERMINATE Entry is missing, the transient calculation will
never be performed unless specifically requested by a nonzero value of TIME
in a particular State solution :

STATE7
• TIME 0 35 80
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6.1. 3 Device Modes

Modes of devices may be specified during the initial DC steady state calcu—
lation by using the word MODE as a device parameter name for a specif c
device followed by a desired mode , starting at indent ation level 1 in a
STATE Entry. For example:

STATE3
T1.MODE OFF

6.1.14 Output Statements

The output statements specify which response variables are to be calculated ,
and how the results are to be presented . Since it is possible to vary net-
work parameters over a range of values , the output statements can include

• plotting specifications.

Quantities which may appear as output include all network parameters , X
variables , symbolic constants , and response variables. The output statement
must not include mathematical expressions , numerical constants , function
references , or table references.

6.1.14.1 Print Statement

This statement begins on indentation level 1 and specifies the quantities
which are to be printed . An example is:

STATE3
PRINT Ri 11T5.T35.BN N ( l )  A ’ ( l— 0 / 2— O ) N ( 2 )  FREQ

This statement causes the printing of the quantities which are named in
the statement . Phase angle of AC small signal variables is printed in
degrees. It is not necessary to include parametric variables in the print
statement since they are automatically printed as headings. The swept
variable is also automatically printed .

A maximum of 10 quantities may be specified in each print statement, including
the swept variable.
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6.1.14.2 Plot Statement

This statement begins on indentation level 1 and specifies the quantities
to be plotted as well as the coordinate system to be used in plotting.
The independent variable is specified last, following the word VS. If no
coordi nate system is specified , a linear system is used. Each plot state-
ment produces a separate graph . Examples of plot statements are :

STATE3
PLØT N ( L )  VS 53
PLØT LINLOG A(l .-O/2—O ) z ( l— o / l— o ) vs FREQ

As many dependent variables as desired may be listed before the word VS.
Obviously , only one independent variable may be named. The phase angle of
AC small signal variables is plotted in degrees.

Coordinate systems are specified after the word PLØT. Choices are:

No specification Linear in both dependent and independent variables.
LINLØG Linear dependent and logarithmic independent variables.
LØGLIN Logarithmic dependent and linear independent variables.
LOGLOG Logarithmic in both dependent and independent variables.
PØLAR Dependent variable is plotted on polar coordinates (linear

magnitude and phase) as a sequence of points corr~esponding
to the swept variable values.

For POLAR plots an independent variable is never specified because both
coordinates refer to the dependent variable. The format is shown by this
example:

PLØT PØLAR A ( 3 — o/ 2 — 14 )  z ( 2 —o 1 3 —s )

Obviously , the usage of POLAR coordinates is restricted to the AC small
signal variables. The magnitude of the AC small signal variable is always
specified when using POLAR coordinates.
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In order to produce a meaningful graph there must be either a transir~rIL
calculation requested or a swept variable specified.

If no independent variable is specified for a given graph , the swept
variable will ~- e used automatically. Thus ,

STATE3
R3 1 (10) 20
PLØT I(L3)

will produce a plot of I(L3) versus R3.

Each curve in a given PLOT statement will use a different plotting symbol.
The symbols used , in order , are X1231456789ABCDEFGHIJKLMNOPQRSTU~W. The
fi rst curve is the f i rs t  dependent variable specified in the PLOT statement
using the first set of parametric variable values; this is followed by the
next dependent variable specified , etc., until all dependent variables have
been plotted for the first set of parametric variable values. The sequence
is then repeated using the next set of parametric values until all sets of
parametric variable values have been exhausted .

6. 1.5 Special Reguirements for Output in Transient Calculations

When a transient calculation is indicated , it is possible to generate a
multidimensional set of data points. Since display of mul t id imens ional( graph s is not feasible , special provisions must be made to reduce the di~ p 1ay
to two—dimensional form .

An example of multidimensional output is given by the following example ,
which involves AC small signal evaluation throughout the transient re~ p ons-- :

*R5 1 (10) 5
F’REQ 1 (25*) 50
PLOT A (l—O/3—O) VS FREQ

We have here the normal two-dimensional solution variation , given by changes
in FREQ and R5. However, since the transient solution is being calculated ,
we have a large number of solution points generated for each of the specified
calculations , each at a different value of time. If each transient solution
consists of 1000 points in time , the overall output for each dependent variable
consists of a set of lOx25xl000 or 250,000 data points! Even if the display
could be implemented , it would contain far too many points to be readable.
Similar difficulties arise when the output is printed instead of plotted.
Note that this problem can never arise in DC steady state calculations.
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The solution to the above problem is to hold one of the variables at a
constant value for a given graph , th us reducing the problem to a family
of two—dimensional displays.

Generally , one desires to fix the value of time and then sample the
transient calculation at that particular time . This can be done by
merely specifying a numerical value for TIME for example:

TIME 600

If one wishes to sample at the termination of the transient response ,
as specified by the TERMINATE Entry , the word FINAL is specified for the
time value:

TI ME FINAL

The word FINAL must never be used unless triere is also a TERMINATE Entry
supplied .

(.

Similarly , one may wish to specify TIME as the swept variable. In this
way , the user controls the value and number of points in time where output

-

- - is taken. The f inal value of time is indicated by the word FINAL . Since
the final value of time may not be known in advance by the program , the
word FINAL may not be immediately preceded by a step number in parentheses.
An example is:

TIME 0 ( 3 )  600 FINAL

Finally , the user may wish to specify TIME as the parametric variable , tLus
producing a series of curves , one for each value of TIME specified :

*TIME o ( 3 )  600 FINAL
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Again , the word FINAL may be used but it cannot be immediately preceded
by a step number in parentheses.

If, in the above examples, the termination condition is satisfied before
TIME reaches 600, termination will not occur until TIME reaches 600.

Note that the above rules are applied only when it is required that the
values of TIME be restricted to particular values. In the case where one
merely wishes to plot all the data corresponding to every time point in
the transient calculation , the above technique is not used.

Instead , the swept variable is not even specified. In this event , TIME
is automatically the swept variable and every value of TIME is used.
Naturally , TIME cannot be used as a parametric variable in such a case.
An example is:

*R5 1 (3) 5
PLOT N (l)  VS TIME

which would plot the requested information with a separate curve for each
value of R5.

One may also specify some other quantity as the independent variable.
In this case , the various points in the curve would correspond to
successive values of TIME, but the curve would be a function of the
two quantities specified :

PLOT N(l) vs I(L5)

An independent variable is never specified for plots in polar coordinates.
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6 .1. 5 .1  Examples of Legal Forms for Transient Calculations

In the following examples , a parametric variable is usually included ,
even though in practice it is optional. Although all the examples
are plotted , the appropriate PRINT expression may also be used.

1. A series of curves corresponding to different values of TIME is
required. Each curve represents a plot of voltage gain versus
frequency. The values of frequency to be used are specified:

STATE 1
*TIME 3 (7* ) 550 600
FREQ. 1 (10*) 50
PLØT A(l-O/3-O) ~is FREQ

2. A series of curves corresponding to different values of TIME is
required. Each curve is a polar plot of voltage gain, with the
individual points in the curve representing particular frequency
values. The values of frequency used are specified:

STATE2
*TIME 35 FINAL
FREQ 1 (10*) 50 60
PLØT POLAR A(l—O/2—8)

3. A series of curves corresponding to different values of TIME is
required. Each curve represents a plot of one node voltage versus
another node voltage, with the individual points in the curve corre-
sponding to different values of R5. The values of R5 to be used are
specified:

STATE3
*TIME 0 FINAL
R5 3 7 10
PLOT N(l) VS N (3)

14. A single curve at a specific value of TIME is required. The curve is
a plot of voltage gain versus frequency . The values of frequency to be
used are specified:

STATE 14
TIME FINAL
FREQ i (10*) 50
PLOT A(2-O/14-0) VS FREQ
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5. A series of curves corresponding to different values of R6 is
required . Each curve is a plot of the value of a node voltage at
a specific value of TIME versus R5. The values of R5 to be used
are specified:

STATE5
*R6 3 7 9
TIME 57
R5 3 (20) 70
PLOT N(l) VS R5

6. A series of curves corresponding to different values of R6 is
required . Each curve is a plot of a node voltage versus another
node voltage, where both node voltages are sampled at a specific
value of TIME. The points in the curve correspond to different
values of R5. The values of R5 are specified :

STATE6
TIME 89
*R6 3 5 10
R5 2 (15) 20
PLOT N(l) vs N ( 2 )

7. A series of curves corresponding to different values of  R5 is
required. Each curve is a plot of a node voltage versus TIME.
Specific values of TIME are specified:

STATE7
TIME 3 (10) 500
*R5 2 5 8
PLOT N(l) VS TIME

8. A series of curves corresponding to different values of frequency
is required. Each curve is a polar plot of voltage gain. The
individual points in each plot correspond to specific values of TIME.
These TIME values are specified :

STATE8
TIME 1 314 (20) 89 FINAL
*~~EQ 1 14 9.
PLOT POLAR A(l—O/3—O)
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9. A series of curves corresponding to different values of R6 is
required . Each curve is a plot of a node voltage versus another node
voltage. The individual points in the curve correspond to specific
values of TIME. These TIME values are specified:

STATE9
TIME 7 (20) 30 (14 o )  100
*R6 s 8 9 10
PLØT N ( l )  VS N ( 2 )

10. A series of curves corresponding ~o different values of FREQ
is required. Each curve is a polar plot of a voltage gain. The
individual points in each curve correspond to successive values of
TIME, but these values are not specified (i.e., all TIME values are
needed):

STATE1O
*~~EQ 3 6 8
PLOT POLAR A(5-O/5-6)

-r
11. A series of curves corresponding to different values of R7 is
required . Each curve is a plot of a node voltage versus TIME. All
values of TIME are used in the curve:

STATE11
*R7 14 8
PLOT N ( l )  VS TIME

12. A series of curves corresponding to different values of R7
is required . Each curve is a plot of a node voltage versus another
node voltage . The individual point s in each curve correspond to
successive values of TIME, but these values are not specified (i.e.,
all values of TIME are needed):

STATE12
*R7 5 8 15
PLOT N ( l )  VS N ( 2 )
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7. MONTE CARLO SOLUTION

NET has the capability of synthetically constructing a large number of
- 

- networks , each composed of network parameters with different values,
analyzing the performance of each of these networks, and then summarizing
the results as a set of performance statistics. Such a calculation is
known as a Monte Carlo solution .

The Monte Carlo solution randomly picks network parameters whose spread
in value have known population distributions. The resultant networks
will then have response variable population distributions which are
statistically identical to the actual network in mass production .

NET requires information regarding the shape of the distribution curves
for the network parameters and the limit values for these curves.
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7.1 Distribution Entry

The user may specify the shape of any distribution curve by means of the
Distribution Entry . The format is:

DISTn
v
l

n
l

v2 n2

v n
n f l

where: vk = value of the curve at point 
~~~

n
k = value of an arbitrary point on a linear scale .

Both ends of the curve must be included (the zero value points). These
two ends correspond to the limit values of the distribution . Note that

corresponds to the minimum magnitude value point and n to the maximum
magnitude value point . - -

The items may be omitted if they are equally spaced .

Examples of Distribution Entries are :

DIST65
0 3
5 6
7 10
3 12
0 15

D1ST314
3
6
12
13
9 .5
3
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7.2 MØN TECAELØ Entry

The MONTECARLØ Entry specifies the limit values for the network parameters
(including TIME and FREQ) and the distribution shape to be applied between
these limits. An output statement is also included to indicate which quan-
tities are to be tabulated .

7.2.1 Parameter Values

Each parameter of interest is specified by an indented line containing the
parameter ID, the distribution shape, and the limit values. The available
distribution shapes include rectangular , Gaussian , t~iangu1ar , and arbitrary
shapes (as specified by a corresponding Distribution Entry). In addition ,
specific parameters may be set to new constant values (as in the State
solution), and topology may be changed. An example of a MONTECARLØ Entry
is:

M~NTECARLØ35- 
. R6 GAUSS 9*

S3 0
T1.RBB RECT .05 .09
LC3.v2 TEl —214 1.1*
FREQ GAUSS 145.7
TIME 145
R35 DIST5* .5* 2*
514 RECT — .7 .3

• T1.MØDE OFF

If the limit value is suffixed by an asterisk, a relative value is speci-
fied. The actual value is then the product of the relative value and the
nominal value.

The GAUSS shape is a Gaussian curve with the limit values specified at
the 3a points. Since the shape is symmetric , only one limit value is
required.

The RECT shape is a constant value distribution between the two limit
values.

The TEl shape is a triangular distribution with the limit values corres-
ponding to the bottom corners of the triangle, and the nominal value cor-
responding to the apex of the triangle. Obviously , the nominal value
must fall between the two limit values.

The DIST shape specifies an arbitrary shape corresponding to the named
Distribution Entry. The first limit value corresponds to the minimum
value, the second. to the maximum value in the appropriate Distribution
Entry.

If any shape word is suffixed with an asterisk , the distribution is taken
in logarithmic space between the limit values instead of linear space.
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7.2.2 Output  L tatements

The MONTECARL O Entry includes lines on indentation level 1 which specify
quantities to be tabulated and the means of tabulation . Output quantities
may include any network parameter, time , frequency, X variable , symbolic
constant , and response variable. The output statement must not include
mathematical expressions, numerical constants , function references , or
table references.

Tabulation may be done either by printing or plotting . If printing is
specified, the tabulation includes each individual network calculation .
Plotted information is presented in histDgram form. Only one output
quantity may be named in each PLOT statement . Examples of output
statements are:

MONTECARLO89
PRINT Rl N(l)
PLØT Tl.RBB
PLOT A ( l— O / 3 — O )

-r
The phase angle of AC small signal variables is printed and plotted in degrees.

7.2.3 Time Point of Sampling

The Monte Carlo solution must sample the values of the output quantities
at one and only one point in time . If a TERMINATE Entry is included in
the input this sampling will occur whenever the terminate condition is
satisfied, unless the specific MONTECARLO Entry contains either a statisti—
cal or constant specification of TIME, in which case sampling will occur
at that value of TIME. If there is no TERMINATE Entry and no TIME speci-
ficat ion , the sampling will be done et the conclusion of the DC steady state
calculation.

7.2.14 Number of Monte Carlo Case3

The total number of networks to be constructed by NET during each Monte
Carlo solutic-n is given by a line containing the word CASES and the
specified number. This line is included under the MONTECABLO Entry at
indentation level 1. An example is:

MONTECARLOT8
CASES 150
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8. OPTIMIZATION SOLUTION

The Optimization solution is probably the most powerful feature of NET—2.
With this t3rpe of solution , it is possible to optimize network response
to achieve a particular design goal.

The Optimization solution attempts to attain the desired optimum by a
minimization process which varies specific network parameters within an
allowable parameter space. The optimum attained is not guaranteed to be
a global optimum, but may be only a local one .

The values of the network parameters which produce the optimum condition
automatically replace the nominal values of these parameters for all sub-
sequent solutions (unless further changed by a subsequent Optimization
solution). This is done to permit the user to find a set of optimum net—
work parameters and then perform State, Monte Carlo , or further Optimiza-
tion solutions on the optimized network.

8.1 OPTIMIZE Entry

The OPTIMIZE Entry specifies the network parameters which may be varied
and their ranges, constraints imposed between network parameters , and a
series of operational states for the network configuration. Within each
operational state a number of additional items may be specified .

The OPTIMIzE Entry begins with a line on indentation level 0 of the format:

(
r This line indicates a specific Optimization solution . All lines pertaining

to this particular solution follow this line and are indented .

8.1.1 Network Parameter Ranges

A series of lines at indentation level 1 specify various network param-
eters (including FREQ) and the lower and upper limits for their values.
In achieving the optimum solution only values of these parameters which
fall between the limits specified may be used . An example is:

ØPTIMIZE46
R5 .005 .016
FREQ 1 1.5*

Note that relative values may be indicated by suffixing the value with an
asterisk. The actual value is then the product of the relative value and
the nominal value.
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8.1.2 Network Parameter Constraints

It is possible to impose constraints on network parameters which do not
have ranges specified. These constraints are expressed by mathematical
expressions which are written in terms of network parameters which have
ranges specified . For example:

OPTIMIZE75
R5 .005 .016
R6 = R5/2

This insures that no matter what value R5 assumes in the optimization ,
R6 will always be half of R5 in value. These constraints are always
written at indentation level 1.

8.1.3 Operational States

The operational state information is very similar to the information
specified under the STATE Entry. It specifies any additional informa—
tion pertaining to network parameter values , lists the objective func—
tion(s) to be minimized , and permits the transient calculation to be
bypassed if desired . There may be many different operational state
entries , each corresponding to a different mode of operation for the
network .

Each operational state is introduced by a line containing the word STATE
on indentation level 1. This is then followed by one or more lines on
indentation level 2 which give the details for that particular operational
state.

In the actual optimization process all of the operational states are con—
sidered “simultaneously.” Thus the optimized network gives the “host”
performance in each of the states specified .
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The usage of the operational state is best explained by referring to an
extended example:

OPTIMIzE18
STATE

v6 -7
Sl2 0
TIME 0
ØBJ = N ( l ) / I ( L 5 )

STATE
OB-J = I(L5)**2 VS C1JRVE3 .25

S12 1
ØBJ = N(l) VS CURVE5 .50

STATE
OBJ = A(l—O/3—14) vs CURVE2 .35 X
TIME 147
FREQ 10 (20*) 100
T1.MODE 0FF

Note the similarity to the STATE Entry. The basic differences are:

1. The indentation level is increased by one .

2. The word STATE does not have a numerical suffix.

3. The output statements have been replaced by objective function
statements.

14. No parametric variable is permitted .

8.1.3.1 Objective Function Statements

Two different forms of objective function statements are permitted.
One form, called the point form, is usable when only a single value
for each network response variable is calculated; the other form,
called the curve form, is used in conjunction with a swept variable.

The point form is shown in the first operational state in the example
above. It consists of the word OBJ, an equal sign , and a mathematical
expression whose value is to be minimized . This mathematical expression
is evaluated only once during a particular response calculation. If the
DC steady state response is specified , then it is evaluated at the DC

• operating point. If the transient response is specified , it is eval-
uated at the termination of the transient calculation. There is no
restriction on the form of the mathematical expression .

The curve form is shown in the second and third operational states in
the above example. It requires a series of values for some mathematical
expression for various values of a swept variable. If the swept variable
is TIME, a set of time values must be supplied .
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The curve form is specified , in order , by the word ØBJ , an equal sign ,
any mathematical expression, the word VS , the name of a curve, a
weighting constant , and an optional fitting parameter .

The curve form actually specifies a curve fitting process. The curve
name refers to the definition of a specific curve shape which is in-
cluded somewhere else in the NET-2 input . It is required to fit the
values of the mathematical expression as closely as possible to the
curve values in the least squares sense. The independent variable for
the mathematical expression values and the curve is always the swept
variable.

The curve is normally required to be fit as exactly as possible in the
least squares sense. However , by including the optional character X
at the end of the curve form statement , it is possible to do the fit-
ting to within a linear transformation . This transformation will be
chosen by NET—2, and generally its value is of no interest to the user.

The value of the curve form objective function is given by the following
- -r expression :

0 /

E w.Ia Z(x.) + b —

i=l i
\ 

1 1
Value = W

i~l
’

where W = the objective function weight
n = the number of sample points

= the weight for value Y(x.) on the curve

x. = the value of the swept variable at the ith sample
point

Z(x
1) = the value of the mathematical expression at the ith

sample point
Y(x.) = the value of the curve at the ith sample point

a = constant for linear transformation (a = 1 if optional
character X not included)

b = constant for linear transformation (b = 0 if optional
character X not included)

There is no restriction on the number of objective functions which may
- - appear under a given operational state. Both point form and curve form

objective functions may not be used in the same operational state.

The Optimization solution minimizes the sum of the values of all objective
functions for all specified operational states .
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8.2 CURVE Entry

— 
-
- The CURVE Entry specifies the shape and weights for the curve required by

the curve form objective functions . The CURVE Entry consists of several
lines , with the first line beginning at indentation level 0, an-I subsequent
lines beginning at indentation level 1. The format is:

CUR VEn
xl Yl 

W
l

x2 y2

x y wm m m

where : CURITE n = curve I D

x1, x~ , etc . = values of the swept var iable

y1, y2 , etc . = values of t he curve cor responding t o x1, x2 , etc .
w , etc . = values of the curve weights corresponding to1 2 

x
1
, x

2
, etc .

- - 
- The specification of the weights for any point is optional . If the weight

w. is not specified , it is assumed w. = 1.
1

8.3 Optimization Results

When the minimum of the sum of the objective functions has been attained,
the value of the minimum is printed . Also printed are the values of all
network parameters which have been varied to produce the minimum. The
values then become the nominal values for these network parameters for
subsequent calculations.
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9. DEVICE PAR AMETER AND ~~TOHED MODEL LIBRARY MAINTENANCE

NET—2 includes fac ilities for the maintenance of the device parameter
library and the stored model library . This m a i n t enanc e is spec i f ied  by
entries which may be part of the NET—2 network description . Alternatively ,
maintenance may be accomplished as a separate NET—2 run.

9.1 LIBRAR Y Entry

The LIBRARY Entry may appear as part of the ~E T—2 input . This entry
consists of the word LIBRARY on indentation level 0, followed by several
indented subentr ies which specify prin t ing , mod if ication , copying and
deletion of library contents.

The library contents are manipulated ir~ the same order as the various
subentries are listed . All library maintenance is accomplished immediately
after the input has been read , so that all calculations of network response
will use the updated library contents.

Only one LIBRAR Y Entry is permitted in the NET-2 input .

9.1.1 Device Parameter Library Print

The word PRINT on indentation level 1, followed by the word DPL, may
be used as a subentry heading to indicate that a l is t ing of the device
parameters for specified modeled devices is desired. The lines which
follow indicate which modeled devices are desired . An example is:

LIBRARY
PRINT DPL

D lN279
T 2111307

Note that the lines specifying the desired modeled devices appear on
indentation level 2. There may be as many such lines as desired , with the
order of printing the same as the order in which the lines are listed .
Each line must specify the appropriate prefix for the device (e.g., D
for diode , T for transistor) followed by the device type name.

A copy of the device parameter library master list is always printed first .
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If more than one ~~~ of iistings is desired , the number of copies of the
printout  may be s p e c i f i e d  by an in teger following the word PRINT and DPL .
A space must int~ rv-~~- - l - e tw~. i the word DPL and the integer. For example:

LIBRAR Y
PRINT DPL 5

L) L’~7)

If a printout of Ui-:- entire library is des ired , the word ALL may be used in
place of the device ct -ec i~~io a t i o n lines:

LIBRAR Y
PRINT DFL

ALL

9.1.2 Device Parameter Library Modification

It is possible to add new devices to the device parameter library or modify
parameter values of existing devices in the device parameter library. A
device specification line is used on indentation level 1 to indicate which
device is involved. For example :

- 
- 

LIBRARY
D 1N279 1

RB .005
IS .00013

The device specification line shows , in order , the device prefix , the
device type name , and the model number for the device . If the device is
already in the library the model number may be omitted; for new devices
the model number must be included.

Following the device specif icat ion line , a series of device parameter speci-
fica t ion lines on indentation level 2 are listed , one for each parameter
value of interest . These lines give the parameter value symbol followed by

numerical value of the parameter. If the device is already in the l ib rary ,
he listed parametei values replace the original values in the library . If

• I~ -iice is not in ~he library , the list ed parameter values become the
~~vi -‘~ ar-i.’m~ter values in the library , with NET—2 providing default values

r - m y I-~~ice parameter values which are not listed.

:t i: r~ 
• posz i~~le to change the type name or mode l number of a device

tr -~~iy ir-~ h~ library except by first deleting the existing device (see
— w v-~ h—~ l I ni~ a new device to the library.

- 
. - - - -r  val ues of the device involved in the library

- - - 

~- :  i~ ced automatically . •
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9.1.2.1 Device Parameter Data Reduction

NET—2 contains facil i t ies for automatically determining certain modeled
device parameters from measurement data supplied in numerical form. In-
formation for this data reduction feature always appears as a subentry
under a device specification line in the Library Entry. The general
format is:

LIBRAR Y
devspec

parazuspec
DATA drtype fixedparams / startparams

dat aset 1
dataset2

where : devspec = device specification line
parazuspec = device parameter specification line
drtype = data reduction type code

• - . 
fixedparazns = list of parameter symbols whose values are to be

-e fixed at prescribed values
startparams = list of parameter symbols whose prescribed values

are to be used as starting values for data reduction
datasetl , dataset2 , etc. = sets of numerical  values for data points.

NET—2 will modify the parameter values in the library according to any
device parameter specification lines which may be included for a given
device before the data reduction process is sta:’ted. Then , using these
parameter values , NET—2 will enter the data reduction phase , generating
additional parameter values as required.

The DATA card always starts at indentation level ~
‘ and specifies the type

of data reduction and any constraints and/or initial starting values desired
by the user. Sets of numerical data including optional weighting values
always follow the DATA card at indentation level 3.
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The user may elect to have certain parameter vaiu’:; held constant during
the data reduction process (normally these values would be calculated as
part of the data reduct ion) .  This can be done by including the symbols
for these parameters i1i the optional fixedparazns field on the DATA card .
Only parameters which are calculated by the specified data reduction type
may be included in the :ixedparams field . The values of the remai n ing
parameters are calculated so as to be consistent with the fixed parameter
values.

The user may also wish to specify a set of starting values to ass~st ~E ’ —2
in the data reduction process. This can be done by including the symbols
for these parameters in the optional startparams field. The startparams
field must be prefixed with a slash when it is used. NET—2 will then begin
the data reduction process using the specified values for these parameters ,
but as the data reduction progresses , these values will be modified so as
to give an optimal f i t  to the data points. Only parameters which are cal-
culated by the specified data reduction type may be included in the start-
params field.

The data reduction type code ( drty-pe ) specifies the type of data reduction
which is required and the quantities which are to be supplied in the data-
sets following the DATA card. The last member of each dataset is an optional
weighting factor; if omitted , NET —2 will automatically supply a value of
unity. The data points are not required to be ordered , although machine
sort time can be saved if they are in ascending order . The number of data
point s supplied must exceed the number of parameters to be calculated for
a given data reduction type .

When the calculated parameter values are printed , standard error values will
also be printed in parentheses for those values which have been extracted
from the data point information .

There may be more than one dat a reduction associated with a given modeled
device. The final set of device parameter values after all data reduction
steps have been completed are entered into the device parameter library and
used for subsequent calculations .
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An example of the format for data reduction is:

LIBRAR Y
T 2Nb598 b

RBB .001
IFS lE-9
DATA DCN 1 RBB THE/IE S

.15 12 1E—1O .3

.25 lb 2.3E— 1O .35

THE 38

In this example data reduction for a bipolar transistor (type name 2Nb598)
is performed using the numerical data which is included at indentation
level 3 following the DATA card. The code DCN1 specifies the data reduction
type desired , in this case the normal forward emitter—base characteristic
for DC operation. DCN1 also specifies the meaning of the numerical entries
which are supplied as data; in th~ i example each dataset card specifies , in
order, base—emitter voltage, normal common emitter current gain 8n , emitter
current , and the weighting factor associated with the data point.

The parameter values for RBB and THE which are normally calculated by the
DCN1 type of data reduction have been declared as fixed value parameters.
Their values will thus be held constant at the values of .001 and 38 ,
respectively , as specified by the appropriate device parameter specification
lines.

The parameter symbol IES appears in the startparams field. Thus, a value
of lE—9 for IES as specified in the device parameter specification line
will be used as a starting value for IES in the data reduction process.

Details of the various types of dat a reduction are included in the modeled
device descriptions in Chapter 2.
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9.1.3 Deletion of Devices

A device in the device parameter library may be deleted by including t l~e
word DELETE , followed by DPL , as a subentry heading on indentation level 1.

Device specification lines then follow on indentation level 2 to indicate
which devices are to be deleted. The device specificat ion lines list , in
order , the device prefix and the type name . For example:

LI BRARY
DELETE DPL

D 1N279
D lN6 b5

9 .l .b Copy Device Parameter Library

A copy of the device parameter library may be made at any point in the library
maintenance operation by including the word CØPY , followed by DPL , as a subentry
heading on indentat ion level 1. For example :

LIBRARY
CØPY DPL

The C~PY subentry may be preceded and followed by other library maintenance
subentries if desired. The library copy will reflect the status of the device
parameter library as it exists at that point in the maintenance sequence.
This copy is made on FORTRAN logical unit 11.
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9. 1.5 Stored Mode l Libr ary Print

The word PRINT on indentat ion level 1, followed by the word CML , may be
used as a subentry heading to indicate  that a l i s t ing of the descri pt ions
of specified stored models is desired. The lines which follow indicate
which stored models are desired. An example is:

LIBRARY
PRINT SML

PQ
WTH

Note that the lines specifying the modeled devices appear on indentation
level 2. There may be as many such lines as desired , with the order of
printing the same as the order in which the lines are listed.

A copy of the stored model library master list is always printed first.

If more than one set of listings is desired , the number of copies of the
printout may be specified by an integer following the words PRINT and SML.
A space must intervene between the word SML and the integer. For example :

LIBRAR Y
PRINT SrvU~ 5

RHTY

If a printout of the entire library is desired , the word ALL may be used
in place of the stored model specification lines:

LIBRAR Y
PRINT SML

ALL
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9.1.6 Deletion of Stored Models

A stored model may be deleted from the stored model library by including
the word DELETE , followed by the word SML, as a subentry heading on
indentation level 1. The names of the stored models which are to be
deleted are then listed, one per line , on indentation level 2. For
example :

LIBRAR Y
DELETE SML

PQ
RHTY

It is not possible to add new stored models or modify existing stored
models in the stored model library through the LIBRARY Entry. This is
accomplished with the MØDEL Entry as described in Chapter 5.

9.1.7 Copy Stored Model Library

A copy of the stored model library may be made at any point in the library
maintenance operation by including the word CØPY , followed by SML, as a
subentry heading on indentation level 1. For example:

LIBRARY
CøPY SML

The CØPY subentry may be preceded and followed by other library maintenance
subentries if desired. The library copy will reflect the status of the stored
model library as it exists at that point in the maintenance sequence. This
copy is made on FORTRAN logical unit 10.
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• 10. INPtJ’l 1’REPARA’L U)N

Input to the NRT—~ program corzsluLn of ii d~- r ~k of punched cards . Preparation
of the cards ~s done on a standard printing card punch. Columns 1 through
72 are available for punching NET-2 input. Columns 73 through 80 may be
used for any other purpose such as card sequence number or identification .

10.1 Order of Entries

In general, the order in which the various entr ies ar~ l isted in the input
is immaterial, except for the STATE Entry , M~~ NT ECARL Ø Entry , and ØPTIMIZE
F~~ry. The sequence of calculation for the STATE, MØNTECARLØ , and ~PTIMIZE
Entries is in the same order as these entries are listed in the input . The
user should remember that after each Optimize solution , the nominal c i rcui t
values will have been changed (see chapter 8) .

10.2 Rep resen tat ion of Indent at ion Levels

The user may specify which columns correspond to the start of the various
indentation levels, other th~~ indentation level 0.

Indentation level 0 always begins in column 1. Other indentation levels
are assigned a starting column by the user and punched accordingly. It
is not necessary to adhere to the same starting column for a given inden-
tation level except within the same entry.

10.3 Card Continuation

Many times it will not be possible to punch a complete NET—2 line on one
card , particularly when long mathematical expressions are used. A con—
tinuation symbol may be punched whenever a space would normally occur .
The line is then continued on the next card. If the second card does not
have adequate space to complete the line, a continuation symbol is punched
in lieu of a space and a third card used , and so on , up to a maximum of
five cards per line. It is not necessary to observe the indentation rules
when starting new cards following the continuation symbol . These cards
may be started in any column. Of course , when the punching of the line
has been completed, the next card must observe the proper indentation rules
for the next line.

The symbol $ is used for the continuation symbol. It will be interpreted
as a space by NET-2.
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1O.b Comment Cards

The user may insert comment cards in his NET circui t description deck.
Each comment card must have an asterisk punched in column 1. These
comment cards will be listed as part of the NET circuit description
listing but will not affect network response calculation. Since comment
cards are written on indentation level 0 they must not be inserted in
the middle of an indented sequence of cards such as a Table Entry.

NET will use the first card in every input deck as a title for labeling
output. It is recommended that this first card in the deck be a comment
card.

An example of a comment card is:

*NEGATIVE IMPEDANCE AMPLIFIER, STATISTICAL STUDY

10.5 Punching of Entries

* The NET—2 input which describes the network configuration and the control
• and output requests is punched, following the rules set forth above for

indentation and continuation , and using the formats described in this
report. The IBM 360/370 version of NET—2 will accept both BCD and EBCDIC
punched cards.

NOTE: The prime symbol is not a valid symbol on the CDC 6ooo system.
However, NET—2 is writen so that the 6000 version will inter—
pret an 8-b punch (BCD input) or an 8-5 punch (EBCDIC input)
as a prime symbol. The prime symbol will be represented by
the symbol 4- on the printed listing.

10.6 Time Limit Specification and Checkpoint/Restart Option

Both the IBM 360/370 and CDC 6000 operating systems require that the user
specify a time limit for all jobs submitted (in the absence of such specifi-
cation a default value is assigned). When this time limit is reached the
system will terminate the job automatically . In the event that calculation
has not been completed at the expiration of the allotted time it is desirable
to be able to obtain any available output and to save the status of the run to
permit continuation from that point at a later time.

NET—2 contains optional checkpoint/restart facilities to permit automatic
recovery in the event of time limit expiration. Checkpoint/restart will be
provided only if the NET-.2 deck contains the card:

DEBUG 1
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- and the time limit is greater than 60 decimal seconds for the IBM 360/370
- version , or 100 octal seconds for the CDC 6000 version .

H The CDC 6000 version is able to capture time limit specification a~’toma—- -
. tically. However, tue user must supply a time limit card in the L~T—2

deck for the IBM 360/370 version if time limit checking is required. The
- 

- 
format for this entry is:

TLIM Time

where Time = time limit in decimal seconds .

10.7 END Card

The input deck is concluded by punching a card with the word END, beginning
in column 1.

10.8 Multiple Runs

- NET -2 will accommodate a series of unrelated network analysis runs if
- 

-- 
- desired. The individual input decks , each concluding with an END card,

- . are placed one after another with rio intervening cards to form a multiple
- - run input deck . The various input decks are then processed in the same

order as they appear.

The use of this feature produces a more e f f ic ien t  execution of NET—2 in
the batch processing mode . However , the entire multiple run will be
terminated if the operating system encounters an unrecoverable error of
any type, such as an arithmetic overflow.
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11. EDCAMPLE PROBLEMS

This chapter presents five NET—2 example problems. The first four problems
are self contained and should be able to be run with NET—2. The fifth
example illustrates the use of mathematical expressions and is not designed
to actually run on NET—2; it is included only for illustrative purposes.

The Video Amplifier Example features the use of the Library Entry , the
Define Entry , neutron radiation effects , frequency domain transfer functions
evaluated during the transient solution, and parametric variables. Note the
use of the switch Sl which is connected between interior nodes of a defined
subcircuit. The listing fo~ this example is:

*VIDE~ AMPLIFIE R EXAMPLE
LIBRARY

ZD 1N758A 2
Ho 15E-.5
GC 1.12E—7

- ~ w b .olE—3
C 350
VZ .9
N .b12
TH 37.7
IS 1.6E—fl
A l 5
B l
VB -8.2

D lN9lb 1
RB 8E—3
GC 2.857E—7
IS 2.l E— 6
VZ .5
N .5
w 6.28i~— 2
TH 22.639
C 3.98
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T 2N2857 14
GE 1E-14
GC 1E-14
A l l
All
Bli

• BN 6 14.6
BI .53
IES l.35E—l2
ICS 3.31E—l2
THE 36.1
THC 35.9

-
- WN 3.78

WI .0278
CE 1
VZE 2
NE .22
CC 1.22
VZC 2
NC .251
S l
RBB .0183
RCC 14.28E—3
KAN 7.998E— l7
KAI 14.573E—l7

Cl Vl 1 220E3
C2601E6

4 C3501E6
-: Cb l 4 O lO

Ri 1 2 2.2
R2 14 0 2.2
R 3 5 6 . l
Rb V2 5 .075
Sl NHD2.8 NHD2 .l3 1
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DEFINE NHD 2 J 6 U 0
El 3 6 200
R260 1E 3
Rb 14 5 1
R 5 5 7 3 9 O
R 6 7 O 5 . l
R7 2 7 8 2
R 82882
R 9795 .l
R1O 10 0 12
Rll 8 lO 27
R12 11 O 12
Rl3 l3 8 .1
Rl14 1~4 15 .1
Rl5 l3 l2 2
Rl6 15 0 1. 3
C2 3 14 22OE3
C3 8 o 1E6
C14 9 10 .2E6
c6 15 0 . 33E6
C T 12 16 .2E6
Dl 2 3 lN9ll4
D2 5 0 lN9lb
ZD5 o 6 1N758A
T l 9 2 8  2N2857
T2 11 10 12 2N2857
T3 114 11 12 2N2857

NI-IDl 2 3 6 0
NND2 3 1 4 5 O
Vl Vl o u ( TI~~ — .ool )
V2 V2 0 22

NEUT=Pl, 0
STATE3

TIME 1
*pj o 5El3 lEl~4 5E114
FREQ .00001 (~ o*) .02
PLØT LINLØG A( 14-O/Vl-0 )
PL~T LINL~G Z ( 2—O /2— O )
PL~T LINI4G z(3-o/3-0 )
PLØT LØGL~G A’(14—0/Vl—O ) z’(2—o/2—o) z ’ ( 3— o /3 — o )

END
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The Montecarlo Example shows the use of various distribution shapes, the
use of linear and logarithmic distributions , and the use of actoal and
relative limits on the distributions . The listing for this example is:

*M~NTECfi..}~LØ EXAMPLE
- 

Rl V l l l
- R 2 1 0 2
- 

Vl V l O l
R3 1 0 2
M~NTECARLØ1

Rl DIST1 .5* 1.5
- R2 TRI* .5 1.5~

R3 GAUSS .5*
- V l  RECT .5 1.5

CASES 10
PRINT I(Rl) N(l) P(R2)
PL~T N ( l)

- 
. PLØT I(Rl) -
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The AC Bridge Optimization Example illustrates the optimization of a
circuit in the frequency domain. In this example it is desired to
minimize the voltage gain transfer function, i.e., balance the bridge,
by varying the exciting frequency. The optimization is followed by a
state solution which explores the variation of the voltage gain with
the inductance Li using resistor Ri as a parametric variable. This
exploration is done using the bridge balance frequency found by the
optimization. The listing for this example is:

*AC BRIDGE ~PTIMIZATI~N EXAMPLE
C l l 1 4 l O
C2 14 5 10
C3 4 o 1100.1
c4 3 0 9.99
C5 1 3 10
Ri 2 14 .005
R2 3 5 31.9435
Li 2 0 13.7E3
FREQ 1
ØPTIMIZE6

FREQ 140E—6 141E—6
STATE

• ØBJ=A ( 5— 0/ i— o )
STATE3

PLØT A( 5—0/ l—0 ) VS Li
Li i3.3E3 ( 6)  114.lE3
*Ri .0014 (2 )  .006

END
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The next example illustrates the use of system elements to represent a
nonlinear coupled system of differential equations in the time variable.
The equation system involving the dependent vamiables f(t), g(t), and v(t)
is given by:

— v)g

(p1 
— v)f 2g/t

v — 2v’/t — 2(f2 + g2 )

where 0~~~t~~~2f ( 0 )  = 1,8

v(0 )=7
v’(O) = 0
p1 =l5

• In the above notation f’ = df/dt, etc . We note that there is an indeter—
minate form of 0/0 for t = 0 in the equations for g’ and g”. The solution
of the equations is well behaved at t = 0, and we can avoid the apparent

• singularity with no appreciable effect on the solution accuracy by replacing
t with t + c whenever t occurs in the denominator ~f these equations (c is
chosen to be arbitrarily small, positive , and nonzero).

This system of equations can be solved in simultaneous fashion using a
network of system elements. Let us assign a value of 1E—6 to £ and associate
nodes with variables as follows:

Variable Node

f(t) F
f ’ ( t)  DF
g(t) G
g’(t) DG
v(t) V
v’(t) DV
v”(t) DDV
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The network which corresponds to the system of equations is bhown in
Figure 11-1.

The NET —2 description of this network is:

*N~NLINEAR EQUATI ØN SYSTEM
INTl DDV DV 1
INT2 DV V 1, 7
GAIN1 DV 1 2/(TIME+1E—6)
SUM]. DDV V —i 3
INT3 DF F 1, i.8
MULTi FSQ F F
SUM2 2 FSQ GSQ
INT4 DG G 1
MULT 2 GSQ G G
SiJM3 4 -V P2
MULT 3 DF 14 G
GAIN 3 G 7 2/ (TIME+ 1E—6 )
SUMI4 5 V P1
MIJLT6 6 F 5
SUM5 DG 6 — 7
Vi P1 0 15
V2 P2 0 1
GAIN2 2 3 —2
STATE1

TI?’~ 0 (lao) 2
PLØT N (V )
PLØT N ( G)
PL~T N ( F )

END
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The final example illustrates the various ways in which mathematical
expressions may be used in NET—2. The example is self consistent but
does not represent a meaningful physical situation and is not intended
to be run on NET — 2. Note that TABLE6 is defined twice , once for model KB
and once for the rest of the circuit description . The listing for this
example is:

*~fl~TH~ 4~TICAj, EXPRESSIØN EXAMPLE
M~DEL KB A B

TABLE6
5 3
71

Xl~TABLE6(TIME ) *C~ S(TIME)/ALØG(SQR T(FREQ ** ( 4433** ( 7+ 5/ TA BLE6( FRE Q )) ) ) )
F9(A ,C2 14)=SI}~( 145*FREQ**A+C2l4/6+3.97 )
WT3 A 2
R5 2 3 I(wT3.V5)
Li B 2 Xl+l3*S3*F9(R5, ) 9)*Ll*C7**2
C7 A 2 N(WT3.7)/N(WT3.D)+N(WT3.C) —

S3 B 2 ABS(X l)
• MØDEL W T C D

P2 —3
R3 7 D u(13/v5)*TAN (I3)/ATAN(3*P2+13)
13 C D EXP(TIME )
V5 D 7 R 3 E 7

KB2 2 5
L3 5 KB2.WT3 .C 39
K6 L3 KB2.Ll Xl/B20+R 2
F3=TIME+L3*ABS(C~ S(A B S(L3 )+ 7 ))
F9(A,B,C ,D)=A*B_C/D
Rl 2 0 F9(TABLE6(F (L3)),2,R20,P2)**TABLE6(R2)
R20503*R2
TERMINATE=TXME /2_lOO*P2
MAXSTEP=TABLE6 (TIME )
~PTIMIZE2

STATE
ØBJ=R2/P2+7 VS CURVE2

L3=SQRT(R3)
R3 1 12

TABLE6
12
4 3

P2 -5
• R 2 1 2 6

R3 1 0 7
• R20157E 3
• CURVE2

0 5
50 6

END j

- - ________- 

189 

- - _ _ _ _ _ _ _ _ _ _ _ _ _



-, 
-
~~~~~J 

••--—-‘ —.-•—-•- ,. 

~
—•- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~
-
~~~~~~~~~~

—----------•--- 
- 

• -•-- -•- • M•’•
~ - --—--—— ‘I’

F ’FERENC1 ~S

• A. F. M~i I rnbe rg uni I’ . I • forriw” I 1, “ IT— I N e t w urk  Amily :~ lii I ‘rogrlLr rl ,”

Report LA—2 85~~, Los Alarnos Sc ien t i f i c  Laboratory , Los Alamos , N .M.

2. A.F. Malmberg, F.L.  Cornwell , and F .N.  Hofer , “NET—i Network Analysis
Program, 7090/94 Version ,” Report LA—3l19, Los Alamos Scientific
Laboratory , Los Alainos, N.M. (19614).

3. E.D. Johnson , L.R. McMurray, E.L. Steele, C.T. Kleiner , and F.A. Vassallo,
“Transient Radiation Analysis by Computer Program (TRAC), Volume I, User’s
Guide,” Autonetics Division of North Amer ican Rockwell Corporat ion , Ana—
heim, California (1968).

4. E.D. Johnson , L.R. McMurray, C.T. Kleiner, an d F.A.  Vassallo , “Transient
Radiation Analysis by Comp~xter Program ( TRAC ) ,  Volume II , Theory and
Flow Graphs,” Autonetics Division of North American Rockwell Corporat ion ,

• Anaheim , California (1968).

5. John G. Linvill , “Lumped Models of Transistors and Diodes ,” Proc. IRE,

- 
• Volume 146, No. 6, pp. 11141—1152 (Jun e 1958).

6. M. E . Daniel , “Development of Mathematical Models of Semiconductor Devices
for Computer—Aided Circuit Analysis,t’ Proc. IEEE, Volume 55,  No. 11,
pp. 1913—1920 (Nov. 1967).

7. L.D. Nilliman, W.A. Massena, and R . H .  Dickhaut , “CIRCUS , A Digi tal
Computer Program for Transient Analysis of Electronic Circuits , User’s
Guide,” Report 346—1, The Boei ng Company , Seatt le , Washi ngton (January 1967).

8. J.L. Wirth and S.C. Rogers , “The Transient Response of Transistors and
Diodes to Ionizing Radiation ,” IEEE Tran s. on Nuclear Science, Vol. NS—l l ,
pp. 24— 38 (Nov. 196 14) .

9. W .H. Dierking, G.E. Katz , and E .L. Steele , “Transient Radiation Current
Generator Model for Semiconductor Devices,” Report X9—1294/571,
Autonetics Division, North American Rockwell Corporation (1969).

10. Martin C. Buehler, “Design Curves for Predicting Fast—Neutron—Induced
Resistivity Changes in Silicon ,” Proc. IEEE, pp. 174l_ 1714 3 (Oct . 1968).

11. M.C. Chow, J.L. Azarewicz, and C.A. Goben, “Recombination Statistics
for Neutron Bombarded Silicon Transistors,” IEEE Trans. on Nuclear Science,
Vol. N S—1 5, No. 6 ( 1968).

191 

~
•- 

~~~~ 
— -—• - •• - .—••-

~~
-——

~~~~—.--— -- - - - —••—- — -—,— •—• • - -• - . —•---—.
~ 

- •

__________ Ii

~~~~~~~~~~~~~~~~~

_

~~~~~

- -

~~~~ 

-

~~~~~ ~J



-
~~~ 

- 

~~T~~~~~~~ .~~—-- -~~~~~~ ---~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ij ~~~~~

I

12. L.S.  Su , G.E.  Gassner , and C.A. Goben , “Radiation and Annealing Charac-
teristics of Neutron Bombarded Silicon Transistors ,” IEEE Trans. on
Nuclear Science , Vol. NS—l5, No. 6 (1968).

13. Joseph J. Kalinowski and Richard K. Thatcher, “TREE Han dbook ,” DASA 11420,
Battelle Memorial Institut e (Sept. 1969).

l1~. D . Nitzan and J.R. Herndon , “MTRAC — A Computer Pro gram f o r  Analysis
of Circuits Including Magnetic Cores , Volume I, Computation , Pro gram,
and Application,” Report 6, Stanf ord Research Institute, Menlo Park,
California (June 1969).

15. D. Nitzan and J.R. Herndon, “MTRAC — A Computer Program for Analysis
of Circuits Including Magnetic Cores , Volume II , Input Data and Program
Listing ,” Report 6, Stanford Research Institute, Menlo Park ,
California (June 1969).

16. Allan F. Ma lmberg , “User ’ s Manual , N~71~—2 Netwo rk Analysis Program,”
Braddock , Dunn and McDonald , Inc . ,  El Paso , Texas (Sept . 1972).

192

_ 
— i

—- - -- -~~ ~~~~ .- -- - - .-. - - — - 
-, 

—•--.- —- 
~~•



APPENDIX A: FORTRAN LOGICAL UNIT ASSIGNMENTS

The FORTRAN logical unit numbers employed by NET—2 are listed below along
with their function in the program. Any logic&l unit which is not required
in a particular NET-2 run may be used in conjunction with the INPFL or ØUTFL
system elements (see 3.34 and 3 . 3 5 ) .  The IBM 360/370 version is not restricted
to these unit numbers .

Unit Function

1 Stored model library master copy. Used if MØDEL Entry included ,
stored model referenced, or LIBRARY Entry references stored
model library.

3 Device parameter library master copy . Used if modeled device
specified in network or LIBRAR Y Entry references device
parameter library .

14 Output data file . Always used.

5 Input file containing network description deck. Always used.

* 
- 6 Output file containing NET-2 printed output information. Always

used.

7 Reserved for punch output file in IBM 360/370 version. Not
available in CDC 6000 version.

8 Internal file for dynamic storage allocation. Always used.

9 Device parameter library internal working file . Always used when
unit 3 is used.

10 User specified copy of stored model library. Always used when
LIBRARY Entry includes a C~PY Entry for the stored model
library .

11 User specified copy of device parameter library. Always used

~hen LIBRARY Entry includes a CØPY Entry for the device
parameter library.

193

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~



_______________—

APPENDIX B: SPECIAL WORDS AND PREFIXES IN NET-2

The following words have special meaning to NET—2 and may not be used as
names for aubnetvorks. However , they may be freely used for node names
and f unction dummy arguments, and they may be included in the text for
comments. A reference to the section number in this report is given for
those words which are currently operational .

ABS 3.5
AC~S 3.18
ALL 9.1.1, 9.1.5
AND 3 .30
ASIN 3.17
ATAN 3.19
C 2.3
CASES 7.2.4
CCNV 2.28
CØPY 9.1.14, 9.1.7
CURVE 8.2
CW 2.21
D 2.15
DATA 9.1.2.1
DDACC 3.37

-
‘ DEBUG 1.2.2.7, 10.6

DEFf l~E 14.
DELAY 3.27
DELETE 9.1.3, 9.1.6
DERIV 3.11
DF 2.26
DIST 7.1
END 10.7
EØR 3 .32

3. 114
3.15

F 1.2 .2 .6
FREQ 1.14. 1
GAIN 3.2
GAI4DØT 1 .3 . 14.1
GAMMA 1.3.4.1
HC 2.23

2.25
H YST 3.29
I 2.10
INITIAL Reserved •

INPFL 3 .35
INT 3.10
IPP 2.13
JFET 2.20
K 2.6
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LIBRAR Y 9.
LIM 3.21
LIMINT 3.22
L.ØG 3.13
MAX 3.7
MAXSTEP 1.3.2.1
MC 2.22

2.19
MIN 3.8
MINSTEP Reserved
M~D 3.25
M~DEL 5.
M~NTECARL~ 7.
MULT 3.3
NEUT 1.3.14 .2
NLVCCS 2.12
N~RM 3.214

~BJ 8.1.3. 1
~PTIMIZE 8.

• ~R 3.31
~UTFL 3.34
P 1.2.2.3
PARAMETER 1.2.3.1
PL~T 6.1.4.2 , 7 .2 .2
PN 2. 27
PRINT 6.1.4. 1, 7 .2 .2 , 9.1.1 , 9 . 1.5
QUANT 3.26
H 2.1
RADC 2.14
RMS 3.38
ENGEN 3.23
RSTFF 3.33

2.7
SAMPL 3.28
SCE Reserved
SET Reserved
SIGN 3.6
SINCØS 3.16
SNCLK 3.36
SQRT 3.14
ST 2.2 14
STATE 6., 8.1.3
SUM 3.1
T 2.18

• TABF 3.9
TABLE 1.2.2.4.4
TANH 3.20
TD 2.17
TERMINAT E 1.3.3
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TIME 1.3.1
TLIM 10.6
TLINE 2.14
V 2.8
VCCS 2.11
VCG 2.2
VCVS 2.9
X 1.2.2.5
XFCP 3.12
XFCZCP 3.12
XFCZDP 3.12

3.12
XFSP 3.12
XFZCP 3.12
XFZP 3.12
XM~D Reserve d
YMØD Reserved
ZD 2.16

A,
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Commander
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